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Deficiencies in bacterially derived folate are being linked 
to malignant diseases of the colonic mucosa.52

Vitamin B12 (cobalamin) absorption requires the acidic 
gastric environment to isolate it from food to make it 
available for intrinsic factor to bind. Intrinsic factor is a 
glycoprotein secreted by parietal cells in the stomach. Cel-
lular and functional gastric integrity is therefore vital for 
the cobalamin–intrinsic factor complex formation. This 
complex is recognized by the cubam receptor in the small 
intestine, which binds the complex and internalizes it into 
the enterocyte. Lack of intrinsic factor (e.g., atrophic gas-
tritis, Helicobacter pylori infection) or decreased acid secre-
tion (e.g., long-term antacid use) can render the patient 
deficient in vitamin B12. In those patients, the use of NO, 
a potent and irreversible methionine synthase inhibitor, 
should be limited because it can cause acute vitamin B12 
deficiency neuropathy and hyperhomocysteinemia.

Vitamin C is derived solely from the diet, and there 
is no bacterial source in the large intestine. Both lumi-
nal uptake and exit across the basolateral membrane 
involve concentrative, carrier-mediated, Na+-dependent 
mechanisms.52

GASTROINTESTINAL BLOOD FLOW

This section discusses issues concerning control of 
regional blood flow within the GI tract and regulation of 
blood volume within the splanchnic vasculature.

ANATOMY

Celiac, superior mesenteric, and inferior mesenteric arter-
ies leave the aorta and deliver arterial blood to the organs 
of the GI tract (Fig. 21-7). The celiac artery supplies the 
stomach, the proximal part of the duodenum, part of 
the pancreas, and the liver through the hepatic artery. 
The superior mesenteric artery delivers arterial blood to 
the remaining parts of the pancreas and duodenum, the 
jejunum and ileum, and the colon. The inferior mesen-
teric artery supplies blood to the remaining part of the 
colon and rectum, except the very distal part of the rec-
tum, which is supplied by rectal arteries branching off the 
internal iliac artery.

The GI tract is richly supplied by blood. Blood flow to 
the stomach is approximately 11 mL/min per 100 g of tis-
sue; in the small intestine it is 30 to 70 mL/min per 100 
g1; and in the colon it is 8 to 35 mL/min per 100 g. For 
comparison, in resting skeletal muscle it is 2 to 5 mL/min 
per 100 g, whereas in the brain it is approximately 55 mL/
min per 100 g.

Basic oxygen consumption in the GI tract is relatively 
low, between 1.5 and 2 mL/min per 100 g.53 In com-
parison, in the liver it is up to 6 mL/min per 100 g; in 
the brain, it is 3.5 mL/min per 100 g; and in the heart it 
depends on heart rate and physical activity, reaching 7 to 
9 mL/min per 100 g of tissue.

GASTRIC BLOOD FLOW

The celiac artery branches into smaller arteries, then 
into arterioles in the muscular layer and submucosa. 
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Submucosal arterioles branch into capillaries at the base 
of the gastric glands and then travel to the luminal surface 
of the mucosa, forming a capillary network. The mucosal 
capillaries drain into venules that form venous plexuses 
in the submucosa. The muscular and mucosal blood flows 
are regulated independently according to tissue metabo-
lism. Of the total blood flow through the stomach, 75% 
is distributed to the mucosa and 25% to the muscularis, 
although the distribution between muscular and mucosal 
layers is almost entirely dependent on their function at 
any particular moment.

INTESTINAL BLOOD FLOW

The three large arteries mentioned earlier (see Fig. 21-7) 
branch into smaller arteries, form arcades, and anasto-
mose one with another, creating collateral flow. This is 
why an occlusion of one artery within the arcade does 
not usually lead to necrosis of tissue within the GI tract. 
These arcades give branches into the submucosal and 
mucosal layers. The blood flows to the different layers of 
the intestinal walls (mucosa, submucosa, and muscula-
ris) through the arteriolar plexus within the submucosa. 
After flowing into arterioles and capillaries and exchang-
ing metabolites through capillary walls, the blood flows 
through venules and larger veins. These veins enter the 
mesentery in parallel to the mesenteric arteries within 
the arcades, eventually forming three final preportal 
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Figure 21-7. The schematic representation of the splanchnic circula
tion. Values of blood flow per gastrointestinal organs are identified. 
(Redrawn with permission from Barrett KE: Gastrointestinal physiology: 
Lange physiology series. New York, 2005, McGraw-Hill.)
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veins: splenic, superior mesenteric, and inferior mes-
enteric. The splenic vein drains blood from the spleen, 
stomach, and pancreas; the superior mesenteric vein 
from small intestine and parts of the colon and pan-
creas; and the inferior mesenteric vein collects blood 
from the descending colon, sigmoid colon, and upper 
rectum. These three preportal veins combine to form 
the portal vein, from which blood flows through the 
liver and then enters the systemic circulation through 
hepatic veins and the inferior vena cava.

GASTROINTESTINAL BLOOD FLOW 
REGULATION

The main purpose of the GI blood flow is to deliver 
nutrients and hormones to the gut, to remove metabolic 
waste from the gut, and to maintain the mucosal barrier 
to prevent transepithelial migration of antigens, toxic 
chemicals, and pathogenic microbiota.54 The blood flow 
within the GI tract varies over a wide range depending 
on need. GI organs periodically have high requirements 
for oxygen and therefore blood flow; for example, dur-
ing food ingestion, the blood flow within the GI organs 
increases. On the other hand, the blood flow to the GI 
organs can decrease considerably to supply active muscles 
during physical exercise or to maintain viability of vitally 
important organs, such as the brain and heart, during 
blood loss. Such needs require a wide range of blood flow 
and sophisticated regulation. GI blood flow is regulated 
by extrinsic and intrinsic mechanisms that include the 
enteric nervous system.

Extrinsic control of the splanchnic circulation is 
achieved by activation of the sympathetic nervous sys-
tem. The preganglionic sympathetic neurons are located 
mainly in the thoracolumbar area of the spinal cord at the 
T1-L2 level. The axons of the sympathetic preganglionic 
neuron synapse in celiac, superior mesenteric, or inferior 
mesenteric ganglia.53 Blood vessels in GI organs are richly 
innervated by sympathetic and parasympathetic nerve 
fibers, which release neurotransmitters to affect vascular 
tone and blood flow. An increase in sympathetic discharge 
is usually associated with a constriction of the vessels and 
a decrease in blood flow. Although the parasympathetic 
nervous system is not directly involved in regulation of 
GI blood flow, vasodilating neurotransmitters can acti-
vate the appropriate receptors directly and indirectly 
through ACh. Compounds such as ACh, VIP, and the 
neuropeptide substance P are released from parasympa-
thetic nerve fibers, and they can mediate vasodilation via 
NO. Parasympathetic fibers dilate vessels indirectly by 
stimulating the function of the GI organs. Many vaso-
dilating and vasoconstricting substances affect GI blood 
flow. The main vasodilating factors include prostaglan-
dins, adenosine, NO, bradykinin, VIP, and substance P. 
Vasoconstricting factors include mainly catecholamines 
that activate α-adrenergic receptors, the renin-angioten-
sin system, and vasopressin.

Intrinsic regulation of GI blood flow includes pressure-
induced flow autoregulation, response to acute venous 
hypertension, reactive hyperemia, functional hyperemia, 
hypoxic vasodilation, and other internal factors. Over-
all, intrinsic regulation of blood flow is responsible for 
adjustment of blood flow to the demand at any time via 
myogenic, metabolic, or hormonal mechanisms.

Blood flow autoregulation is the ability of an organ to 
maintain relatively constant blood flow despite changes 
in blood pressure. Such regulation is strong in the heart 
and brain but much weaker in the GI organs. For exam-
ple, a 50% decrease in blood pressure results in mini-
mal changes in cerebral blood flow, whereas blood flow 
through the intestines is decreased by approximately 
25%.

An increase in venous pressure is often used in experi-
mental models to determine whether the regulation of 
flow is myogenic or metabolic in nature. If an increase in 
venous pressure is associated with an increase in arterial 
tone, vascular resistance, precapillary sphincter tone, and 
decrease in capillary density, the regulation is assumed 
to be myogenic. Otherwise, the control is assumed to be 
metabolic.55

Reactive hyperemia is defined as an increase in blood 
flow above baseline after temporary occlusion of an artery; 
it probably serves the need to repay oxygen debt after 
temporary oxygen deprivation and results, at least par-
tially, from the accumulation of vasodilating metabolites 
(e.g., adenosine) produced by the preceding ischemia.

Stimulation of sympathetic nerves or an intra-arterial 
norepinephrine infusion leads to severe vasoconstriction 
and a decrease in intestinal blood flow. However, regard-
less of whether the infusion or stimulation continues, 
the blood flow partially returns to baseline level in a few 
minutes. This so-called autoregulatory escape is observed 
only in arterial but not in venous smooth muscle; it is not 
affected by β-adrenergic receptor antagonists or by mus-
carinergic antagonists. The mechanism most likely to be 
responsible for this phenomenon is the accumulation of 
different vasodilating factors during hypoperfusion. Ade-
nosine and VIP have been implicated more often than 
other vasodilating compounds.

The metabolic mechanism of blood flow regulation 
assumes that an increase in oxygen demand or decrease 
in oxygen delivery, or both, decreases tissue oxygen ten-
sion and releases vasodilating metabolites. A decrease 
in oxygen content in arterial blood is associated with 
an increase in GI blood flow and capillary recruitment, 
even in a denervated intestinal preparation. A decrease 
in hematocrit is also associated with an increase in tissue 
blood flow. Oxygen deprivation leads to intracellular ATP 
breakdown and adenosine release, causing vasodilation. 
Adenosine has been shown to be a powerful vasodilator 
in the small intestine.53

An increase in function is associated with an increase 
in oxygen demand and a subsequent increase in blood 
flow. For example, an increase in acid secretion by the 
stomach induced by pentagastrin is associated with an 
increase in portal blood flow and in oxygen extraction. 
Similar responses have also been observed in other organs 
of the GI tract.53 Functional (postprandial) hyperemia 
following food ingestion can increase blood flow within 
the small intestine by as much as 230% and can last  
4 to 7 hours depending on the nature and quantity of the 
meal.53 Redistribution of blood flow within the intestinal 
wall toward mucosa and submucosa has been observed. 
Many factors regulating the blood flow to the intestinal 
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mucosa are metabolic and include oxygen, pH, carbon 
dioxide, and adenosine. Other mediators include vaso-
pressin, catecholamines, NO, VIP, substance P, histamine, 
prostaglandins, and bradykinin.53

An increase in intestinal motility (and associated 
increase in oxygen demand) drastically reduces the 
higher vascular resistance produced by elevated venous 
pressure. This change implies that metabolic factors play 
a more important role than myogenic mechanisms do in 
the regulation of GI flow.55

The enteric nervous system (as a part of intrinsic regu-
lation) also plays a role in regulation of GI blood flow, 
particularly in the distribution of blood within the intesti-
nal wall. The mucosa of the GI tract receives about 80% of 
total resting blood flow of the gut.54 Such high blood flow 
is needed to meet the requirements of the gut for motility, 
secretion, and absorption. The submucosal plexus is the 
main control for blood flow within the gut, and vasocon-
striction results primarily from activation of sympathetic 
efferents. Epinephrine increases blood flow through the 
GI tract mainly by activation of β2-adrenergic receptors.

Vasodilation within the mucosa is controlled by three 
different types of neurons:
  

 1.  Extrinsic primary afferent neurons
 2.  Efferent neurons of the parasympathetic nervous 

system
 3.  Enteric neurons within the submucosal plexus56
  

The main afferent neurotransmitters are CGRP, sub-
stance P, and NO. Their release in the afferent pathways 
is associated with vasodilation of arterioles within the 
submucosa. These vasodilating signals are conducted 
through the sympathetic nervous system within the gan-
glia, where ACh is the main neurotransmitter.

Parasympathetic vasodilator pathways (within the 
vagus) include cholinergic mechanisms that probably play 
relatively minor roles: the gastric vasodilation caused by 
stimulation of the vagus nerve remains unchanged after 
atropine administration.56 Parasympathetically mediated 
vasodilation is achieved through the myenteric plexus 
(where ACh is also the main neurotransmitter) and then, 
after synapsing there, the signals travel to the arterioles, 
where the main neurotransmitters are VIP and ACh.56 
ACh induces vasodilation by activating muscarinic recep-
tors; their stimulation leads to release of NO within the 
arteriolar endothelium.56

Finally, arteries and arterioles in the submucosa and 
mucosa dilate in response to signals from enteric neurons 
that originate in the submucosal but not in the myenteric 
plexus; neither extrinsic denervation nor removal of the 
myenteric plexus alters these vasodilating effects, which 
are mediated by serotonin (5-hydroxytryptamine, 5-HT). 
In the submucosal plexus, afferent input is transmitted to 
the efferent reflex limb of the arch, which is composed 
of cholinergic vasodilator neurons; such reflex-mediated 
dilation of submucosal arterioles is blocked by atropine.

There are many interactions between enteric and sym-
pathetic vasomotor neurons.6,56 During exercise, portal 
blood flow may decrease by 80%, reaching only 20% of 
baseline. Such a decrease can be counteracted by ingestion 
of a meal. Superior mesenteric blood flow is reduced 43% 
by exercise but increased 60% by ingestion of a meal. When 
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exercise was combined with a meal, the blood flow was 
actually increased by 40%, demonstrating that metabolic 
and humoral demands often override other influences.57

GASTROINTESTINAL MICROCIRCULATION

The mesenteric microcirculation is composed of isolated 
small microcirculatory units. Such units branch from 
the marginal arteries that are themselves branches of 
mesentery arcades. The blood flows within microvessels 
from arterioles to capillaries and then drains to low-flow 
venules, which then form high-flow venules of larger 
diameters. Some high-flow venules have direct anastomo-
ses to other high-flow or low-flow venules.58 The density 
of functioning capillaries depends on two factors working 
in concert: an increase in blood flow and the accumula-
tion of the end products of cellular metabolism.

SPLANCHNIC BLOOD VOLUME

Splanchnic vasculature can be thought of as a devoted 
employee: it serves the boss (the body) enthusiastically 
and completely, sometimes sacrificing its own needs. 
Changes in the blood flow in one or another system 
generally serve the needs of a particular organ. However, 
alterations in the blood volume within the splanchnic 
veins serve overall hemodynamics rather than the GI 
organs themselves. Regulation of blood flow through the 
GI organs and the liver is described separately herein and 
in Chapters 22 and 23, respectively. However, regulation 
of blood volume within the GI organs and the liver has 
a common purpose: to maintain stable systemic hemo-
dynamics. Therefore, the regulation of splanchnic blood 
volume as a whole is fully described in this chapter.

Approximately 70% of total blood volume is in the 
veins.59 The splanchnic system receives 25% of cardiac 
output and contains approximately one third of the total 
blood volume.59,60 Approximately 1 L of blood can be 
recruited from the splanchnic vasculature into the sys-
temic circulation when needed (Table 21-2). Because veins 
are 30-fold more compliant than arteries, drastic changes 
in the blood volume within the splanchnic veins are asso-
ciated with relatively small changes in the intravenous 

TABLE 21-2 DISTRIBUTION OF BLOOD VOLUME 
AMONG ORGANS AND AMOUNT OF BLOOD THAT 
CAN BE RECRUITED FROM THEM

Total (mL) Mobilized (mL)

Liver 600 300
Spleen 700 600
Intestine 350 150
Total 1650 1050
Lungs 500 50
Skin 100 50
Muscle 850 250
Total 3100 1400

Adapted from Greenway CV, Lister GE: Capacitance effects and blood reservoir 
function in the splanchnic vascular bed during non-hypotensive haemorrhage 
and blood volume expansion in anaesthetized cats, J Physiol 237:279-294, 
1974.
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pressure. Moreover, splanchnic veins can accumulate or 
lose a large amount of blood without significant change 
in systemic hemodynamic variables, such as blood pres-
sure and cardiac output.

Definitions of at least two physiologic variables are 
needed for understanding the function of the compliant 
(splanchnic) veins in blood volume regulation. Unstressed 
volume is the volume of blood when transmural pres-
sure equals zero. Stressed volume is the volume within the 
venous system under transmural pressures above zero. 
These two volumes cannot be measured directly; instead 
they are determined by extrapolation of the pressure-
volume line to zero pressure60 (Fig. 21-8). The difference 
between total volume and unstressed volume equals 
stressed volume. At rest, approximately one third of the 
total blood volume is stressed, and approximately 70% is 
unstressed, located mainly within the splanchnic venous 
system. The analogy with a tub can be helpful in under-
standing the relationship between stressed and unstressed 
volumes (Fig. 21-9).

The relationship between stressed and unstressed vol-
umes explains why patients with up to 10% to 12% of 
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Figure 21-8. Venous capacitance and compliance, stressed and 
unstressed volumes. Point A1 represents volume of blood in veins at 
intramural pressure p1. Points A2 and A3 represent change in volume 
induced by change in pressure within the veins. The thick black line 
represents baseline compliance. Point A0 is obtained by extrapolation 
of the thick black line until it crosses the y axis; this point (A0) repre-
sents volume of blood at transmural pressure zero, which is unstressed 
volume (Vu1). The difference between total volume (Vt) and Vu1 is 
stressed volume (Vs). When a certain amount of blood is mobilized 
from the veins, point A1 moves to point B; the veins contain less 
blood at the same intramural pressure p1. Removal of the volume of 
blood between points A1 and B may be associated with no change in 
the slope of the pressure-volume relation (blue line); this means that 
venous compliance did not change, but capacity did. Point B0 (blue 
line extrapolated to the y-axis) represents decreased unstressed volume 
(from Vu1 to Vu2). However, the pressure-volume relation within the 
veins might look like the brown line. The same amount of blood is 
mobilized (from point A1 to B), but Vu did not change. The brown 
line crossed the y axis at the same point A0; the mobilized blood was 
recruited by a decrease in compliance rather than from a decrease 
in Vu. (Redrawn with permission from Gelman S: Venous function and 
central venous pressure. A physiologic story. Anesthesiology 108:735, 
2008.)
blood volume loss maintain systemic hemodynamics 
without significant changes in heart rate, blood pressure, 
or central venous pressure (CVP). However, further blood 
loss, even if relatively small, leads to severe deterioration 
of hemodynamics. As the first 10% of blood volume is 
lost, compensation occurs mainly by moving unstressed 
volume into stressed volume. If the mechanism of trans-
fer of blood from unstressed to stressed volume is already 
exhausted (no unstressed volume is left), further blood 
loss leads to decompensation.

Let us imagine that the heart is stopped, leading to 
cessation of blood flow. Pressure would be the same in 
all parts of the circulation, and is referred to as mean cir-
culatory filling pressure (MCFP).61 When the heart starts 
pumping again, the pressure in the aorta, arteries, capil-
laries, and finally in the small veins distal to capillaries 
increases, pushing blood back to the heart. Because arte-
rial resistance is high (compared with other parts of the 
vasculature), the pressure in these small veins becomes 
the driving force for venous return and is called pivotal 
pressure; it turns out that this pressure is equal to the 
MCFP.59,60

It is the unstressed volume from which blood is mobi-
lized into circulation (into stressed volume) when it is 
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Figure 21-9. Stressed and unstressed volumes—tub analogy. Water 
in a tub represents total blood volume. A hole in the wall of the tub 
between the surface of the water and the bottom of the tub divides 
total volume into stressed (Vs) and unstressed (Vu) volumes, above 
and below the hole, respectively. The water leaves the tub through the 
hole at a certain rate that depends on the diameter of the hole (which 
would reflect venous resistance [VenR]), and on the height of the water 
above the hole, representing Vs. The larger the Vs, the higher the flow 
through the hole. The water between the hole and the bottom of the 
tub does not affect the flow of water through the hole; this is the Vu, 
which is a sequestered volume that does not directly participate in the 
rate of water flow (venous return). With the same amount of water 
in the tub (total blood volume in the venous system) the relationship 
between Vs and Vu can be changed by moving the hole up or down. 
Moving the hole down represents venoconstriction and increases Vs 
(and venous return). The distal end of the tube, attached to the hole 
in the tub wall, represents central venous pressure (CVP). The higher 
the distal end, the higher the CVP and the lower the pressure gradi-
ent for venous return, and vice versa. The inflow tap represents the 
arterial flow. The hydraulic disconnect between the tap and the tub 
represents functional disconnection between the two (arterial flow 
and the venous system) due to high arterial resistance. (Redrawn with 
permission from Gelman S: Venous function and central venous pressure. 
A physiologic story, Anesthesiology 108:735, 2008.)
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needed. Under physiologic conditions, the stressed vol-
ume is the main factor determining the MCFP (pivotal 
venous pressure) and (indirectly) venous return. Stressed 
volume, in turn, is determined by total blood volume 
and the arterial and venous tone within the splanchnic 
vasculature. The two-compartment model of the venous 
system helps to explain the relationships among stressed 
and unstressed volumes, MCFP, and venous return60  
(Fig. 21-10).

During sympathetic stimulation, the smooth muscles 
of the vasculature contract to produce vasoconstriction, 
leading to a decrease in flow through the arteries. When 
arteries are constricted, the blood flow into the veins 
through capillaries is decreased, lowering intramural 
(intraluminal) pressure within these veins. This decrease 
in intramural pressure leads to a passive recoil of the 
venous walls around the decreased volume and pressure, 
producing a short-lasting increase in flow out of the veins 
and an increase in venous return. The volume shifted out 
of the splanchnic vasculature stays in the main basic cir-
cuit (Fig. 21-11, see Fig. 21-10) until splanchnic arterial 
tone returns to baseline. In many instances active veno-
constriction also occurs, squeezing blood out of the veins 
(reinforcing passive recoil) and increasing venous return 
and cardiac output.

In a canine model, an induced hemorrhage to lower 
blood pressure below 50 mm Hg was compensated for by 
three mechanisms: (1) transcapillary fluid shift from dif-
ferent tissues (one third of this volume), (2) shift of blood 
from passive elastic recoil of the veins, mainly splanch-
nic veins (an additional third of the lost volume), and 
(3) actively constricted capacitance vessels mediated by 
an increase in sympathetic discharge.59 This means that 
approximately two thirds of the compensation for severe 
blood loss comes from the veins, mainly the splanch-
nic veins, regardless of whether it comes passively from 
venous recoil or actively from sympathetically mediated 
venoconstriction. The passive change in blood volume 
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Figure 21-10. Two-compartment model of venous system. (Two cir-
cuits represent two compartments; the solid red and blue lines repre-
sent arterial and noncompliant venous compartments (the main, basic 
circuit). Dashed red and blue lines represent arterial and compliant 
(splanchnic) venous compartments. The compartment with compli-
ant veins is outside the main circuit. Therefore, changes in arterial or 
venous resistance in compliant compartment do not directly affect 
arterial or venous resistance in the main circuit with noncompliant 
veins. Thickness of the lines reflects the amount of flow within the ves-
sels under normal conditions. The size of the junctions between arteries 
and veins reflects the blood volumes contained in the two circuits. 
(Adapted with permission from Gelman S: Venous function and central 
venous pressure. A physiologic story, Anesthesiology 108:735, 2008.)
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within the splanchnic veins is more typical of the intes-
tines, whereas active venous constriction is more promi-
nent within the liver.62

ROLE OF α-ADRENERGIC AND 
β-ADRENERGIC RECEPTORS  
IN BLOOD VOLUME REGULATION

The splanchnic veins have a high population of α1- and 
α2-adrenergic receptors and are much more densely inner-
vated than the corresponding arteries; this explains their 
more vigorous response to sympathetic stimulation com-
pared to arteries.60,63 Because of its high compliance and 
rich population of α-adrenergic receptors, the splanchnic 
venous system is the most effective blood reservoir in the 
body, capable of mobilizing (and accommodating) large 
amounts of blood. Low-frequency stimulation of sympa-
thetic nerves or an infusion of α-adrenergic agonists at 
small doses leads to constriction of veins (particularly 
splanchnic veins) and shift of blood volume from the 
splanchnic vasculature to the systemic circulation. This 
“auto-transfusion” helps to maintain hemodynamics dur-
ing situations such as blood loss, increase in intra-abdom-
inal or intrathoracic pressure, general anesthesia, and 
positive-pressure breathing. Small doses of α-adrenergic 
agonist probably do not constrict arteries or jeopardize 
tissue perfusion; in many situations, this treatment can 
be preferable to infusion of extra blood volume.64

ROLE OF HEPATIC VEINS IN SPLANCHNIC 
BLOOD VOLUME REGULATION

An increase in resistance in the distal part of the splanch-
nic venous system might lead to sequestration of blood 
within the liver and more proximal part of the splanchnic 
venous vasculature. Therefore, a decrease in resistance to 
venous outflow within the liver or hepatic veins facili-
tates blood volume shift from the splanchnic vasculature 
into the inferior caval veins and right atrium, thereby 
increasing venous return. Activation of α-adrenergic 
receptors increases this resistance,65 whereas activation of 
β2-adrenergic receptors decreases it, facilitating a volume 

↑ Spl art R ↓

↓ Spl F and P ↑

↓ Spl V ↑

↑ Ven Ret ↓

Figure 21-11. Role of splanchnic arteries in splanchnic blood volume 
(Spl V) regulation. An increase in resistance in the splanchnic arteries 
leads to a decrease in splanchnic venous flow and pressure within the 
splanchnic veins that leads to a decrease in splanchnic volume and 
subsequently to an increase in venous return. Decrease in resistance 
within splanchnic arteries leads to opposite chain of events. Spl art R, 
splanchnic arterial resistance; Spl F+P, splanchnic flow and pressure 
within the splanchnic veins.
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Figure 21-12. Effect of adrenergic activation on splanch-
nic blood volume regulation. ↑, increase; ↓, decrease; α, α-1 
(including peripheral α-2) adrenergic receptors. β-2, β-2 
adrenergic receptors; BV, blood volume; GI, gastrointestinal; 
Rhv, resistance in hepatic veins; Spl vasc, splnchnic vascula-
ture; Ven Ret, venous return.
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shift. A decrease in venous capacity (a shift of blood vol-
ume out of the splanchnic veins) induced by relatively 
small doses of α-adrenergic receptor agonists has a more 
dramatic effect than an increase in resistance within 
the hepatic veins (Fig. 21-12). However, large doses of 
α-adrenergic agonists can lead to sequestration of blood 
within the liver and decrease in venous return.66 The com-
bination of α- and β2-adrenergic agonists can be useful in 
the treatment of hypotension in normovolemic patients, 
because it would facilitate the shift of blood volume from 
the splanchnic veins into the systemic circulation more 
effectively than an α-adrenergic agonist alone. Such a 
combination would decrease venous capacity, decrease 
resistance in the distal splanchnic venous system, and 
more effectively recruit unstressed volume into stressed 
volume. In cases of hypovolemia, the ability to recruit 
unstressed volume is diminished (or even absent, because 
unstressed volume has been completely mobilized), and 
an increase in blood pressure can be achieved only by 
administration of large doses of α-adrenergic agonists, 
which would lead to constriction of arteries, decreas-
ing tissue blood flow, and tissue ischemia; therefore, the 
hypovolemia must be resolved as soon as possible.

ROLE OF REFLEXES IN SPLANCHNIC BLOOD 
VOLUME REGULATION

Increasing carotid sinus pressure from 50 to 200 mm 
Hg was associated with a volume increase within the 
splanchnic vasculature of approximately 50%.60 Thus, 
when carotid sinuses and other arterial baroreceptors 
“sense” a decrease in blood pressure, sympathetic tone 
immediately increases, leading to an increase in arterial 
resistance throughout the body, including the splanchnic 
arteries. The latter is reinforced by concomitant constric-
tion of splanchnic veins; both result in passive and active 
expulsion of blood from the splanchnic venous system. 
This expulsion leads to a decrease in unstressed volume 
and an increase in stressed volume, MCFP (or pivotal 
venous pressure), and both venous return and cardiac 
output; blood pressure returns toward normal values. 
Opposite changes occur when blood pressure increases. 
This reflex serves important functions in blood pressure 
regulation. General anesthesia impairs this reflex and sig-
nificantly modifies such responses, decreasing the ability 
of the body to compensate for changes in blood pressure.

ROLE OF THE SPLEEN IN SPLANCHNIC 
BLOOD VOLUME REGULATION

Atrial natriuretic peptide (ANP) is released by atrial myo-
cytes when the atrial wall is stretched. ANP increases the 
glomerular filtration rate by dilating the preglomeru-
lar and constricting the postglomerular vessels. Such 
an action is associated with a decrease in plasma vol-
ume and an increase in hematocrit values. Because this 
effect is almost completely abolished by splenectomy, we 
know that the major effect of ANP is achieved through 
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the spleen.67 During ANP administration splenic venous 
blood flow is lower than arterial flow and venous hema-
tocrit values are higher than arterial ones, indicating a 
loss of fluid from the splenic vascular bed. Thus, ANP has 
direct effects on the splenic microvasculature and intra-
splenic hemodynamics to promote filtration of fluid out 
of the organ. NO affects splenic hemodynamics in concert 
with ANP; namely, NO decreases the arteriolar resistance 
within the intrasplenic microvasculature, increasing 
intracapillary pressure and fluid filtration. In conclusion, 
different mediators regulate the blood flow and filtration 
of fluid within the spleen, often leading to an increase in 
the filtration of fluid and an increase in hematocrit values 
within the splenic venous blood.

PATHOPHYSIOLOGIC VIGNETTES  
OF SPLANCHNIC CIRCULATION

Splanchnic Blood Volume During Aortic 
Cross-Clamping
Clamping of the aorta at the diaphragmatic level consid-
erably decreases blood flow to the splanchnic organs. This 
decrease leads to a passive recoil of the splanchnic veins 
and a shift of blood volume from the splanchnic system 
into systemic circulation. Associated surgical stress and 
an increase in sympathetic discharge add an active com-
ponent of venoconstriction. This is why in experimental 
conditions the clamping of the aorta at the diaphragmatic 
level is most often associated with an increase in venous 
return and cardiac output.60,68 In the clinical setting, such 
an increase is rare because, unlike the experimental situ-
ation, other events that develop during surgical interven-
tion affect volume shifts in different directions. A few 
examples are different depths of anesthesia, blood loss, 
and concomitant use of vasoactive drugs, including epi-
dural anesthesia.

On the other hand, clamping of the aorta distal to 
celiac and mesenteric arteries is usually not associated 
with an increase in venous return and cardiac output, 
first because the leg veins are not compliant and therefore 
contain a relatively small amount of blood. Second, this 
volume usually shifts into the more compliant splanch-
nic veins (increasing the unstressed volume) rather than 
to the heart, which would increase venous return. This 
is why, even without serious blood loss, clamping of the 
aorta distal to the arteries supplying blood to splanchnic 
organs often decreases cardiac output (Fig. 21-13).

Effects of Increased Intra-abdominal 
Pressure on Gastrointestinal Blood Flow 
and Splanchnic Blood Volume
Spontaneous inspirations are associated with shifts of the 
diaphragm downwards, compression of the splanchnic 
vasculature, and shift of blood volume from the splanch-
nic system into the systemic circulation.69 At the same 
time, venous flow from the lower extremities through 
the inferior caval vein decreases. During expiration the 
diaphragm shifts upwards, decreasing the flow from 
the splanchnic veins and increasing flow from the legs. 
More drastic increases in intra-abdominal pressure occur 
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during other physiologic actions, such as defecation, 
coughing, and physical exercise. These changes occur 
acutely and are short in duration. Acute nonphysiologic 
increases occur during hemorrhage, perforation of a hol-
low organ within the abdominal cavity, pneumoperito-
neum, and other abnormal states. Some conditions such 
as pregnancy and accumulation of ascites are associated 
with a relatively slow increase in intra-abdominal pres-
sure. A drastic increase in intra-abdominal pressure might 
lead to abdominal compartment syndrome, which pre-
sents as a life-threatening hemodynamic instability and 
usually occurs when intra-abdominal pressure exceeds 
25 mm Hg. Pneumoperitoneum induced for laparoscopic 
surgery decreases blood flow through the intra-abdomi-
nal organs.70 Such increased intra-abdominal pressure 
compresses the GI organs and squeezes blood from the 
GI vasculature into the systemic circulation, increasing 
the stressed volume until the intra-abdominal pressure is 
normalized.

Any flow through the hepatic veins is maintained by 
the stressed blood volume within the splanchnic vascula-
ture. In other words, the intravascular pressure within the 
splanchnic system must be higher than the intra-abdom-
inal pressure, which is the perivascular pressure. When 
intra-abdominal pressure starts to increase, intravascular 
pressure increases with it, and stressed volume flows out 
of the splanchnic system through the hepatic veins, rais-
ing the intra-abdominal pressure by 5 mL/cm of fluid. 
A simultaneous increase in pressure within the inferior 
caval vein at the level of hepatic veins momentarily stops 
blood flow through the femoral veins. However, that high 
pressure also increases flow from the hepatic vein entry 
and delays the compression of the inferior caval vein by 
high intra-abdominal pressure. This increased pressure 
gradient from the inferior caval vein pressure to the right 
atrial pressure increases flow through the inferior caval 
vein and venous return, helping to counteract the effects 
of the compression of the inferior caval vein and possible 
decrease in preload.69

The final effect of these alterations depends on (1) the 
degree of the increase in intra-abdominal pressure (the 
larger the increase, the higher the probability of a decrease 
in venous return); (2) the baseline blood volume; and (3) 
the ability to develop sympathetically mediated vascular 
responses. If there is not enough blood volume within the 
splanchnic veins, or if intra-abdominal pressure is too high 
to be compensated for by the existing stressed volume, 
flow through the hepatic vein and then venous return will 
begin to decrease (Fig. 21-14). Thus, an increase in stressed 
volume is needed to overcome the increase in impedance 
to the venous return.69 Such responses require activation 
of the sympathetic nervous system. An increase in con-
centrations of other vasoconstricting compounds such as 
vasopressin and endothelin, as well as activation of the 
renin-angiotensin system and release of aldosterone, adre-
nocorticotropic hormone (ACTH), and cortisol have been 
also observed.70 These responses are reflected in increases 
in CVP, pulmonary wedge pressure, mean pulmonary arte-
rial pressure, and systemic and pulmonary vascular resis-
tances. Mean arterial pressure is usually slightly increased 
or decreased, cardiac output might be decreased or main-
tained.71 A study of patients with American Society of 
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↑ Blood volume
and flow in
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↑ Lung blood
volume

↑ Intracranial
blood

volume
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preload

↓ Venous capacity

Supraceliac Aox

Passive venous recoil
distal to clamp
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Infraceliac Aox

↑ Venous return,
preload

(if splanchnic
venous tone is high)

 ↓ Venous return,
preload

(if splanchnic
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Figure 21-13. Blood volume redistribution during aortic cross-clamping. This scheme depicts the reason for the decrease in venous capacity, 
which results in blood volume redistribution from the vasculature distal to aortic occlusion to the vasculature proximal to aortic occlusion. If the 
aorta is occluded above the splanchnic system, the blood volume travels to the heart, increasing preload and blood volume in all organs and 
tissues proximal to the clamp. However, if the aorta is occluded below the splanchnic system, blood volume can shift into the splanchnic system 
or into the vasculature of other tissues proximal to the clamp. The distribution of this blood volume between the splanchnic and nonsplanchnic 
vasculature determines changes in preload. ↑, increase; ↓, decrease; AoX, aortic cross-clamping. (Redrawn with permission from Gelman S: The patho-
physiology of aortic cross-clamping and unclamping, Anesthesiology 82:1026, 1995.)
Anesthesiologists (ASA) physical status I and II showed 
that an increase in intra-abdominal pressure to 15 mm Hg 
was associated with increases in left and right ventricu-
lar end-diastolic area by 65% and 45%, respectively. The 
ejection fraction of both ventricles decreased by approxi-
mately 18%.72 The reverse Trendelenburg position might 
improve the hemodynamics.72

Release of pneumoperitoneum and simultaneous dras-
tic decrease in intra-abdominal pressure lead to opposite 
shifts in blood volume and possible hemodynamic insta-
bility (vasodilation, shift of blood volume into splanch-
nic veins, decrease in stressed volume and venous return, 
hypotension) and ischemia-reperfusion injury. The latter 
might lead to an increase in splanchnic free radical produc-
tion, an increase in capillary permeability, and bacterial 
translocation from the intestine into the bloodstream.70

The hemodynamic changes observed during pneumo-
peritoneum with carbon dioxide are the result of the com-
plex interaction of anesthesia, surgical insult, the patient’s 
position (Trendelenburg or reverse Trendelenburg), car-
bon dioxide, and an increase (followed by a reduction at 
the end of surgery) in intra-abdominal pressure as well 
as oxidative stress, which plays an important role in the 
overall response to this procedure.73 It is not surprising 
that some authors are replacing the term minimally inva-
sive surgery with the more precise term minimal-access sur-
gery. Fortunately, an increase in intra-abdominal pressure 
that does not cause it to reach 12 to15 mm Hg is usually 
well tolerated by most patients.

Splanchnic Blood Volume in Congestive 
Heart Failure
The majority of patients with congestive heart failure do 
not demonstrate an increase in body weight, but they 
do show volume overload and an associated decrease in 
cardiac output.74 Some authors speculate that because 
the density of adrenergic terminals in veins is more than 
fivefold higher than in arteries,63 and because vasomotor 
response induced by sympathetic stimulation is greater 
in veins than in arteries, the pathogenesis of congestive 
heart failure involves increases in sympathetic discharge, 
constriction of splanchnic vasculature, and translocation 
of blood volume into the systemic circulation.74 Those 
researchers believe that this is the main mechanism 
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responsible for congestive heart failure. It seems likely 
though that when the heart (myocardium) is able to han-
dle an increased preload, such a translocation of blood 
volume does not lead to cardiac failure. However, when 
the myocardium is not able to handle this additional 
volume, congestive heart failure can ensue. Moreover, 
such an increase in preload (as a result of sympathetic 
activation) can be a compensatory mechanism necessary 
to maintain acceptable cardiac output. Different types of 
vasodilators can be used to treat cardiac failure.75 Vaso-
dilators (which decrease afterload and preload) should 
be administered carefully, because in cardiac failure an 
increased preload might be needed to maintain adequate 
cardiac output. In other words, a particular increase in 
stressed volume might be needed to maintain the heart 
at an appropriate position on the Starling curve (to the 
right of normal).

Role of Gastrointestinal Blood Flow  
in Gastroduodenal Mucosal Ulceration
Many compounds secreted within the stomach are 
ulcerogenic, the most important being hydrochloric 
acid and pepsin. Acute ulceration results from inflam-
matory response to physical or thermal trauma, shock, 
sepsis, and some others including emotional stress; these 
are called stress ulcers. These ulcers usually occur in the 
proximal, acid-secreting portion of the stomach.76 The 
process starts with disturbances in microcirculation and 

↑ IAP

↑ ICVP
Diaphragm

shifts
upward

Splanchnic
vasculature

compression

↑ ITP BV shift ↓ Gut flow

↑ CVP ↑ Vs

↓ (MCFP – CVP) ↑

↓ Venous Return ↑

IRI

Figure 21-14. Hemodynamic responses to an increase in intra-
abdominal pressure (IAP). ↑, Increase; ↓, decrease; BV, blood volume; 
CVP, central venous pressure; ICVP, inferior caval venous pressure; IRI, 
ischemia-reperfusion injury; ITP, intrathoracic pressure; MCFP, mean 
circulatory filling pressure; Ven Ret, venous return; Vs, stress volume.
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focal ischemia. Focal ischemia can be observed as pallor 
and hyperemia, followed by petechiae and shallow ulcer-
ations that progress to mucosal stress ulcers. Stress ulcers 
are superficial, limited only to the mucosa, and usually 
heal without serious consequences.

The etiology and course of drug-related ulcers are simi-
lar to those of stress ulcers. Aspirin and other NSAIDs can 
initiate that process. These drugs produce an imbalance 
between vasodilating and vasoconstricting prostaglan-
dins, disturbing microcirculation within the mucosa that 
can be followed by ulceration.

The main pathogenetic factor in stress ulcers and in 
drug-related ulcers is a temporary decrease in gastric 
mucosal blood flow that can result in complications such 
as bleeding, endotoxemia, and sepsis. The role of blood 
flow and overall pathogenesis of stress ulcers has been 
well described.76

Splanchnic Circulation in Sepsis
Decrease in blood flow to the gut in general and to the 
intestinal mucosa in particular is the key event in the 
pathogenesis of sepsis and septic shock. Examination of 
the intravital microcirculation during sepsis reveals vas-
cular wall edema, local hemorrhages, arteriole-venule 
shunting, reverse flow in capillaries and venules, blood 
flow redistribution within microunits, leukocyte-endo-
thelial interaction, and transmigration through the cap-
illary walls.58 Reduction in blood velocity within the 
venules is closely correlated with the number of leuko-
cyte-epithelium adhesions.58 This disturbance in micro-
circulation is called leukocyte adhesion stenosis, because 
it is characterized by slowed capillary blood flow and a 
pattern of stop-and-go and no-flow venules; next, it pro-
gresses to leukocyte-endothelium adhesions within the 
lumen of the arterioles.58 Thus, the microcirculation is 
severely disturbed and heterogeneous. Some micro-areas 
are hyperperfused and others are hypoperfused; arterio-
venous shunting of blood is increased. This often is asso-
ciated with a relatively normal or even increased total 
blood flow, but severely decreased nutritive blood flow 
to the intestinal walls, particularly to the mucosa. During 
sepsis, metabolic demand for oxygen within the intes-
tines is increased, and nutritive blood flow is decreased 
despite profound vasodilation.

Sepsis is associated with severe inflammatory response 
leading to an increase in permeability and impaired 
immunologic barrier function within the intestines. Isch-
emia, increased permeability, and impaired intestinal bar-
rier play an important role in subsequent amplification 
of distant organ dysfunction.77 The use of dopamine and 
some other catecholamines might increase blood pressure 
and cardiac output, but also can increase arteriovenous 
shunting without any improvement in nutritive flow and 
microcirculation of GI organs. Such therapy often is inef-
fective and can actually exacerbate sepsis.78 Despite an 
increase in oxygen delivery, the intramucosal pH, which 
is a marker of tissue oxygenation, decreases. The term 
oxygen delivery might not precisely reflect oxygen con-
tent in the arterial blood and flow (cardiac output). Oxy-
gen output might be a better term, because in reality this 
oxygen is not delivered to cells, but bypasses them via 
arteriovenous shunting. The lack of oxygen uptake might 
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result not only from arteriovenous shunting, but in part 
from the inability of cells to consume oxygen because of 
impaired intracellular metabolism. In that case, “deliv-
ered” oxygen is not absorbed.

Effects of Spinal and Epidural Anesthesia  
on Gastrointestinal Blood Flow and Volume
The degree of arterial hypotension induced by spinal or 
epidural anesthesia is directly related to the extent of the 
blockade, the dose of local anesthetic used, and baseline 
hemodynamics.79 Lumbar epidural anesthesia leads to 
arterial and venous dilation at the segments affected by 
the anesthetic. The constriction of the proximal part of 
the splanchnic vasculature shifts blood volume from the 
splanchnic system into the systemic circulation and usu-
ally results in preservation of stressed volume and blood 
pressure. Thoracic epidural anesthesia is associated with 
pronounced mesenteric vasodilation and arterial hypo-
tension, whereas intestinal blood flow and oxygen con-
sumption are maintained. A study using labeled red cells 
demonstrated that epidural anesthesia with sensory block 
at T4-T5 increased blood volume in both the intrathoracic 
and splanchnic vasculature.80 The addition of a vasocon-
strictor decreased volume within the splanchnic region, 
but increased volume within the thorax. The authors esti-
mated that the use of a vasoconstrictor during thoracic 
epidural anesthesia led to a shift of approximately 1 L 
of blood from the splanchnic area into the thoracic and 
systemic circulation.80

Infusion of fluid or the use of adrenergic agonists 
apparently increases stressed volume. Infusion of fluid 
increases total (stressed and unstressed) blood volume, 
whereas adrenergic agonists move existing blood volume 
from unstressed to stressed. In many situations, the use 
of α-adrenergic agonists might be more beneficial than 
infusion of fluid.64 Because veins are much more sensitive 
to adrenergic stimulation than arteries are, small doses 
of α-adrenergic agonists in normovolemic patients would 
constrict veins (increasing stressed volume) without 
affecting arteries or jeopardizing tissue perfusion.
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K e y  P o i n t s

 •   Roughly 30% of cardiac output flows through the liver by a dual blood supply. 
The portal vein delivers 75% of total hepatic blood flow; the hepatic artery 
provides the rest. Each vessel delivers half of the total hepatic oxygen supply.

 •   Hepatic sinusoids are the capillaries of the liver. Postsinusoidal vessels are a major 
source of total hepatic vascular resistance. The liver has a highly compliant, 
distensible vasculature that is central to its role as an important, rapidly 
accessible reservoir of blood volume. Without this reservoir function, mild losses 
of intravascular volume can result in severe hypotension.

 •   The liver is integral to the monocyte-macrophage system. Kupffer cells reside in 
hepatic sinusoids; they filter the venous effluent of the gastrointestinal tract; and 
they avidly remove bacteria and other harmful substances, preventing their entry 
into the systemic circulation.

 •   The acinar concept describes the functional microvascular unit of the liver. Each 
acinus has three circulatory zones. Blood perfusing zone 1 is rich in O2 and 
nutrients; zone 3 hepatocytes are perfused with effluent blood from zones 1 and 2,  
which is relatively O2 poor.

 •   The hepatic arterial buffer response (HABR) induces a compensatory increase of 
hepatic arterial flow, thereby preserving hepatic O2 delivery despite decreases 
of total hepatic blood flow. Pathologic disruptions of HABR increase the 
susceptibility of the liver to hypoxic injury.

 •   The liver metabolizes cholesterol to bile acids, which is the only means of 
eliminating cholesterol from the body. Hepatocytes secrete bile acids, which 
flow through a series of hepatobiliary ducts that drain into the duodenum via 
the common bile duct.

 •   Bile salts are amphipathic molecules with detergent-like properties; they emulsify 
lipophilic substances, promoting their enteric absorption. Enterocytes of the 
terminal ileum efficiently take up bile acids and return them to hepatocytes 
via the portal blood. Hepatocytes can then take up and secrete a single bile 
acid molecule many times; this gut–liver connection is called the enterohepatic 
circulation.

 •   The liver is the epicenter of intermediary metabolism and energy homeostasis. 
Depletion of liver glycogen during prolonged fasting, for example, promotes 
hepatic gluconeogenesis, enabling the liver to nourish glucose-dependent 
tissues. Starvation accelerates the oxidation of fatty acids and formation of 
ketoacids, which are released from the liver and used as energy substrates by 
most of the extrahepatic tissues.

 •   Hepatocytes oxidize myriad substances by cytochrome P450–mediated 
reactions; they also attach endogenous polar substrates to hydrophobic 
molecules. Such products, being more hydrophilic than their unconjugated 
precursors, are more readily excreted in the urine or feces.

 •   The liver has a vital role in nitrogen metabolism. Ammonia is highly toxic to the 
central nervous system and can be eliminated only by the liver. Hepatocytes 
are uniquely equipped with the urea cycle enzymes required to metabolize 
ammonia to urea, which is readily excreted and much less toxic than ammonia.
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K e y  P o i n t s — c o n t ’ d

 •   The liver produces almost all of the plasma proteins, except γ-globulins. Albumin 
is the most abundant plasma protein; it is the main determinant of plasma 
oncotic pressure and an essential plasma transporter of exogenous substances  
and endogenous compounds, such as unconjugated bilirubin and free fatty acids.

 •   Hepatocytes synthesize most of the molecular participants in coagulation 
pathways; they also modify vitamin K–dependent proteins—such as factors 
II, VII, IX, and X; protein C; and protein S—enabling their participation in the 
coagulation cascade.

 •   Standard liver chemistry tests—which are useful for detecting and monitoring 
hepatic and biliary disorders—lack the specificity and sensitivity needed to 
identify any specific disease. For diagnostic purposes, results of such tests must 
be interpreted in clinical context and often with supplemental radiologic and 
endoscopic information.

 •   Cirrhosis-induced portal hypertension produces a hyperdynamic circulation: 
systemic blood pressure is slightly below normal, cardiac output increases, and 
total peripheral resistance decreases. Portosystemic shunting occurs, circumvents 
the hepatic filtering mechanism, and thereby allows drugs, nitrogenous waste, 
and toxins to enter the central circulation.

 •   The onset of cirrhosis-induced portal hypertension is a pivotal event; it coincides 
with loss of the huge physiologic reserve of the healthy liver. Additional liver 
injury leads to life-threatening pathophysiologic derangements, including variceal 
hemorrhage, hepatic encephalopathy, and the hepatorenal and hepatopulmonary 
syndromes. The only definitive treatment for end-stage hepatic disease is liver 
transplantation.
OVERVIEW

The liver is the most versatile and largest internal organ 
in the human body, comprising 2% of the total mass of 
healthy adults and 5% of neonates. The liver is an essen-
tial part of the gastrointestinal tract that filters, excretes, 
and modifies an enormity of gut-derived substances. It 
is also a key component of the monocyte-macrophage 
system; Kupffer cells within liver sinusoids avidly remove 
bacteria and other harmful substances from portal blood, 
preventing their entry into the systemic circulation. 
The liver is the most vascular organ in the body; it has 
a unique dual blood supply and receives nearly 30% of 
the total cardiac output. Because of its highly compli-
ant, distensible vasculature, the liver serves as a rapidly 
exchangeable blood reservoir that promotes homeostasis  
of the circulating blood volume. Moreover, the liver is 
the epicenter of intermediary metabolism and energy 
homeostasis; it is uniquely equipped to meet the nutri-
tional needs of tissues throughout the body during times 
of both feast and famine. The liver plays an indispens-
able role in the excretion of endogenous wastes—most 
notably, ammonia and bilirubin—and eliminates a wide 
range of xenophobic substances, including most of the 
drugs and toxins that enter the body. For these reasons, 
a fundamental understanding of hepatic physiology is a 
prerequisite for health care providers. Liver disease, par-
ticularly when severe, has pervasive clinical ramifications 
and imposes complex therapeutic challenges.
HEPATIC ANATOMY

TRADITIONAL ANATOMY

The liver looks like a reddish-brown boomerang and 
occupies the entire right subcostal space, most of the 
epigastrium, and part of the left subcostal space. Being 
highly malleable, the liver allows its less pliable neighbors 
to determine its topography. For example, on its poste-
rior surface, the liver shows imprints of the inferior vena 
cava and diaphragmatic attachments, such as the coro-
nary and triangular ligaments and the interstitial matrix 
at the bare area of the liver. The superior hepatic surface 
conforms to the underside of the diaphragm.

Topologic landmarks, which are at the core of tradi-
tional anatomy, provide the basis for separating the liver 
into four lobes, known as the left, right, caudate, and 
quadrate lobes. The liver, when viewed from its anterior, 
superior surface, reveals only the right and left lobes sep-
arated by the falciform ligament. The posterior-inferior 
hepatic surface provides the best vantage for viewing the 
relative positions of the four lobes. On this surface, the 
left and right lobes are separated by the left sagittal fossa 
(ligamenta venosum and teres hepatis). The quadrate and 
caudate lobes are not well delineated, but can be envis-
aged as follows: First, the midline boundary—the porta 
hepatis (transverse fissure) forms the posterior border of 
the quadrate lobe and the anterior border of caudate lobe.  
Second, the right-side boundary—for the quadrate lobe 
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it is the gallbladder fossa; for the caudate lobe it is the 
inferior vena cava. Third, the left-side boundary—for the 
quadrate lobe it is the ligamentum teres (umbilical vein 
fossa); for the caudate lobe it is the ligamentum venosum 
fissure (ductus venosus fossa).1

Knowledge of surface anatomy is indispensable for 
those who perform procedures involving the liver. Recent 
and marked advances in liver surgery—particularly with 
hepatic transplantation—have prompted the develop-
ment of new classification systems of hepatic anatomy. 
This chapter provides a brief overview of the concepts of 
segmental anatomy, which focus on the spatial relation-
ships among blood vessels and bile ducts within the liver. 
More specifically, physiologic anatomy seeks to iden-
tify singular portions of the liver (segments) that can be 
resected without compromising the viability of neighbor-
ing hepatic segments.2,3

PHYSIOLOGIC ANATOMY

Physiologic anatomy—also referred to as functional or 
segmental anatomy—separates the liver into indepen-
dent, self-sufficient segments. Each segment is equipped 
with its own afferent blood supply and conduits to drain 
blood and bile from its parenchyma (Fig. 22-1).4 At pres-
ent, no system of physiologic anatomy is universally 
accepted, largely because of the considerable variability 
that exists in the interindividual anatomy of the portal 
vein, hepatic artery, and bile ducts. The Couinaud classi-
fication, which is in widespread clinical use, is depicted in 
Figure 22-1 and shows the general principles of segmental  
anatomy. The primary focus of the Couinaud system  
is on third-generation branches of the portal vein. This 
classification, similar to most others in common use, par-
titions the liver into eight physiologic segments (see Fig. 
22-1).2,4

Advanced imaging techniques (e.g., contrast-enhanced 
helical computed tomography [CT]) are commonly used 
to determine the real anatomy of each patient’s liver (Fig. 
22-2).5 These scans provide accurate correlative informa-
tion about the topology and unique physiologic anatomy 
of the patient’s liver.4 Accordingly, liver operations (e.g., 
resection of tumors, repair of traumatic injuries), planned 
and guided by the principles of physiologic anatomy, 
result in lower rates of perioperative morbidity and 
mortality.

HEPATIC ARCHITECTURE

Portals for Hepatic Blood and Bile Flow
The hilum of the liver (porta hepatis) is where the affer-
ent blood vessels enter and bile ducts exit the liver. The 
two main afferent blood vessels divide into first-order 
branches—the left and right portal veins and the left and 
right hepatic arteries. These vascular branches ramify 
and traverse the hepatic stroma in tandem. Their final 
branches—which are located within portal tracts—drain 
their blood into the liver sinusoids (hepatic capillaries). 
After perfusing the liver parenchyma, this blood drains 
into central hepatic veins (also called terminal hepatic 
venules). These tiny veins coalesce successively, giving 
rise to larger venous vessels that ultimately unite to form 
the right main, middle, and left main hepatic veins that 
connect directly to the inferior vena cava.

Liver Lobule
The lobule is the basic anatomic unit of the liver (Fig. 22-3). 
An idealized classic liver lobule is a hexagonal prism that 
has six vertically aligned portal canals (see Fig. 22-3) at its 
apices and a terminal hepatic venule at its center. The por-
tal canals contain a connective tissue matrix, nerve fibers, 
lymphatic vessels, and a portal triad, which consists of a 
bile ductule and the final branches of the portal vein and 
hepatic artery. Liver lobules are tiny; each has a circum-
ference of 3 mm and is several millimeters in length. The 
human liver contains 50,000 to 100,000 lobules.

Liver Acinus: The Microvascular Unit  
of the Liver
The liver acinus is considered the functional microvascu-
lar unit of the liver. The acinus, as defined by Rappaport 
in the 1950s, is the parenchyma around terminal affer-
ent portal and arterial vessels that supply blood to this 
group of hepatocytes. Figure 22-4 shows the three hetero-
geneous circulatory zones: zone 1 is periportal, zone 2 is 
the midzone, and zone 3 is pericentral. Blood supplied to 
zone 1, which is near the origin of the sinusoid, is rich in 
oxygen and nutrients. In contrast, zone 3, at the periph-
ery of the acinus, receives blood that is O2 poor because 
this blood has already perfused hepatocytes of zones 1 
and 2 before it reaches zone 3.
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Figure 22-1. Schematic depiction of Couinaud segmental liver 
anatomy and the normal portal venous structures. Bracketed text shows 
hepatic segments resected during partial hepatectomies. (Modified from 
Venook AP, Curley SA: Management of potentially resectable colorectal 
cancer liver metastases. Available at: http://www.uptodate.com/contents/
management-of-potentially-resectable-colorectal-cancer-liver-metastases).
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Figure 22-2. Segmental anatomy of the liver is demonstrated at three levels on contrast-enhanced CT images. A, At the level of the hepatic 
veins, the caudate lobe (segment 1) is seen posteriorly, embracing the vena cava. Segment 2 is separated from segment 4A by the left hepatic 
vein. Segment 4A is separated from segment 8 by the middle hepatic vein and segment 8 is separated from segment 7 by the right hepatic vein. 
B, At the level of the portal vein bifurcation, segment 3 is visible as it hangs inferiorly in its anatomic position and is separated from segment 4B 
by the umbilical fissure. Note that segment 2 is not visible at this level. Terminal branches of the middle hepatic vein separate segment 4B from 
segment 5 and terminal branches of the right hepatic vein separate segment 5 from segment 6. Note that Sements 4A, 8, and 7 are not visible 
at this level. Segment 1 is seen posterior to the portal vein and embracing the vena cava. C, Below the portal bifurcation, one can see the inferior 
tips of segments 3 and 4B. The terminal branches of the middle hepatic vein and the gallbladder mark the separation of segment 4B from seg-
ment 5. Segments 5 and 6 are separated by the distal branches of the right hepatic vein. Note how the right liver hangs well inferior to the left 
liver. (From Townsend CM Jr, Beauchamp D, Evers BM, et al: Sabiston textbook of surgery, ed 19. Philadelphia, 2012, Saunders, Chap 54, Fig 54-6.)
The microvascular architecture of the acinus allows 
increases in the efficiency of substrate usage and excre-
tion of waste products.6,7 Urea cycle enzymes are local-
ized in zones 1 and 2. Hepatocytes within these zones 
convert amino acids to ketoacids and ammonia; the urea 
cycle (high capacity, low affinity) captures the ammonia 
and incorporates it into urea. Any ammonia that eludes 
the urea cycle is likely to encounter glutamine synthetase, 
which is expressed only in zone 3. This enzyme facilitates 
the capture of ammonia within the glutamine substrate. 
If glutamine substrate were present in zones 1 or 2, it 
would compete with urea cycle enzymes for ammonia 
and thereby decrease the liver’s capacity to eliminate 
ammonia. By having glutamine synthetase localized in 
zone 3, pericentral hepatocytes more efficiently scavenge 
the ammonia that would otherwise reach the central 
circulation.

Periportal hepatocytes have the highest density of 
mitochondria and are the major site of oxidative metab-
olism and glycogen synthesis. In contrast, pericentral 
hepatocytes—which have an abundance of smooth 
endoplasmic reticulum, reduced nicotinamide adenine 
dinucleotide phosphate (NADPH), and cytochrome P450 
(CYP) proteins—are the major site of anaerobic metabo-
lism and xenobiotic biotransformation. Not surprisingly, 
pericentral hepatocytes bear the brunt of injuries induced 
by reactive xenobiotic metabolites or hypoxic episodes. 
The clinical message is that ischemic injury or necrosis of 
the centrilobular region decreases the liver’s capacity to 
excrete many drugs and other xenobiotics.4

A Conceptual Alternative to the Acinar 
Concept
An alternative to the acinar concept, which is based on 
the angioarchitecture of the liver,8 has recently been 
gaining popularity.9 This concept divides the portal and 
hepatic venous systems into a conducting portion—
which delivers and drains blood from the parenchyma—
and a parenchymal portion, which is the basis for the 
primary lobule. Recent studies of hepatic enzymes and 
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pathologic processes suggest the presence of a continu-
ous periportal network around portal tracts and terminal 
afferent vessels and a distinct concentric perivenous area 
around the central vein; such data support the idea that 
the liver architecture more closely resembles the classic 
lobule more than it does the acinus.9

Types of Liver Cells
SinuSoidal EndothElial CEllS. Sinusoidal endothelial 
cells are different from the endothelium in the rest of 
the body. The large (∼100 to 200 nm in diameter) pores 
between the cells are called fenestrae. The fenestrae per-
mit passage of relatively large particles out of the blood; 
these include albumin with bound ligands, such as lip-
ids and lipoproteins. But the fenestrae do not let red and 
white blood cells and platelets penetrate the sinusoidal 
endothelium. Another unusual feature of sinusoidal 
endothelium is that these cells lack basement membrane. 
This feature also increases the endothelium permeability 
to solute from the bloodstream. Thus, sinusoidal endo-
thelium does not have a serious barrier to efflux of albu-
min and other molecules of similar size.

Kupffer Cells. The structure and function of Kupffer 
cells are similar to those of macrophages. Kupffer cells 
line the sinusoidal endothelium on the bloodstream side, 
have very high phagocytic properties, and represent the 
first line of host defense.10

hEpatiC EpithElial CEllS. The term hepatocyte is com-
monly used to denote the liver parenchymal cells. 
They are highly polarized epithelial cells and serve as 
the metabolic factories of the liver.11 They have het-
erogeneous plasma membranes with three distinct 
specialized domains. For example, plasma membrane 
domains that face the hepatic sinusoids (called basolat-
eral or sinusoidal membranes) are in direct contact with 
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Central
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Central
vein

Portal lobule

1
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Figure 22-3. Schematic classifications of liver units: liver lobule, por-
tal lobule, and liver acinus. Lobular units have well demarcated central 
structures (central vein or portal canal), whereas the liver acinus (zones 
1, 2, 3; see Fig. 22-4) contains a central axis derived from two adjacent 
classic lobules. (From Henrickson R, Kaye GI, Mazurkiewicz J: Liver and 
gallbladder. In Henrickson R, Kaye GI, Mazurkiewicz, editors: NMS Histol-
ogy, ed 3. Philadelphia, 1997, Lippincott Williams & Wilkins.)
the perisinusoidal space of Disse; in contrast, apical 
domains of hepatocellular membranes that make up 
the lumina of the tiny channels (bile canaliculi) con-
vey to bile ductules and ducts.

Lobular or acinar zonation is an important concept 
that explains morphologic and metabolic differences 
among hepatocytes based on their relative proximities to 
portal regions versus central veins. Hepatocytes close to 
portal regions are called zone 1 hepatocytes. They receive 
blood that is relatively high in O2; the main function of 
these cells is detoxification and secretion. In conditions 
of compromised liver function, cells in zone 2 and 3 can 
be recruited; they represent the “anatomic reserve.” Dif-
ferent zones determine the susceptibility of hepatocytes 
to injury. Hepatocytes in zone 3 are more sensitive to 
hypoxia; on the other hand, ischemia-reperfusion injury 
is more dramatic in zone 1. The histologic analysis of liver 
samples may help in diagnosis of the source of hepatic 
injury.

Hepatocytes can regenerate. After surgical removal of 
part of the liver, the remaining hepatocytes proliferate by 
undergoing mitosis. In animal models, up to 70% of total 
liver mass can be regenerated.11
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Figure 22-4. Blood supply of a liver acinus. Oxygen tensions and 
nutrient levels within sinusoids continuously decrease as blood flows 
from zone 1 through zone 3. The lower part of this figure shows zones 
1, 2, and 3 of a neighboring acinus. BD, Bile ductule; CV, central vein; 
HA, hepatic artery; PV, portal vein. (From Jones AL: Anatomy of the nor-
mal liver. In Zakim D, Boyer T, editors: Hepatology: a textbook of liver 
disease, ed 3. Philadelphia, 1996, Saunders, p 3.)



FUNCTIONS OF THE LIVER

RESERVOIR FOR BLOOD VOLUME  
AND BLOOD FILTER

Vasculature of the Liver
The liver is the most vascular organ in the body; it receives 
nearly one third of the total cardiac output (1 mL of blood/1 
g of liver) through a unique dual blood supply. Approxi-
mately 75% of the total hepatic blood flow arrives by the 
portal vein, and the remaining 25% is from the hepatic 
artery. Each of the two vessels brings half of the total O2 
content supplied to the liver. The hepatic artery has its ori-
gin at the celiac trunk of the abdominal aorta (Fig. 22-5).1,12

The portal vein—formed by the union of superior mes-
enteric and splenic veins—conveys the effluent venous 
blood from splanchnic organs, including the stomach, 
intestines, pancreas, and spleen. In other words, the por-
tal veins transmit to the liver the entire venous drainage 
of the preportal splanchnic beds.4,13

Hepatic Blood Flow
REgulation of hEpatiC Blood flow. Intrinsic and extrin-
sic mechanisms play important roles in the regulation of 
hepatic blood flow. Intrinsic mechanisms—such as the 
hepatic arterial buffer response (HABR), metabolic con-
trol, and pressure-flow autoregulation—work indepen-
dently of neurohumoral factors.

intRinSiC REgulation

HepatiC arterial Buffer response. The HABR is the most 
important intrinsic mechanism.14 With an intact HABR, 
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changes in portal venous flow cause reciprocal changes in 
hepatic arterial flow. That is, when portal venous flow de-
creases, the HABR compensates by increasing hepatic ar-
terial flow and vice versa. The HABR mechanism involves 
the synthesis and washout of adenosine (i.e., a vasodi-
lator) from periportal regions.14,15 When portal venous 
flow decreases, adenosine accumulates in the periportal 
regions, which lowers arteriolar resistance and thereby 
increases hepatic arterial flow. Conversely, when portal 
venous flow increases, adenosine is washed out of the 
periportal regions, which increases arteriolar resistance 
and decreases hepatic arterial flow. At a maximum, the 
HABR can double hepatic arterial flow. Therefore, it can-
not fully restore hepatic blood flow when portal venous 
flow falls by more than 50%. Yet, because hepatic arterial 
blood carries more O2 than does portal venous blood, the 
HABR more effectively preserves hepatic O2 supply than 
does hepatic blood flow. Various disorders (e.g., endotox-
emia, splanchnic hypoperfusion) may decrease or even 
abolish the HABR and render the liver more vulnerable to 
hypoxic injury.16-18

MetaBoliC Control. Many constituents of blood affect 
hepatic arterial and portal venous blood flow. Decreases in 
O2 tension or the pH of portal venous blood typically lead 
to increases in hepatic arterial flow. Postprandial hyperos-
molarity increases hepatic arterial and portal venous flow. 
The underlying metabolic and respiratory status (e.g.,  
hypercapnia, alkalosis, arterial hypoxemia) also modulate 
the distribution of blood flow within the liver.

pressure-flow autoregulation. Pressure-flow autoregu-
lation enables tissue-specific regulators to govern organ 
blood flow despite fluctuations in systemic arterial pressure.  
Figure 22-5. The splanchnic cir-
culation. (Redrawn from Gelman S, 
Mushlin PS: Catecholamine induced 
changes in the splanchnic circulation 
affecting systemic hemodynamics. 
Anesthesiology 100:434-439, 2004.)
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The mechanism involves myogenic responses of vascular 
smooth muscle to stretch. For example, a hypertensive 
episode increases transmural pressure, thereby stretch-
ing arterial smooth muscle. The resultant increase in 
myogenic tone (i.e., vasoconstriction) prevents the in-
creases in organ blood flow that would otherwise occur. 
Conversely, transient hypotension lowers transmural 
pressure and myogenic tone (i.e., vasodilation), which 
helps sustain organ perfusion during systemic hypoten-
sion. Decreases in systemic blood pressure, as often oc-
cur during anesthesia, typically lead to a proportional 
decrease in portal blood flow and often are compensated 
by an increase in hepatic arterial blood flow; anesthesia 
with volatile anesthetic decreases this response in a dose-
related fashion.

ExtRinSiC REgulation

neural Control. Fibers of the vagus, phrenic, and 
splanchnic nerves (postganglionic sympathetic fibers 
from T5 through T11) enter the liver at the hilum; they 
course through the liver alongside the afferent hepatic 
blood vessels and bile ducts. When sympathetic tone 
decreases, splanchnic reservoir volume increases. On 
the other hand, sympathoadrenal stimulation translo-
cates blood volume from the splanchnic reservoir to the 
central circulation. Within seconds of splanchnic nerve 
stimulation, up to 80% of the hepatic blood volume (400 
to 500 mL) could be transferred to the central circula-
tion in dogs. The hepatic arterial bed has α1-, α2-, and 
β2-adrenergic receptors, whereas the portal vein has only 
α-receptors (Fig. 22-6).12,19

HuMoral Control. Glucagon induces dose-dependent 
relaxation of hepatic arterial smooth muscle and blocks 
the effects of physiologic vasoconstrictors on the hepatic 
artery. By contrast, angiotensin II constricts the hepatic 
arterial and portal venous beds. Pharmacologic doses of 
angiotensin II can cause hepatic blood flow to plummet 
because of its ability to markedly decrease both mesen-
teric arterial and portal venous flow. Vasopressin, on the 
other hand, elevates splanchnic arterial resistance, but it 
lowers portal venous resistance. Because of its vascular 
profile, vasopressin may have efficacy in treating portal 
hypertension.4

BIOCHEMICAL AND PHYSIOLOGIC ROLES 
OF THE LIVER

The liver removes particles from the portal blood, which 
usually contains numerous colonic bacteria that cross the 
wall of the intestine under normal circumstances. This 
“blood cleansing” is performed by Kupffer cells.10

The liver also has abundant specialized pathways and 
detoxifies gut-derived substances using CYP450 pathways 
and other enzymes. It converts xenobiotics, toxins, and 
other substances into harmless compounds. The effective-
ness of many drugs is significantly decreased when taken 
orally because they are absorbed in the gastrointestinal 
(GI) tract, reach the liver through the portal blood, and 
are metabolized there. Their effectiveness is decreased by 
first-pass metabolism.

Hepatic metabolism of xenobiotics is achieved in two 
phases. The first phase is metabolism that includes oxida-
tion and other reactions mediated by CYP450s. The sec-
ond phase includes the esterification reaction that links 
the metabolites to other molecules such as sulfate, gluc-
uronic acid, amino acids, and others. The liver metabo-
lizes and synthesizes proteins, carbohydrates, lipids, and 
many other compounds.

Protein Metabolism
The liver plays a central role in the production and break-
down of amino acids, peptides, and proteins. Hepatocytes 
metabolize amino acids to ketoacids, glutamine, and 
ammonia by transamination and oxidative deamination 
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reactions. The Krebs-Henseleit cycle is the major pathway 
for removing ammonia and other nitrogenous wastes 
from the body. This pathway captures nitrogen in the 
form of urea. Thus, with a failing liver (and normal renal 
function), blood urea nitrogen remains low, whereas 
nitrogenous wastes such as ammonia accumulate in 
blood and other tissues.

Liver-derived proteins have an impact on every organ 
in the body. Such proteins include procoagulants, hor-
mones, cytokines, chemokines, acute-phase reactants, 
and transport proteins. The most abundant of them is 
albumin, which accounts for roughly 15% of the liver’s 
total protein production. Healthy adults produce 12 to 
15 g of albumin every day; the total-body pool of albu-
min has a mass of about 500 g. Factors that modulate the 
synthesis of albumin include plasma oncotic pressure, 
dietary amino acids, and hormones. The main regulator 
of intravascular albumin is oncotic pressure. Albumin 
binds to and transports a wide variety of substances—free 
fatty acids, unconjugated bilirubin, hormones, xenobiot-
ics, and metals. In this way, albumin affects the biologic 
activity and clearance of a multiplicity of substances.4

Carbohydrate Metabolism
The liver is the epicenter of carbohydrate metabolism. 
Whether the liver is a net producer or consumer of glu-
cose depends on many factors, including the neuroendo-
crine milieu (i.e., insulin, catecholamines, glucagon) and 
glucose concentration in sinusoidal blood. Hepatic pro-
duction of glucose is inversely related to glycogen produc-
tion by the liver. In the fed state, hepatocytes polymerize 
glucose and store it as glycogen; in the unfed state, hepa-
tocytes depolymerize glycogen to glucose and release it 
into the bloodstream. Regulation of glycogen metabolism 
involves two rate-limiting enzymes: (1) glycogen synthase, 
which catalyzes the synthesis of glycogen from monomers 
of uridine diphosphate (UDP) glucose, and (2) glycogen 
phosphorylase, which catalyzes the sequential cleavage of 
glycogen to monomers of glucose 1-phosphate.

When liver glycogen stores are depleted the body 
depends on hepatic gluconeogenesis to replenish blood 
glucose. Substrates for gluconeogenesis include (1) lac-
tate; (2) glycerol from the hydrolysis of triglycerides; 
and (3) glucogenic amino acids such as alanine and glu-
tamine, which are derived from protein catabolism in 
skeletal muscle. Endocrine modulators of gluconeogen-
esis include glucagon, catecholamines, and insulin. Both 
glucagon and catecholamines stimulate gluconeogenesis. 
Glucagon works via cyclic adenosine monophosphate 
(cAMP)-dependent protein kinase, and catecholamines 
use both cAMP-dependent and cAMP-independent mech-
anisms. By contrast, insulin inhibits gluconeogenesis, 
and it blocks the stimulatory effects of catecholamines 
and glucagon on this pathway.

The four main functions of the liver in carbohydrate 
metabolism are glycogen storage, conversion of galactose 
and fructose to glucose, gluconeogenesis, and formation 
of many biochemical compounds from the intermediate 
products of carbohydrate metabolism. The liver removes 
excess glucose from the blood and returns it as needed. 
This function is often called glucose buffer function of 
the liver.11
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Lipid Metabolism
The liver produces, takes up, retains, releases, and oxi-
dizes fatty acids in accord with nutritional and endo-
crine influences. Dietary fatty acids absorbed in the small 
intestines reach the liver by blood and the lymphatics, 
mainly in the form of chylomicrons. When replete with 
glycogen, hepatocytes convert glucose to fatty acids and 
may store them as triglycerides (fat). Thus, the major 
sources of intrahepatic fatty acids include (1) free fatty 
acids extracted from blood, (2) de novo lipogenesis, (3) 
hydrolysis of cytoplasmic triglycerides, and (4) hepatocel-
lular uptake and metabolism of blood-borne lipoproteins.

Esterification and β-oxidation pathways have pivotal 
roles in the hepatic disposition of fatty acids. Esterifica-
tion of glycerol and fatty acids produces triglycerides—
the main storage form of free fatty acids. The liver may 
either retain triglycerides or package them into lipopro-
teins, primarily very-low-density lipoproteins (VLDLs), for 
transport to other tissues. Free fatty acids regulate VLDL 
production, but endocrine and nutritional factors govern 
VLDL secretion. β-Oxidation is the pathway of fatty acid 
catabolism. Glucagon activates this pathway, whereas 
insulin inhibits it. β-Oxidation sequentially cleaves fatty 
acids to yield monomers of acetyl coenzyme A (acetyl-
CoA). It is a building block for lipids (i.e., triglycerides, 
phospholipids, cholesterol) and a product of the oxidative 
breakdown of fatty acids and carbohydrates. Mitochon-
dria oxidize acetyl groups to yield carbon dioxide, water, 
and adenosine triphosphate (ATP). If more acetyl-CoA is 
produced than the tricarboxylic acid cycle can handle, 
the surplus is metabolized to ketone bodies—namely, ace-
toacetate, β-hydroxybutyrate, and acetone.7 Hepatocytes 
cannot extract energy from ketones, however, because 
they lack ketoacyl-CoA transferase (acetoacetate:succinyl-
CoA transferase). This enzyme exists in all organs except 
the liver. Thus, ketones are an important extrahepatic 
energy source during catabolic states, most notably star-
vation. Insulin modulates ketogenesis by inhibiting lipol-
ysis in adipocytes. Stress-induced ketosis is typically a 
self-limited process because ketones stimulate the release 
of insulin, thereby limiting availability of substrate (fatty 
acid) for hepatic ketogenesis.20 Without insulin, this feed-
back loop is nonexistent and diabetic ketoacidosis may 
ensue.77

Thus, the liver plays an important role in lipid metabo-
lism. An example is its major role in the high rate of fatty 
acid biotransformation that supplies energy for functions 
throughout the body. On the other hand, the liver con-
verts amino acids and intermediate products of carbohy-
drates into fats and transports them to the adipose tissues.

GUT–LIVER INTERACTIONS:  
THE ENTEROHEPATIC CIRCULATION

Bile: Its Composition and Its Role  
in Enteric Absorption
Bile is a heterogeneous solution of variable composition; 
its main constituents are conjugated bile salts, choles-
terol, phospholipids, conjugated bilirubins, and electro-
lytes.21 After its release from the common bile duct into 
the duodenum, bile alkalinizes intestinal contents and its 
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detergent-like chemical properties promote the emulsifi-
cation, absorption, and digestion of hydrophobic dietary 
lipids, including saturated long-chain fatty acids and fat-
soluble vitamins. Furthermore, bile plays an indispens-
able role in the excretion of potentially toxic endogenous 
wastes and xenobiotics.22

Bile consists of a micellar solution in which bile acids, 
products of hepatocytes produced by the metabolism of 
cholesterol, form mixed micelles with phosphatidylcho-
line.21 These mixed micelles solubilize molecules that 
would otherwise have minimal aqueous solubility, such 
as cholesterol itself and a variety of xenobiotics. In addi-
tion to its role in providing for excretion of hydrophobic 
waste products, bile also plays an important role in the 
digestion and absorption of lipids ingested in the diet. Bile 
acids form mixed micelles with the products of lipid diges-
tion, increasing the rate at which they can diffuse across 
the aqueous environment of the gastrointestinal lumen. 
Although bile acids are not essential for the uptake of most 
fatty acids, which have appreciable aqueous solubility, 
they do markedly increase the efficiency of this process. 
On the other hand, in patients suffering from cholestasis, 
deficiencies of fat-soluble vitamins can occur.23

The liver transforms cholesterol into bile salts that are 
secreted by the liver as a vehicle to facilitate fat digestion 
and absorption; bile salts also allow the excretion of lipid-
soluble waste products of metabolism and xenobiotics. 
Bile acids recycle several times daily from the intestine to 
the liver in the enterohepatic circulation; in their conju-
gated forms, they are actively reabsorbed in the terminal 
ileum, thereby generating a recycling pool of bile acids.23

Bile Formation and Intrahepatic Bile Flow
Bile secretion originates in pericentral hepatocytes and 
flows centrifugally through tiny channels that parallel the 
sinusoids. Hepatocytes around the sinusoids secrete bile 
acids into bile canaliculi that flow in a direction oppo-
site to that of afferent blood. Bile canaliculi drain into 
small bile ductules that coalesce serially to form larger 
bile ducts. Ducts of liver segments unite and eventually 
form the right and left main hepatic bile ducts. The union 
of these two ducts is the common hepatic duct, which 
descends through the porta hepatis, where it combines 
with the cystic duct to create the common bile duct.

BILE PRODUCTION AND THE 
ENTEROHEPATIC CIRCULATION: 
GASTROINTESTINAL–HEPATIC 
INTERACTIONS

The liver produces 200 to 500 mg of primary bile acids 
per day, using cholesterol as the substrate. Chenode-
oxycholic acid and cholic acid are the most important 
primary bile acids. These bile acids travel from the liver 
through the intestine. They are reabsorbed from either 
the terminal ileum or the colon, where bacterial enzymes 
metabolize them into secondary bile acids. Both types of 
bile acids enter the mesenteric venous blood and reach 
the liver sinusoids via the portal vein. Specific transport-
ers on hepatocellular membranes internalize these bile 
acids, which are then conjugated with hydrophilic sub-
strates (such as glycine or taurine); this facilitates their 
ATP-dependent secretion into bile canaliculi. Through 
this series of events, roughly 95% of bile acids are con-
served and recycled via the enterohepatic circulation.

The bile acids activate lipases (bile acid dependent), 
promote micelle formation, and enable the intestinal 
uptake of fat-soluble vitamins, cholesterol, and other lip-
ids. Bile acids also facilitate the excretion of numerous 
lipophilic substances, including exogenous compounds 
such as xenobiotics and endogenous molecules such as 
bilirubin, cholesterol, and steroid hormonal derivatives.

Bile salts also regulate lipid metabolism. Bile salts pro-
duce their regulatory effects by binding to and activating 
the farnesoid X receptor (FXR). When activated, hormone 
nuclear receptors (such as FXR) are transferred from cyto-
plasm to the nucleus; they bind to hormone response 
elements on DNA to induce either expression or transre-
pression of specific gene products. An important effect of 
FXR activation is the decrease in the transcription of cho-
lesterol 7α-hydroxylase (CYP7A1), which catalyzes the rate-
limiting step in the conversion of cholesterol to bile salts. 
Bile salts modulate plasma lipid levels by regulating the 
expression of lipoprotein receptors that enable hepatocytes 
to remove lipoprotein cholesterol from the bloodstream.

Cholesterol is so hydrophobic that the body is unable 
to excrete it without first increasing its water solubility. 
Remarkably, hepatocytes metabolize cholesterol to bile 
acids, creating amphipathic molecules that solve two 
problems. First, amphipathic metabolites of cholesterol 
are readily excreted in the bile. Second, such bile acid 
metabolites retain the hydrophobic regions of cholesterol 
while also containing newly added hydrophilic groups. 
Therefore, cholesterol metabolism yields effective deter-
gents that facilitate enteric emulsification and digestion 
and absorption of dietary lipids, including long-chain 
fatty acids and fat-soluble vitamins.11

SYNTHESIS OF PROCOAGULANTS, 
ANTICOAGULANTS, AND FIBRINOLYTIC 
FACTORS

Hepatocytes make most of the procoagulants, with nota-
ble exceptions such as factors III (tissue thromboplastin), 
IV (calcium), and VIII (von Willebrand factor). The liver 
also makes protein regulators of coagulation and the 
fibrinolytic pathways. Such regulators include protein S,  
protein C, protein Z, plasminogen activator inhibi-
tor (PAI), and antithrombin III. Protein Z facilitates the 
degradation of factor Xa, and protein S is a cofactor of 
activated protein C that inactivates factor Va and VIIIa 
complexes; a deficiency of protein S increases the risk for 
venous thrombosis. PAI-1 is an indirect inhibitor of fibri-
nolysis. This serine protease inhibitor blocks the effects of 
plasminogen activators, such as urokinase and tissue plas-
minogen activator, to convert plasminogen to plasmin; 
a deficiency of PAI increases the risk for uncontrolled 
fibrinolysis. To summarize, hepatocytes make most of the 
procoagulants and many proteins that modulate the con-
sumption of clotting factors.24

Vitamin K Cofactor and γ-Carboxylation
Vitamin K–dependent proteins include factors II, VII, 
IX, and X and proteins C and S. Such proteins undergo 



a vitamin K–dependent, posttranslational modification. 
This process involves carboxylation of the γ-position of 
glutamate residues at the amino terminus, which pro-
duces the amino acid carboxyglutamate.20,25 This modi-
fication (termed γ-carboxylation) creates procoagulants 
capable of forming complexes with calcium or other 
divalent cations. Thus, γ-carboxylated procoagulants are 
primed for activation to serine proteases (e.g., via extra-
hepatic phospholipids) that participate in the clotting 
cascade.20,26

The γ-carboxylation pathway, which contains two 
steps, accounts for the anticoagulant effect of warfarin.26 
The first involves vitamin K–dependent γ-carboxylation 
of precursor proteins, during which vitamin K cofactor 
(naphthol hydroquinone) is oxidized to 2,3-epoxide vita-
min K. In the second stage, vitamin K cofactor is regener-
ated via vitamin K 2,3-epoxide reductase. Warfarin blocks 
the second stage by inhibiting vitamin K epoxide reduc-
tase and thereby trapping vitamin K in the epoxide form. 
The eventual result is depletion of vitamin K cofactor, 
which shuts down the γ-carboxylation pathway.

Warfarin inhibits γ-carboxylation soon after its enteric 
absorption, but its anticoagulant effect takes at least 1 day 
to develop. This paradox reflects the slow clearance of 
blood-borne prothrombin complexes (i.e., half-life of ∼14 
hours) and the insensitivity of prothrombin time (PT) as 
a test for decreasing blood levels of procoagulants. As a 
rule, the PT will remain normal until the prothrombin 
complex in blood is less than 70% below the lower limit 
of normal.

Therapeutic use of vitamin K may help uncover the 
cause of an unexplained prolongation in PT. For example, 
PT abnormalities caused by malnutrition or warfarin are 
correctable with enteral or parenteral vitamin K therapy. 
When PT abnormalities result from malabsorption syn-
dromes, parenteral vitamin K is superior to oral therapy. 
However, if PT abnormalities result from liver dysfunction 
(i.e., acute hepatitis, cirrhosis), vitamin K will be ineffec-
tive because the problem is not a deficiency of vitamin K 
but rather a deficiency of hepatic procoagulants.

SYNTHESIS AND DEGRADATION  
OF HEME: CYTOCHROMES, PORPHYRINS, 
AND BILIRUBIN

Heme synthesis begins with the condensation of glycine 
and succinyl-CoA to produce 5-aminolevulinic acid (ALA). 
This reaction, catalyzed by ALA synthase, is the rate-
limiting step in the heme pathway. Heme inhibits ALA 
synthase and thereby regulates its own synthesis. ALA is 
made in mitochondria; it diffuses into the cytoplasm and 
encounters ALA dehydratase. This enzyme joins two ALA 
molecules together to form porphobilinogen (PBG). PBG 
molecules are positioned in a linear arrangement by PBG 
deaminase to form hydroxymethylbilane (HMB). HMB is 
transformed to uroporphyrinogen III, which is the pre-
cursor of coproporphyrinogen III. The latter is taken up 
by mitochondria and converted by coproporphyrinogen 
oxidase and protoporphyrin oxidase to protoporphyrin 
IX. In the final step of the pathway, ferrochelatase cata-
lyzes the formation of a complex of ferrous iron and pro-
toporphyrin IX to produce heme.27,28
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Bilirubin Production and Excretion
The main source of serum bilirubin is heme metabolism. 
Healthy adults make approximately 300 mg of bilirubin 
daily, 80% of which is derived from phagocytosis of senes-
cent erythrocytes by macrophages in the spleen, liver, and 
bone marrow. These reticuloendothelial cells extract pro-
tein from hemoglobin and convert heme to bilirubin.29,30 
The first step is rate limiting. Heme oxygenase, with O2 as 
a substrate, oxidatively cleaves the porphyrin macrocycle 
of heme to yield biliverdin-IXα, carbon monoxide, and 
free divalent iron in equimolar amounts.

Most of the endogenous carbon dioxide production is 
derived from heme oxygenase reactions. Thus, the bio-
logic importance of heme oxygenase may extend beyond 
the breakdown of heme. To clarify, carbon dioxide roles 
include regulation of vascular tone (vasodilator), platelet 
aggregation, vascular myocyte proliferation, and neu-
rotransmitter release. Furthermore, carbon dioxide exerts 
cytoprotective, antiapoptotic, and antioxidant effects in 
organs throughout the body. Biliverdin also confers pro-
tection from oxidative stress31; it is rapidly converted to 
bilirubin by cytoplasmic reductases.32

After release from reticuloendothelial cells, bilirubin 
becomes tightly bound to plasma albumin. Hepatocytes 
avidly extract this bilirubin from albumin. They produce 
conjugates of bilirubin (through the action of glucuronic 
acid and bilirubin UDP-glucuronosyltransferase) and 
secrete these conjugates into canalicular bile. Although 
the gut excretes most of this bilirubin, a small amount 
returns to the liver in the enterohepatic circulation. Thus, 
the bloodstream normally has a modicum of bilirubin 
conjugates, which arrive directly by the enterohepatic cir-
culation or indirectly from the bile ducts and lymphatics.

poRphyRiaS. Porphyrinogens exposed to O2 are readily 
oxidized to the corresponding porphyrins. Accumulation 
of porphyrins in tissues leads to porphyrias. Porphyrias 
are rare, genetic diseases characterized by aberrations in 
heme production. Patients with these disorders are typi-
cally asymptomatic until some stressor (exogenous or 
endogenous) induces a porphyric crisis.33

The clinical syndrome includes recurrent, dramatic, 
and occasionally fatal neurologic reactions, accompanied 
by abdominal pain (90%) and dark urine (80%). Acute 
intermittent porphyria is the most common porphyria. 
Its prevalence in the general population is about 1 in 
10,000, but it may reach 1 in 500 in psychiatric patients. 
Acute intermittent porphyria has a fivefold higher fre-
quency in women than in men. Substances known to 
trigger porphyric crises include sex hormones, glucocor-
ticoids, cigarette smoke, and various medications, most 
notably barbiturates and other CYP inducers.29,34

REGULATOR OF HEMATOGENOUS 
ENDOCRINE MEDIATORS

The liver is the largest gland in humans, and it plays 
important roles in the metabolism of hormones and hor-
mone-binding proteins.35 Hepatocytes produce a wide 
variety of endocrine substances, including angiotensin-
ogen, thrombopoietin, and insulin-like growth factor I 
(IGF-I).36 They take up thyroxine (T4), the major product 
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of the thyroid gland, and may activate it to triiodothyro-
nine (T3) or inactivate it. The liver inactivates many other 
hormones, including aldosterone, antidiuretic hormone, 
estrogens, androgens, and insulin. Nearly half of the insu-
lin released by the pancreas may not reach the systemic 
circulation because of hepatic degradation.

MODULATOR OF IMMUNE AND 
INFLAMMATORY PROCESSES

The liver is the largest reticuloendothelial organ in the 
human body. Hepatic macrophages (Kupffer cells) account 
for nearly 10% of the total liver mass. Kupffer cells protect 
and defend the body against foreign intrusions. Before 
splanchnic venous blood enters the central circulation, 
it is filtered by Kupffer cells, which degrade toxins, pro-
cess antigens, and phagocytose bacteria.10,37 In addition, 
Kupffer cells are important modulators of inflammation38; 
they attenuate inflammatory responses by removing incit-
ing substances from the bloodstream; but they can also 
induce and intensify inflammation by producing and 
releasing proinflammatory mediators and recruiting neu-
trophils to the liver.38 Among these mediators are various 
cytokines, chemokines, leukotrienes, proteases, nitroradi-
cals, and reduced O2 species. If not properly controlled, 
these same mediators can induce or aggravate injuries 
to parenchymal and other liver cells.38,39 For example, 
because of their low glutathione content, endothelial cells 
of the sinusoids and terminal hepatic veins are highly 
vulnerable to oxidative stress and drug-induced vascular 
injury. Stellate cells reside mainly in the perisinusoidal 
spaces and are the liver’s major source of matrix deposi-
tion. When activated by oxidative stress or toxic chemicals, 
stellate cells may be transformed to collagen-synthesizing 
myofibroblasts, which can cause extensive fibrosis of the 
liver (e.g., methotrexate-induced hepatic fibrosis).

METABOLISM AND EXCRETION OF 
ENDOGENOUS AND XENOBIOTIC 
MOLECULES

The myriad chemical reactions that hepatocytes use to 
eliminate drugs fit into three broad categories (or phases). 
Phase 1 metabolism uses CYP and mixed-function oxi-
dases to increase the polarity of drugs. Phase 2 metabo-
lism increases the polarity of drugs (or their metabolites) 
by conjugating them with endogenous water-soluble sub-
strates. Phase 3 elimination uses energy-dependent trans-
porters to excrete drugs into canalicular bile. The hepatic 
clearance of drugs involves at least one of these phases.40-42

Phase 1 Metabolism
Phase 1 reactions (e.g., oxidations, reductions, hydroly-
sis) convert drugs to more polar compounds by insert-
ing polar groups (e.g., hydroxide, amine, sulfhydryl) or 
removing nonpolar groups. Generally, the products of 
phase 1 metabolism are more readily excreted in bile  
or urine than are their precursors. Such products also may 
be substrates for phase 2 conjugations.

MiCRoSoMal oxidaSES and CytoChRoME p450. More than 
90% of drug biotransformations involve microsomal 
oxidases and hemoproteins of the CYP gene superfam-
ily. The human liver has more than 20 different CYP iso-
zymes that mediate redox reactions in diverse pathways, 
including steroid, lipid, and bile salt metabolism. Zone 
3 (centrilobular) has the highest total CYP content. In 
fact, the acinar location of specific isozymes of CYP may 
clarify relationships between drug metabolism and liver 
injury. For example, centrilobular necrosis is the classic 
acetaminophen-induced injury; the probable explana-
tion is that CYP2E—the CYP isoform involved in acet-
aminophen metabolism—is localized in zone 3.

CYP reactions generate metabolites that are highly 
reactive and potentially toxic. In brief, the CYP reac-
tion cycle begins with O2 binding to heme iron; this O2 
becomes activated after receiving an electron from a flavo-
protein reductase—NADPH:hemoprotein oxidoreductase 
(CYP). Insertion of activated O2 into lipophilic molecules 
(e.g., xenobiotics) produces substrates for mixed-func-
tion oxidase reactions. These oxidases transfer a singlet 
oxygen (atom) from O2 to the target molecule; another 
substrate (e.g., NADPH) simultaneously delivers electrons 
that reduce the residual oxygen singlet, thereby enabling 
its incorporation into water. To summarize, oxidases pro-
mote the formation of highly active chemicals, including 
reduced O2 species and free radical intermediates, which 
can cause or aggravate liver injury.4

phaSE 2 MEtaBoliSM. Phase 2 reactions conjugate xeno-
biotics (or their metabolites) with endogenous hydro-
philic molecules such as glucuronic acid, acetate, sulfates, 
amino acids, and glutathione.40,43 Many conjugations 
involve glucuronic acid and UDP-glucuronosyltransfer-
ase. Other conjugations are catalyzed by sulfatases, glu-
tathione-S-transferases, acetyl-N-transferases, or amino 
acid N-transferases. When compared with their precur-
sors, conjugated xenobiotics are usually less efficacious, 
less toxic, more hydrophilic, and more readily excreted 
in bile or urine.

phaSE 3 EliMination. Phase 3 reactions involve specific 
molecular transporters known as ATP-binding cassette 
(ABC) transport proteins that facilitate the excretion of 
xenobiotics and endogenous compounds. These proteins 
use ATP hydrolysis to drive molecular transport. Major ABC 
transport proteins include cystic fibrosis transmembrane 
conductance regulator, canalicular copper transporters, 
and multidrug resistance protein (MDR). MDR-1 (formerly 
referred to as P-glycoprotein) resides on the canalicular 
surfaces of hepatocytes and enables biliary excretion of 
cationic compounds, including anticancer drugs.44,45

Another family of ABC proteins—multidrug resistance–
related protein (MRP)—excretes conjugated molecules. 
MRP-1, located on the lateral surfaces of hepatocytes, 
can transport drug conjugates into the sinusoids. MRP-2 
(formerly termed canalicular multispecific organic anion 
transporter [cMOAT]), on the canalicular surfaces of hepa-
tocytes, secretes conjugates of drugs and endogenous wastes 
(e.g., bilirubin diglucuronide, glutathionyl- leukotriene 
conjugates) into canalicular bile. Thus, dys function of 
ABC transport proteins can disrupt the flow of bile, impair 
excretion of xenobiotics and endogenous compounds, and 
induce cholestatic liver injury.46,47



Demographic Factors Affecting Metabolic 
Rates and By-products
Dose-related responses to drugs often vary considerably 
within individuals and populations. Much of this vari-
ability is due to the heterogeneity of drug disposition and 
metabolism, which is mainly influenced by genetic and 
environmental factors. Genetics control the expression of 
CYP isozymes. Environmental factors (e.g., drugs, other 
chemicals) modify genetic expression and thereby alter 
drug biotransformation.40-42 Numerous conditions and 
disorders are capable of altering the production of CYP 
proteins. For example, obesity, fasting, and diabetes mel-
litus may lead to up-regulation of CYP2E1.40-42 On the 
other hand, conditions that may result in down-regu-
lation of CYP include systemic inflammatory disorders, 
fever, nitrogen-free solutions, nitrogen-rich solutions, 
and hepatic cirrhosis. Hypothyroidism and hypopituita-
rism may selectively down-regulate CYP1A and CYP3A4, 
respectively.41,42

Pharmacokinetics
Perfusion models of drug elimination generally focus 
on three major parameters: intrinsic hepatic clearance, 
hepatic blood flow, and protein binding. The intrinsic 
hepatic clearance of a drug divided by hepatic blood 
flow is the drug’s extraction ratio; this provides a mea-
sure of the relative efficiency with which the liver extracts 
or eliminates a given drug.48 Box 22-1 shows a compi-
lation of drugs with high and low extraction ratios.4,49 
Such information enables general rules to be made 
about pharmacologic categories and intrinsic clear-
ances. For example, hepatocytes are efficient extractors 
of calcium channel blockers, β-adrenoceptor blockers 
(except atenolol), opioid analgesics, tricyclic antidepres-
sants, and organic nitrates. On the other hand, the liver 
poorly extracts warfarin, aspirin, alcohol, and many 
anticonvulsants. For drugs with a low extraction ratio, 
hepatic elimination rates are capacity limited. Such rates 
often change when protein binding or intrinsic hepatic 

EfficiEntly ExtractEd drugs

Amitriptyline
Desipramine
Imipramine
Labetalol
Lidocaine
Meperidine
Metoprolol
Morphine
Nortriptyline
Pentazocine
Propoxyphene
Propranolol
Ranitidine
Verapamil
Zidovudine

Poorly ExtractEd drugs

Acetaminophen
Amobarbital
Antipyrine
Aspirin
Clindamycin
Diazepam
Digitoxin
Ethanol
Hexobarbital
Phenobarbital
Phenytoin
Tolbutamide
Valproic acid
Warfarin

BOX 22-1 Drugs Efficiently Versus Poorly 
Extracted From Blood Flowing Through 
the Liver
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clearance changes, but they are insensitive to fluctuations 
in hepatic blood flow. For drugs with a high extraction 
ratio, hepatic elimination rates are flow dependent. These 
elimination rates are highly dependent on and directly 
related to liver blood flow; they are unaffected by changes 
in either protein binding or the activity of drug-metabo-
lizing enzymes (Table 22-1).4

EVALUATION OF THE LIVER

CLINICAL ASSESSMENT

The only clues to liver disease may be mild, nonspe-
cific symptoms, such as loss of appetite, easy fatigabil-
ity, malaise, altered sleep patterns, or subtle changes in 
personality. The history addresses major risk factors for 
liver disease: (1) alcoholism; (2) illicit drug use; (3) sex-
ual promiscuity; (4) blood transfusions; (5) occupational 
exposure to hepatotoxins; (6) prior bouts of jaundice, par-
ticularly after anesthesia; and (7) genetic diseases, such 
as hemochromatosis, αl-antitrypsin deficiency, and Wil-
son disease. Clinical findings consistent with liver disease 
include nonspecific symptoms (as just mentioned), pru-
ritus, abdominal pain, indigestion, and changes in urine 
or stool color. The physical examination focuses on stig-
mata of advanced liver disease, such as icterus, jaundice, 
ascites, spider angiomas, xanthelasma, encephalopathy, 
palmar erythema, and fetor hepaticus.

STANDARD LABORATORY TESTS

Standard test panels used to evaluate hepatobiliary status 
are often referred to as liver function tests (Table 22-2).4,50,51 
To be precise, this terminology is a misnomer because none 
of the tests measure any specific liver function. Instead, 
they point to broad categories of hepatobiliary pathology: 
hepatitis, hepatobiliary dysfunction, or insufficient protein 
synthesis. These categories include large subsets of dis-
eases—for example, all possible causes of hepatitis.

Detection of Hepatocellular Injury
aMinotRanSfERaSES. Hepatocellular injury is the usual 
cause of elevated serum levels of alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST), formerly 
termed serum glutamic-pyruvic transaminase (SGPT) and 
serum glutamic-oxaloacetic transaminase (SGOT), respec-
tively. Both enzymes are involved in gluconeogenesis. They 
catalyze the transfer of an amine group to α-ketoglutarate 
to yield glutamate and either pyruvate (by ALT) or oxaloac-
etate (by AST). ALT is mainly a cytoplasmic liver enzyme. 
In contrast, cytoplasmic and mitochondrial isozymes of 
AST are found in most extrahepatic tissues, including the 
heart, skeletal muscle, brain, kidney, pancreas, adipose tis-
sue, and blood. It is rare to encounter concomitant eleva-
tions in AST and ALT when the liver is normal and disease 
free. In those rare instances, the elevations in AST and ALT 
levels would most likely result from muscle injury.51

Elevated ALT and AST levels are sometimes described 
in qualitative terms: mild (100 to 249 International 
Units/L), moderate (250 to 999 International Units/L), 
large (1000 to 1999 International Units/L), and extreme 
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(>2000 International Units/L). Mild elevations in AST and 
ALT may arise from any disorder that injures hepatocytes. 
Common causes include steatosis, medications, alcohol 
consumption, hemochromatosis, cholestasis, chronic 
viral hepatitis, neoplasms, and cirrhosis. Moderate ALT 
and AST elevations are characteristic of acute viral hepa-
titis, drug-induced liver injury, and flare-ups of chronic 
liver disease (e.g., viral hepatitis, steatohepatitis). Large 
elevations often reflect acute hepatitis superimposed on 
chronic active liver disease. Extreme elevations signify 
massive hepatic necrosis. Typical causes are fulminant 
viral hepatitis, severe drug-induced liver injury (e.g., from 
acetaminophen), shock liver or hypoxic hepatitis, and, 
in rare instances, autoimmune hepatitis or acute biliary 
obstruction.51

Ratios of aminotransferases may hold keys to the diag-
nosis of hepatic disorders. For example, when both AST 
and ALT are elevated, an AST-to-ALT ratio higher than 4 
is characteristic of Wilson disease, ratios between 2 and 4 
are typical of alcoholic liver disease, and a ratio below 1 
suggests nonalcoholic steatohepatitis (without cirrhosis). 
When elevations of AST and ALT are mild, ratios above 2 
are consistent with alcoholic liver disease or cirrhosis of 
any etiology.51 If the ratio is elevated and ALT is normal, 
the elevation in AST is most likely from an extrahepatic 
source of AST. Although concomitant elevations in AST 
and ALT are a reliable indicator of hepatocellular injury, 
aminotransferase levels by themselves seldom reveal the 
extent of liver damage. For instance, patients with florid 
liver failure can have normal enzyme levels when the 
liver damage is so extensive that too few viable hepato-
cytes remain to bring about increases in ALT or AST. In 
addition, chronic, smoldering liver diseases such as hepa-
titis C can destroy the liver, slowly and silently, without 
overt increases in ALT or AST.

laCtatE dEhydRogEnaSE. Elevated serum lactate dehy-
drogenase (LDH) levels may reflect hepatocellular injury, 
extrahepatic disorders, or both. Extreme increases signify 
massive liver damage, which may result from fulminant 
viral hepatitis, drug-induced liver failure, or hypoxic hep-
atitis. Prolonged, concurrent elevations in LDH and alka-
line phosphatase (AP) suggest malignant infiltration of 
the liver. Notable extrahepatic disorders that cause mod-
erate elevations in LDH include hemolysis, rhabdomyoly-
sis, tumor necrosis, renal infarction, acute cerebrovascular 
accident, and myocardial infarction. Such disorders cause 
more pronounced LDH elevations in patients with acute 
TABLE 22-1 FLOW-DEPENDENT VERSUS CAPACITY-LIMITED ELIMINATION OF DRUGS BY THE LIVER

Type of Hepatic Elimination Extraction Ratio (ER) Rate of Hepatic Drug Metabolism

Flow-dependent elimination High ER: At clinically relevant 
concentrations, most of the drug in the 
afferent hepatic blood is eliminated on 
first pass through the liver.

Rapid: Because drugs with a high ER are metabolized so 
rapidly, their hepatic clearances roughly equal their 
rates of transport to the liver (i.e., hepatic blood flow).

Capacity-limited elimination (also 
referred to as dose-dependent, 
nonlinear, saturable, or zero-
order elimination)

Low ER: Hepatic elimination of these 
drugs is determined by their plasma 
concentration.

Slow: When the capacity of the liver to eliminate a drug is 
less than the dosing rate, a steady state is unachievable; 
plasma levels of drug will continue to rise unless the 
dosing rate is decreased. Drug clearance has no real 
meaning in such settings.

TABLE 22-2 LIVER BLOOD TESTS AND THE DIFFERENTIAL DIAGNOSIS OF HEPATOBILIARY DISORDERS

Blood Test

Predominant Abnormality

Bilirubin Overload 
(Hemolysis) Hepatocellular Injury Cholestasis

Aminotransferases Normal Increased: May be normal or 
decreased in advanced stages

Normal: May be increased in 
advanced stages

Serum albumin Normal Decreased: May be normal in acute 
fulminant hepatic failure

Normal: May be decreased in 
advanced stages

Prothrombin time* Normal Prolonged Normal: May be prolonged in 
advanced stages

Bilirubin (main form 
present)

Unconjugated (also mild 
increase in conjugates)

Conjugated Conjugated

Alkaline phosphatase Normal Normal: May be increased by hepatic 
infiltrative disease

Increased

γ-Glutamyl 
transpeptidase 
5′-nucleotidase

Normal Normal Increased

Blood urea nitrogen Normal: May be increased by 
renal dysfunction

Normal: May be decreased by severe 
liver disease and normal kidney 
function

Normal

BSP/ICG (dye) Normal Retention of dye Normal or retention of dye

BSP/ICG, Bromsulphalein and indocyanine green.
*Used interchangeably with the international normalized ratio.



liver injury (e.g., severe preeclampsia). An elevation in 
LDH that is due solely to hepatocellular injury is typically 
accompanied by elevations in AST and ALT. Thus, LDH 
rarely yields information about liver injury beyond that 
already provided by AST and ALT.51

glutathionE-S-tRanSfERaSE. Glutathione-S-transferase 
(GST) is a sensitive and specific test for some patterns of 
drug-induced liver injury. The enzyme has a brief plasma 
half-life (90 minutes) and is released rapidly into the cir-
culation after hepatocellular injury. Thus, serial GST mea-
surements can reveal the time course of hepatic injury, 
from its onset to its resolution. In contrast to AST and 
ALT, which reside in acinar zone 1, GST localizes in aci-
nar zone 3 (centrilobular region).52 The zone contains the 
hepatocyte population with the highest susceptibility to 
injury from hypoxia or reactive drug metabolites. Accord-
ingly, GST would be more sensitive than AST or ALT as 
a marker of centrilobular necrosis in its incipient stages.

Assessment of Hepatic Protein Synthesis
SERuM alBuMin. Serum albumin yields information about 
hepatocellular function (i.e., protein synthesis) and is 
used to evaluate chronic liver disease, with notable cave-
ats. First, hypoalbuminemia has many causes besides 
low rates of albumin synthesis; examples include renal 
losses of albumin, increased albumin catabolism, expan-
sion of plasma volume, and maldistribution of total body 
albumin. In fact, the total body mass of albumin (in the 
exchangeable pool) is often normal in patients with liver 
cirrhosis, ascites, and hypoalbuminemia.53 Second, no 
clear relationship exists between serum albumin and the 
instantaneous rate of albumin synthesis because plasma 
albumin has a half-life of nearly 3 weeks. Thus, if hepatic 
protein synthesis came to an abrupt and permanent halt, 
this change would not be reflected as a decrease in the 
serum albumin level for at least a few days.

pRothRoMBin tiME. When compared with albumin, liver-
derived procoagulants have short half-lives, which range 
from 4 hours for factor VII to 4 days for fibrinogen. Plasma 
levels of such procoagulants start to descend shortly after 
the liver begins to fail. PT (or the international normal-
ized ratio [INR]) is widely used to evaluate and monitor 
patients with acute liver dysfunction. A prolonged PT sec-
ondary to liver failure generally reflects a low blood level 
of factor VIIa, which has the shortest plasma half-life of 
hepatic coagulant factors.51 Besides diagnostic utility, PT 
is used as a prognostic indicator. It is a common param-
eter of models or algorithms designed to facilitate timely, 
yet correct, decisions about the need for liver transplanta-
tion. In this regard, PT is of value for patients with drug-
induced liver failure or those with active liver disease and 
a surgical condition that needs immediate attention.

Detection of Cholestatic Disorders
alkalinE phoSphataSE. Serum AP is used to screen for 
disorders of the liver or biliary tree, including hepatitis, 
malignancies, and cholestatic diseases. Because AP isoen-
zymes exist in plasma membranes throughout the body, 
AP lacks specificity for hepatobiliary disease.51 Mild, tran-
sient increases in AP may occur in up to a third of those 
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subjected to routine laboratory testing. Major sources of 
AP include bone, intestine, kidney, leukocytes, placenta 
(third trimester of gestation), and neoplasms. Increased 
metabolic activity in one or more of these tissues may 
lead to elevations in AP. Increased serum AP usually 
reflects increased production or release of AP rather than 
decreased clearance of AP.

The AP elevations in cholestatic disorders may reflect 
the action of bile salt on the plasma membranes of hepa-
tocytes. Serum AP may remain normal for a couple of 
days after the onset of biliary obstruction, not increasing 
until hepatocytes produce (and release) more AP. Because 
it has a half-life of nearly a week, serum AP may remain 
elevated for days after bile flow is restored.51 Extreme 
increases in AP suggest (1) a major block in biliary flow as 
a result of disorders such as primary biliary cirrhosis and 
choledocholithiasis or (2) a hepatic malignancy (primary 
or metastatic) that is compressing small intrahepatic bile 
ducts.

SERuM BiliRuBin. Serum bilirubin is the most widely used 
test for hepatic excretory dysfunction. Total bilirubin is 
normally below 1 mg/dL, but up to 10% of healthy adults 
have higher levels, mainly in the form of unconjugated 
bilirubin. This is usually a benign condition (Gilbert 
syndrome) that reflects genetically low levels of biliru-
bin UDP-glucuronosyltransferase. Serum bilirubin levels 
above 4 mg/dL are readily detectable on physical exami-
nation as jaundice—a yellowish discoloration of body 
tissues. But with natural light, scleral icterus can be dis-
cerned at bilirubin levels of 3 mg/dL or even lower.51

Bilirubin is normally absorbed by hepatocytes, conju-
gated there with glucuronide, and transported across the 
bile canaliculi. Conjugated bilirubin is transported into 
the bile; both conjugated and unconjugated bilirubin can 
pass from hepatocytes into the plasma. Conjugation of 
bilirubin increases its solubility. Bilirubin is deconjugated 
and then metabolized by bacteria within the colon and 
converted into urobilinogen, which also can be passed 
into the urine.

Conjugated hyperbilirubinemia generally results 
from one or two fundamental problems: (1) flow of bile 
is blocked within the hepatobiliary tree, or (2) hepato-
cytes produce more bilirubin conjugates than they can 
efficiently transport into the canalicular space. Massive 
hemolysis causes unconjugated and conjugated hyper-
bilirubinemia. Increases in unconjugated bilirubin occur 
because hepatocytes are presented with more bilirubin 
than they can conjugate. Increases in conjugated biliru-
bin result because hepatocytes conjugate bilirubin faster 
than hepatocellular transporters can secrete them into 
canalicular bile. Bilirubinuria usually reflects conjugated 
hyperbilirubinemia. The kidneys readily excrete bilirubin 
conjugates, whereas unconjugated bilirubin, which binds 
tightly to plasma albumin, is neither filtered nor excreted 
by normal kidneys.51,54

Clinically it is important to distinguish conjugated 
from unconjugated bilirubin. Any bilirubin in the urine 
(which is easily diagnosed by color) must be conjugated 
because only conjugated bilirubin can pass through the 
kidney and be excreted in the urine. Jaundice without 
bilirubin in the urine can be due to overproduction of 
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bilirubin, impaired hepatic uptake, or impaired conjuga-
tion. Bilirubin in the urine suggests hepatobiliary disease 
(i.e., extrahepatic or intrahepatic cholestasis) or genetic 
defect in the excretion of bilirubin11 (Fig. 22-7).

Thus, a patient with severe jaundice and no bilirubin 
in the urine suggests an increase in circulating bilirubin 
resulting from the unconjugated form. This is usually dur-
ing the increase in heme production that overwhelms the 
conjugation pathway or when the process of conjugation 
is impaired. Hemolysis is one of the most common rea-
sons for such a condition. Conjugated hyperbilirubinemia 
(jaundice and bilirubin in the urine) occurs because some 
of the bilirubin dissociates from albumin; the associated 
increase in water solubility of conjugated bilirubin leads 
to it being able to pass through the kidney into the urine. 
This means that bilirubin is formed within the hepato-
cytes but cannot be transported into the bile; a typical 
example is cholestasis.

Testing for Specific Diseases
Targeted testing is used to identify specific hepatic or 
biliary diseases. Examples include (1) serologic testing 
to identify viral, microbial, and autoimmune causes55,56; 
(2) genetic testing to diagnose heritable metabolic dis-
orders; and (3) tumor marker assays to detect hepatic 
malignancies.

Identifying viral markers—antibodies, antigens, and 
genetic material—is the key for diagnosis of hepatitis from 
hepatotropic viruses (A, B, C, E) and herpesviruses such as 
cytomegalovirus and Epstein-Barr virus. Patients infected 
with hepatitis B or C virus often have markers of immune 
pathology, including anti–smooth muscle antibodies, 
antinuclear antibodies, and mixed cryoglobulins.57 Auto-
immune hepatitis and hepatitis A virus infection are 
commonly associated with anti–asialoglycoprotein recep-
tor antibodies. Autoimmune cholangitides have distinc-
tive serologic profiles.58 For example, antimitochondrial 
antibodies usually develop with primary biliary cirrho-
sis56,59-61 but are typically absent with primary sclerosing 
cholangitis. Characteristic findings of primary sclerosing 
cholangitis include anti–smooth muscle and antinuclear 
antibodies.56,62,63

Markers for hepatic malignancy include α-fetoprotein 
(AFP) and des-γ-carboxylated prothrombin.64-67 As a 
test for hepatocellular carcinoma (HCC), plasma AFP 
is highly specific, with a sensitivity that ranges from 
50% to 90%, depending on population subgroups.66 
Another test for HCC is the plasma γ-carboxylated pro-
thrombin level. HCC cells usually make procoagulants 
without γ-carboxylating them.64,67 High levels of des-γ-
carboxylated, vitamin K–dependent proteins occur in 
up to 91% of patients with HCC. In at least two thirds 
of these patients, levels are above 300 ng/mL, which far 
exceeds the typical value in patients with liver cirrhosis 
or acute hepatitis. After surgical removal of HCC, levels of 
des-γ-carboxylated factors begin to decrease. Subsequent 
increases suggest tumor recurrence.68

QUANTITATIVE LIVER TESTS

Total hepatocellular mass can be estimated by measuring 
the clearance of a substance that is avidly extracted by 
the liver, such as bromsulphalein and indocyanine green 
(ICG). However, these are rough estimations because 
clearance is subject to many influences and unknown fac-
tors. For example, hepatic clearance of highly extracted 
substances (1) changes in direct proportion to variations 
in liver blood flow, (2) is altered by extrahepatic retention 
or clearance of the substance, and (3) may be affected by 
anomalous hepatobiliary function.

Drug-metabolizing capacity of the liver can be mea-
sured by several methods, such as caffeine clearance, 
galactose elimination capacity, aminopyrine breath test, 
antipyrine clearance, and monoethylglycinexylidide 
(MEGX).51,69-72 Techniques are available for measuring 
caffeine clearance noninvasively. For example, patients 
take an oral dose of caffeine (150 to 300 mg), and caffeine 
metabolites in saliva are measured for up to 24 hours. 
MEGX is an invasive method that has recently gained 
popularity for measuring liver blood flow in critically ill 
patients. Fifteen minutes after an intravenous injection 
of lidocaine (1 mg/kg), a blood sample is obtained and 
assayed for MEGX, the major metabolite of lidocaine. 
Currently, quantitative tests are in the domain of research 
tools; when compared with standard liver chemistry tests, 
they are expensive and time consuming, with no compel-
ling evidence of being superior, either diagnostically or 
prognostically.
Figure 22-7. Differential diagnosis 
of jaundice depending on whether 
bilirubin is or is not present in the 
urine. (From Barrett KE: Gastrointestinal 
physiology. New York, 2005,McGraw-
Hill Medical, chap 13, p 222.)
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MEASUREMENT OF LIVER BLOOD FLOW

Methods used to measure hepatic blood flow fall into 
three broad categories: clearance techniques, indicator 
dilution techniques, and direct measurements.

Clearance Techniques
Extraction methods using the indirect Fick principle 
closely approximate hepatic blood flow and are valid for 
substances with high intrinsic hepatic clearance and total 
body clearance. Such substances include ICG dye, pro-
pranolol, lidocaine, and colloidal particles. Constant infu-
sion of ICG is among the most reliable extraction methods. 
Hepatocytes take up nearly all of the ICG infused and 
excrete it unchanged in bile. Clearance methods also may 
be based on the ability of Kupffer cells to avidly phagocy-
tose radiolabeled colloidal particles such as gold 198.

After injecting such particles, the area under the ini-
tial curve (of radioactivity versus time) can be computed 
to obtain a valid measurement of hepatic blood flow—
assuming that the reticuloendothelial system is func-
tioning normally.73 The bottom line is that severe liver 
disease renders clearance techniques unreliable because 
of indeterminable disease-related effects on liver blood 
flow and hepatic capacity to eliminate substances. The 
latter decreases in direct proportion to the loss of hepato-
cellular mass.74

Indicator Dilution Techniques
Unlike clearance methods, measurements of liver blood 
flow by indicator dilution techniques are unaffected by 
liver disease. After a radiolabeled indicator (e.g., iodinated 
albumin) is injected into the spleen, hepatic flow is com-
puted from indicator dilution curves. These curves are 
obtained by continuous sampling from one of the hepatic 
veins or by external γ-scintillation counting. For this 
technique to be valid, the indicator must be uniformly 
mixed on injection and resistant to hepatic clearance.4

Direct Measurements
Electromagnetic flow probes provide direct measure-
ments of blood flow through the hepatic artery or portal 
vein. However, the surgical procedures used to implant 
the probes can themselves alter hepatic blood flow. Thus, 
the probes are often left in place after the implantation 
procedure and blood flow is subsequently measured by 
telemetry.

RADIOLOGIC AND ENDOSCOPIC METHODS

Radiologic and endoscopic techniques offer therapeutic 
alternatives to surgery. Endoscopic retrograde cholangio-
pancreatography (ERCP) and percutaneous transhepatic 
cholangiography (PTHC) are used to evaluate hepatobili-
ary disorders. ERCP provides intraductal access to the bili-
ary tree and pancreatic duct. Its main use is to diagnose 
and treat extrahepatic biliary disorders such as gallstones, 
tumors, inflammatory strictures, and postsurgical anasto-
motic leaks. Successful endoscopic papillotomy can obviate 
surgical removal of stones in the common bile duct.75 ERCP 
is less invasive than surgery, but it too can lead to major 
complications, most notably pancreatitis. Radionuclide 
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and ultrasonic scanning detect space-occupying lesions 
of the hepatobiliary tree.75,76 PTHC provides a means 
of evaluating the intrahepatic bile ducts of patients with 
unexplained intrahepatic cholestasis or jaundice. Dilated 
intrahepatic bile ducts on PTHC indicate mechanical block-
age of intrahepatic ducts. When no such blockage exists, 
the most likely cause of intrahepatic cholestasis is hepatic 
parenchymal disease.

Esophagogastroscopy is an important technique for 
evaluating and treating submucosal varices in patients 
with cirrhosis and portal hypertension. Splenoportography 
provides information about the status of the splenic and 
portal veins. Portal venography using three-dimensional 
CT with a multidetector row technique can render vascular 
maps that are superior to those obtained by classic angi-
ography.77 Such vascular maps show the extent and loca-
tion of portosystemic collateral communications, which 
may include abnormalities in gastric, paraumbilical, and 
abdominal wall veins; esophageal varices; and splenorenal 
and gastrorenal shunts.

HEPATIC PATHOPHYSIOLOGY

PATTERNS OF LIVER PATHOLOGY

Cholestatic Disease
Cholestasis is impaired biliary flow and has a complex 
pathogenesis.78 The usual cause of intrahepatic cholesta-
sis, whether inherited or acquired, is dysfunction of the 
bile transporter.79,80 In contrast, extrahepatic cholesta-
sis most often results from mechanical blockage of the 
biliary tree. With cholestasis, high blood levels of biliary 
constituents are found, including hepatocellular enzymes 
(AP, γ-glutamyl transferase, 5′-nucleotidase, leukocyte 
alkaline phosphatase), immunoglobulin A, cholesterol, 
and various forms of bile salts and bilirubin. The most 
toxic of these is unconjugated bilirubin; high concentra-
tions of unconjugated bilirubin cause membrane dys-
function and disrupt major metabolic pathways such as 
the tricarboxylic acid cycle and oxidative phosphoryla-
tion. Patients with cholestatic syndromes typically have 
marked increases in serum bile salts but normal or slightly 
elevated serum bilirubin. The clinical findings in choles-
tatic syndromes depend on the severity of the cholestatic 
disorder and its pathogenesis. Pruritus is a hallmark fea-
ture and results mainly from retained bile salts.81 As cho-
lestatic disorders increase in severity, jaundice develops. 
The stool becomes lighter in color and the urine dark-
ens as bile pigments are diverted from the gut to the kid-
ney for excretion. Some of the rest of the pathogenesis 
and symptomatology is often similar to that observed in 
hepatic cirrhosis.

Impairment can take place within the liver or dis-
tally within the biliary tract.82 Primary biliary cirrhosis 
(PBC) and primary sclerosing cholangitis (PSC) are clas-
sic examples of cholestasis. PBC is progressive inflamma-
tory destruction of the cholangiocytes that line the bile 
ductus, and the disease is more common in women than 
men. PSC is associated with inflammation, and fibrosis 
of intrahepatic and extrahepatic bile ducts is more often 
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seen in men. It represents a severe inflammatory process 
and is often observed together with inflammatory bowel 
disease. Both PBC and PSC are associated with genetic and 
immunologic defects. Despite some differences between 
PBC and PSC, the end results are the same—bile ducts are 
destroyed, preventing bile from exiting the liver.

Obstructive Jaundice
A common reason for obstructive jaundice is gallstones. 
If gallstones block one of the hepatic ducts, the unob-
structed side of the liver will increase its function to pro-
duce the necessary amount of bile. If the obstruction goes 
untreated, that part of the liver does not drain bile and 
the toxic effects of the retained bile eventually cause atro-
phy. If a gallstone occludes the common hepatic duct, 
bile cannot leave the liver and jaundice develops.

MECHANISMS OF CELL DEATH

Necrosis
Hepatocellular death often results from hypoxia or anoxia. 
Hypoxia decreases intracellular ATP. This stimulates 
breakdown of glycogen and anaerobic glycolysis, which 
raises lactic acid levels and lowers intracellular pH. Sud-
den precipitous decreases in ATP initiate a series of events 
that may culminate in hepatocellular necrosis. Such 
events include abrupt failure of the energy-dependent 
ion pumps that regulate intracellular fluid and electro-
lyte homeostasis. Plasma membranes become dysfunc-
tional, and hepatocytes swell rapidly and then rupture 
and extrude their contents. This cellular debris, which 
contains hepatic enzymes and reactive chemicals such 
as aldehydes, lipid peroxides, and eicosanoids, incites an 
inflammatory response. The release of cytokines and che-
moattractants recruits circulating neutrophils to the liver 
and augments the hepatic inflammation.83

Apoptosis
In contrast to necrosis, apoptosis is an energy-dependent 
process.84 Most agents of liver disease (toxins, viruses, oxi-
dants) can activate proapoptotic intracellular signaling 
pathways or proapoptotic cell-surface receptors such as Fas, 
tumor necrosis factor receptor (TNFR), and other members 
of the TNFR superfamily. Apoptosis has several ultrastruc-
tural hallmarks, including (1) a shrunken cell and nucleus; 
(2) condensed, marginated nuclear chromatin; (3) blebs on 
the plasma membrane; and (4) apoptotic bodies, which 
consist of membrane-bound cellular fragments and intact 
organelles. Epithelial and mesenchymal cells engulf the 
apoptotic bodies, and their lysosomes digest and recycle the 
contents of apoptotic bodies, such as intact mitochondria 
and nucleic acids. Apoptosis and necrosis may be related 
events at opposite ends of a spectrum of overlapping mor-
phologic and mechanistic cell death processes.84-86

OXIDATIVE STRESS AND THE GLUTATHIONE 
SYSTEM

Hepatocytes continuously produce reactive O2 species. 
During aerobic metabolism, mitochondria work non-
stop transferring electrons from reduced substrates to O2. 
This process involves the tetravalent reduction of O2; the 
reduced O2 atoms are incorporated into water. However, 
small amounts of O2 undergo univalent or divalent reduc-
tions that give rise to superoxide and hydrogen peroxide. 
Nonparenchymal cells in the liver—Kupffer cells, endo-
thelial cells, polymorphonuclear leukocytes, and macro-
phages—also can generate large amounts of reduced O2 
species and nitroradicals.87

In health, hepatocytes have many ways to keep oxi-
dant concentrations within a safe range. Their defenses 
against oxidative injury include (1) micronutrients, such 
as vitamins C and E; (2) metal-sequestering proteins, such 
as ferritin; (3) enzymes that dispose of reactive O2 species, 
such as catalase and superoxide dismutase; (4) enzymes 
that detoxify lipid peroxides, such as glutathione per-
oxidase; and (5) thiol-rich peptides, most notably gluta-
thione (γ-glutamyl-cysteine-glycine). Glutathione is the 
single most important intracellular antioxidant.

The liver is the main site of glutathione synthesis. 
Accordingly, hepatocytes have high cytoplasmic concen-
trations of glutathione, ranging from 5 to 10 mmol/L.40 
Glutathione serves as a cofactor for major enzymes 
involved in the elimination of oxidants—notably gluta-
thione peroxidase and thiol-disulfide exchangers. Glu-
tathione peroxidase plays a key role as a detoxifier of 
organic peroxides and free radicals. Another enzyme, glu-
tathione S-transferase, helps eliminate toxic electrophiles 
by attaching them to the free thiol of reduced glutathione 
(GSH). GSH also participates in nonenzymatic detoxifi-
cation reactions, which yield oxidized glutathione and 
mixed disulfides of glutathione and protein.

ISCHEMIA-REPERFUSION INJURY

Ischemia-reperfusion injury results from both hypoxia 
during an ischemic episode and cytotoxic events dur-
ing reperfusion.88,89 Reperfusion induces the production 
of highly reactive chemicals that can cause necrosis or 
apoptosis, such as superoxide, hydrogen peroxide, and 
hydroxyl radicals. After relatively brief ischemic intervals, 
most of the injury is due to reperfusion. With more pro-
longed ischemia, hypoxia accounts for a larger fraction of 
the overall injury from ischemia-reperfusion.

Role of Xanthine Dehydrogenase/Xanthine 
Oxidase
The liver and intestines contain large amounts of xan-
thine dehydrogenase/xanthine oxidase (XDH/XO).90 
XDH catalyzes the rate-limiting step in nucleic acid deg-
radation by using nicotinamide adenine dinucleotide 
(NAD) rather than O2 as the electron acceptor. Thus, 
no O2 radicals are produced in healthy tissue. However, 
ischemic conditions transform XDH to XO. Because XO 
reactions involve O2, they produce free radicals. During 
reperfusion, XO-derived oxidants increase the production 
and release of leukotriene B4 and platelet-activating fac-
tor, which promote neutrophil adherence and migration. 
When activated, neutrophils can wreak havoc on the 
microvascular circulation as they release proteases and 
physically disrupt the endothelial barrier. Liver injury, 
independent of the cause, imperils extrahepatic tissue 
because damaged hepatocytes spew out XO and other 



inflammatory mediators. XO enters the bloodstream and 
binds to vascular endothelial cells in many organs. Endo-
thelial cells produce superoxide, which reacts with nitric 
oxide (NO) to form peroxynitrite (OONO–).91 OONO– is 
intensely reactive and can increase the severity of injuries 
to local and remote tissues.91

Therapeutic agents that may confer protection from 
ischemia-reperfusion–induced injury include (1) antioxi-
dants, (2) O2 radical scavengers such as superoxide dis-
mutase and dimethyl sulfoxide, (3) inhibitors of leukocyte 
adherence and migration, and (4) inhibitors of XO. For 
example, laboratory studies show that allopurinol (inhib-
its XO) treatment before induction of ischemia-reper-
fusion prevents the usual ischemia-reperfusion–related 
increases in microvascular permeability and epithelial 
cell necrosis.4

Hepatic Injury From Liver Transplantation
pRESERvation injuRy. The University of Wisconsin solu-
tion protects the donor liver for approximately 24 hours. 
However, use of this solution for more than 24 hours 
may lead to microcirculatory disturbances (e.g., leuko-
cyte and platelet adhesion) after liver transplantation. 
The adverse effects result from (1) depletion of hepa-
tocellular antioxidants over time and (2) biochemical 
changes that lead to a profusion of reactive oxidants dur-
ing reperfusion of the transplanted liver. Hypothermic 
preservation solutions also induce apoptotic changes in 
endothelial cells, which may engineer their destruction 
after graft implantation.

The pathogenesis of ischemia-reperfusion injury is 
complex.91-94 Characteristic events include (1) Kupffer 
cell activation; (2) XO formation95; (3) profusion of oxi-
dants—superoxide, NO, OONO–) and hydroxyl radicals; 
(4) release of proinflammatory cytokines into the blood-
stream; and (5) destruction of endothelial cells.96

BACTERIAL, VIRAL, AND IMMUNE INJURY

Endotoxins are lipopolysaccharide complexes of the 
outer membranes of gram-negative bacteria. All endo-
toxins have a common lipid component (lipid A), a core 
R antigen, and variable polysaccharide regions, which 
are bacterial strain–specific O-antigens. Lipid A binds to 
high-density lipoproteins in blood and other tissues, and 
it mediates the biologic actions common to endotoxins. 
Endotoxins bind more extensively to Kupffer cells than 
to hepatic parenchyma. They can induce hepatocellular 
or cholestatic injury directly or indirectly by activation 
of Kupffer cells and release of proinflammatory mediators 
(e.g., cytokines, eicosanoids). Like endotoxins, viruses 
may cause direct and indirect hepatocellular injury. 
Hepatotropic viruses and some herpesviruses can induce 
cytokine production, leading to lymphocyte- or macro-
phage-dependent cytotoxicity. Antigens on hepatocellu-
lar membranes may be primary targets of cell-mediated 
injury. Antibodies to such antigens are often increased 
selectively in patients with autoimmune hepatitis and 
primary biliary cirrhosis. Other potential antigenic foci 
for cell-mediated cytotoxicity include liver-specific lipo-
proteins and hepatic lectins, which may be targets in 
hepatitis B and other liver diseases.4
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DRUG-INDUCED LIVER INJURY

Adverse reactions to drugs fall into two general catego-
ries: dose-related toxicity and idiosyncratic drug-induced 
injury. The former is predictable and develops in all indi-
viduals with escalation of the drug dose. The latter is a 
rare event, inducible with subclinical doses of the drug; it 
is most likely an immune-mediated injury that occurs in 
just a tiny fraction of those receiving the drug. Although 
obvious differences exist between the two categories of 
drug reactions, remarkable similarities also exist. For 
example, both categories involve covalent binding of 
drugs (or their metabolites) to endogenous macromol-
ecules. This binding can lead to inactivation of impor-
tant enzymes, depletion of intracellular antioxidants, and 
peroxidation of membrane lipids. The body’s response to 
such molecular perturbations determines whether a drug-
induced injury is categorized as dose related or idiosyn-
cratic. When drug-induced subcellular damage induces 
immune sensitization, reexposure to even a very low dose 
of the sensitizing drug can cause severe liver injury (e.g., 
halothane hepatitis).4

The hepatotoxic effects of drugs and environmental 
substances usually involve CYP-mediated production 
of oxidants such as reduced O2 species, carbon-based 
radicals, and nitroradicals. Examples include (1) carbon 
tetrachloride metabolism by CYP, which yields trichloro-
methyl radical—a highly toxic intermediate that induces 
centrilobular necrosis, and (2) metabolism of nitrofuran-
toin or other aromatic compounds, which generates free 
radical intermediates that induce hepatic injury. Similar 
to CYP of the smooth endoplasmic reticulum, mitochon-
drial electron transporters transform xenobiotics to reac-
tive metabolites. For example, the nitroradicals that are 
formed during cocaine or nitrofurantoin metabolism 
reduce O2 via flavoprotein reductases to yield superoxide 
and other oxidizing species. Redox cycling, as occurs with 
anthracycline chemotherapeutics and imidazole antimi-
crobials, is yet another source of toxic oxidizing species.

Oxidant formation during drug metabolism contrib-
utes to or causes liver injury by weakening the antioxidant 
defenses of hepatocytes. For example, acetaminophen 
and bromobenzene cause dose-related decreases in hepa-
tocellular GSH, rendering the liver increasingly suscep-
tible to necrosis. This increases the likelihood of oxidants 
damaging (1) proteins and enzymes, (2) phospholipids in 
membranes, and (3) nucleotides via activation of prote-
ases, phospholipases, and endonucleases. Oxidative stress 
also can induce pathologic increases in cytosolic calcium 
by increasing Ca2+ uptake by hepatocytes while inducing 
release of Ca2+ from the endoplasmic reticulum or mito-
chondria. These events can lead to apoptosis, necrosis, or 
both.4,84

Drug-Induced Apoptosis
Apoptotic pathways can be activated by drug-induced 
mitochondrial injury.84,97 The sequence of events may be 
(1) drug metabolism produces oxidants and depletes GSH; 
(2) oxidants induce mitochondrial injury, with release of 
cytochrome c and initiation of the mitochondrial mem-
brane permeability transition; and (3) caspase is activated 
and triggers apoptosis.
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Alcohol-Induced Disease
Alcoholism (five or more drinks per day) induces several 
patterns of liver injury—notably steatosis (fatty liver), 
alcoholic hepatitis, and cirrhosis. Steatosis develops in 
nearly everyone who drinks excessively, but cirrhosis 
develops in only 10% to 20% of these individuals. In 
contrast to the general population, people with alcoholic 
liver disease have a higher prevalence of health-related 
disorders—malnutrition, immune incompetence, and 
fluid and electrolyte imbalance. Such individuals are at 
increased risk for postoperative morbidity secondary to 
hemorrhage, sepsis, or cardiopulmonary decompensation 
(from alcoholic or cirrhotic cardiomyopathy).

Characteristic pathologic findings of alcoholic liver dis-
ease include (1) acetaldehyde-induced subcellular injury, (2) 
abnormalities in metabolism, (3) microvascular hypoxia, 
(4) increased O2 and nitrogen radical formation, and (5) 
depletion of antioxidant defenses. Alcohol metabolism is 
integral to the pathology of alcoholic liver disease.98-100 The 
rate-limiting step in ethanol metabolism is catalyzed by 
alcohol dehydrogenase (ADH).101 This polymorphic zinc 
metalloenzyme has more than 20 different isozymes.102 
Although ADH activity exists in many tissues, hepato-
cytes metabolize more than 95% of the alcohol consumed. 
Genetic polymorphisms of ADH explain much of the vari-
ability in the relationship between ethanol consumption 
(dose) and liver disease (response). For example, the risk 
for alcoholic cirrhosis developing relates directly to poly-
morphisms at the ADH2 gene locus (i.e., high frequency 
of the B allele). The oxidative metabolism of alcohol forms 
reduced nicotinamide adenine dinucleotide (NADH); these 
compounds inhibit the oxidation of fatty acids and 3-car-
boxyl acid cycles, promoting lipogenesis. Tumor necrosis 
factor-α (TNF-α) produced by Kupffer cells plays an impor-
tant role in the genesis of alcoholic hepatitis.103

Hypoxic Liver Injury Resembles  
Alcohol-Induced Liver Injury
Hepatic injuries from hypoxic episodes and ingestion of 
ethanol are similar in many respects. Hypoxic injuries pro-
mote the release of proinflammatory cytokines, TNF-α, and 
interleukin-1 (IL-1) and IL-6. These signaling molecules lead 
to increased expression of adhesion molecules, decreased 
velocity and increased margination of neutrophils, increased 
platelet adherence, and decreased hepatic blood flow. Hepa-
toenteric ischemia releases cytokines and XO and leads to 
activation of complement. This intensifies the local inflam-
mation and can induce systemic inflammatory responses, 
with subsequent pulmonary and cardiac injury.

Similarly, alcoholic-related liver injury promotes the 
release of proinflammatory mediators. Alcohol ingestion 
can markedly increase hepatic O2 consumption, which 
would predispose to hypoxic injury. The earliest mani-
festations of ethanol-induced injury occur in acinar zone 
3 (the centrilobular region), which has the highest ADH 
content and the lowest O2 supply.

CIRRHOSIS AND PORTAL HYPERTENSION

Cirrhosis of the liver is a chronic condition that results 
from persistent hepatic injuries and is characterized by 
perturbations of the normal liver architecture by fibrotic 
scar tissue and regenerative nodules. The possible causes 
of cirrhosis include alcoholism, nonalcoholic steato-
hepatitis, viral hepatitides, and genetic disorders. Cir-
rhosis often progresses in an insidious, indolent manner. 
Hepatic fibrosis and vascular distortions cause continual, 
cumulative losses of liver function. Patients may remain 
unaware of their condition until approximately 70% of 
their liver is destroyed—that is, the innate and abundant 
physiologic reserves of the liver are depleted, and the 
body can no longer compensate for additional losses of 
viable hepatocytes.

The early clinical manifestations of cirrhosis include 
anorexia, abdominal discomfort, fatigue, weakness, nau-
sea, vomiting, and jaundice. As the severity of cirrhosis 
increases, its signs and symptoms become overt; a com-
mon and serious complication is portal hypertension, 
which results in myriad and pervasive abnormalities 
that affect every tissue in the body. The most ominous 
changes include ascites, portosystemic shunting, renal 
and pulmonary dysfunction, hepatic encephalopathy, 
and gastroesophageal varices, which are associated with 
devastating events, including massive hemorrhage, sep-
sis, renal failure, coma, and death.

Pathogenesis of Portal Hypertension
Characteristic features of cirrhosis-induced portal hyper-
tension include elevated resistance to sinusoidal blood 
flow, increased flow of blood through preportal vessels, 
and high rates of blood flow through portocaval collateral 
vessels.104

The complex pathogenesis of cirrhosis-induced portal 
hypertension has been explained using both “backward” 
and “forward” metaphors, which are not mutually exclu-
sive. According to the backward concept, proliferation of 
perisinusoidal fibrous tissue leads to increased resistance 
to portal venous flow. Based on the physics of blood flow 
(i.e., pressure = flow × resistance), such an increase in resis-
tance at a constant rate of portal venous flow increases 
portal venous pressure.

On the other hand, when portal hypertension is 
caused solely by prehepatic increases in portal venous 
resistance, such as that produced by experimental nar-
rowing of the portal vein, the resultant changes include 
(1) increased mesenteric vascular resistance, (2) decreased 
mesenteric blood flow, (3) decreased splanchnic venous 
O2 saturation, and (4) increased arteriovenous O2 content 
gap in the mesenteric blood. Such changes are in diamet-
ric opposition to those associated with cirrhosis-induced 
portal hypertension. Yet, patients with liver cirrhosis 
have elevated blood levels of endogenous vasodilators, 
widespread arteriovenous shunt formation, and high car-
diac output with low total peripheral resistance. There-
fore, the forward concept could explain some portion of 
the portal pressure elevation that is caused by cirrhosis-
induced changes in the systemic and splanchnic arterial 
circulation.

Cirrhosis-induced portal hypertension results from 
both increased intrahepatic vascular resistance (as a result 
of the development of fibrosis) and increased blood flow 
through the portal vein and hepatic artery. The deposi-
tion of collagen within the liver is the main mechanism 



responsible for the increase in resistance within the liver 
as cirrhosis develops. In other words, the decrease in total 
cross-sectional area of hepatic sinusoids is one of the 
main reasons behind the increase in resistance to portal 
flow.105 Fibrosis and tissue injury lead to endothelial dys-
function and intrahepatic vasoconstriction with develop-
ment of intrahepatic vascular shunts between afferent 
and efferent vessels within the liver.106,107

An increase in portal pressure is one of the most impor-
tant causes of hyperactivity in endothelial cells within 
the splanchnic and systemic circulation. The intestinal 
microcirculation is the first part of the vasculature to 
sense an increase in portal pressure. Responses follow 
from the arteries in the splanchnic and then the systemic 
circulation. An increase in splanchnic blood flow is the 
result of a decrease in splanchnic (mesenteric and splenic) 
arterial resistance.105 Both local and systemic neurogenic 
and biochemical mechanisms contribute to the develop-
ment of hyperdynamic circulatory syndrome, which is 
defined as the combination of decreased vascular resis-
tance, increased cardiac output, and increased circulating 
blood volume.

NO has an indisputable role in the pathogenesis 
of hemodynamic disorders in liver cirrhosis. Chronic 
administration of a nitric oxide synthase (NOS) inhibitor 
may completely normalize the parameters of hyperdy-
namic circulation but only partially decrease the degree 
of mesenteric vasodilation.108,109 This implies that other 
vasodilators participate in the decrease in mesenteric vas-
cular resistance.

Prostacyclin (PGI2) is a powerful vasodilator produced 
by endothelial and epithelial cells. Its production has 
been well documented in patients with liver cirrhosis.105 
CO, endocannabinoids, neuropeptide Y, and bradykinin 
are the endogenous vasodilators with the most important 
vasodilatory roles in patients with liver cirrhosis and por-
tal hypertension. Other endogenous vasodilating factors 
include glucagon, histamine, vasoactive intestinal poly-
peptide, substance P, cholecystokinin, estrogen, ammo-
nia, endotoxins, adenosine, and biliary acids. These 
numerous powerful compounds are responsible for the 
persistent vasodilation seen in advanced liver cirrhosis. 
A reduction in the release of some endogenous vaso-
constrictors also may play a role in the development of 
vasodilation; for example, in patients with advanced liver 
disease, a decrease in vasopressin concentrations has been 
demonstrated.110

Collateral vessels connecting portal and systemic cir-
culation are formed through the enlargement of preexist-
ing vessels and angiogenesis.111 These collaterals further 
increase already elevated portal blood flow and aggravate 
the symptoms of portal hypertension.111

An increase in the production of NO derived from 
endothelial nitric oxide synthase (eNOS) is responsible 
not only for vasodilation but also for thinning of arterial 
walls in the splanchnic systemic circulation. Arterial thin-
ning is an important factor in the pathogenesis of hepatic 
cirrhosis. Treatment with a NOS inhibitor significantly 
improves wall thickness and attenuates hyperdynamic 
circulatory syndrome.112,113

Overall, hemodynamic disorders in patients with cir-
rhosis result not only from elevated levels of vasodilatory 
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molecules but also from increased production of vaso-
constrictive mediators. For example, by lowering arterial 
blood pressure, vasodilators trigger baroreceptor-mediated 
increases in sympathetic nervous system tone, activate 
the renin-angiotensin-aldosterone system, and promote 
the release of antidiuretic hormone. In addition, cyclo-
oxygenase-1 production increases, increasing formation 
of PGH2 and thromboxane A2, which in turn augments 
vasoconstrictive responses to α-adrenergic stimulation.114 
The release of thromboxane A2 by activated Kupffer cells 
along with endothelin-1 (ET-1), a potent vasoconstrictor 
produced by sinusoidal endothelial cells, is a major con-
tributor to increases in portal pressure.115 It is interesting 
to note that endothelins also participate in an autocrine 
loop that counteracts the development of liver fibrosis. 
Thus, administration of endothelin receptor antagonists 
as potential therapeutic agents could cause more harm 
than benefit in patients with liver cirrhosis.105

Vascular structures within cirrhotic livers can origi-
nate from preexisting sinusoids (in the postnecrotic 
area of connective tissue) or from pathologic angiogen-
esis.116 The angiogenesis develops along two pathways. 
The first is the process of wound healing typical of fibro-
genic chronic liver disease. It is characterized by overex-
pression of cytokines and several growth factors, such 
as platelet-derived growth factor, transforming growth 
factor-β1 (TGF-β1), fibroblasts, and others. The second is 
the neoangiogenesis that is stimulated in hepatic tissue 
by a progressive increase in tissue O2 deprivation. This 
mechanism is enhanced by an increase in the contribu-
tion of the hepatic artery to sinusoidal blood flow, which 
becomes even more arteriole-like. Hepatocytes adjust to 
the high O2 tension and bring about changes in the struc-
ture of sinusoids, leading to impairment in the diffusion 
of O2 from the sinusoids to the hepatocytes, followed by 
up-regulation of proangiogenic pathways.117 Persistent 
injury of hepatocytes eventually creates a vicious circle—
hypoxia promotes angiogenesis, then fibrogenesis and 
cirrhosis, and back to hypoxia.118

The hepatic venous pressure gradient, which is the dif-
ference between wedge hepatic venous pressure and free 
hepatic venous pressure, is considered one of the most 
important determinants of the progression of hepatic cir-
rhosis and portal hypertension.118 The normal hepatic 
venous pressure gradient is approximately 3 to 5 mm Hg; 
above 10 to 12 mm Hg, chronic liver disease becomes a 
serious systemic disorder with potentially life-threatening 
complications. Under these conditions, both systemic 
and extrahepatic collateral circulation develop enough to 
allow gut-derived antigenic matter to enter the systemic 
circulation. This leads to activation of the innate immune 
system and increased release of vasoactive compounds, 
particularly NO.119 Reinforced and aggravated dilation 
within the splanchnic vasculature leads to sequestration 
of blood volume within the splanchnic vascular bed, 
producing both splanchnic hypervolemia and central 
hypovolemia.118

The described changes are associated with a failure of 
one of the most important functions of the liver, namely 
detoxification of potentially harmful compounds, includ-
ing bacterial end products from the splanchnic and sys-
temic circulation.120
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Thus, splanchnic vasodilation results from the follow-
ing mechanisms: (1) increased splanchnic arterial NO 
production; (2) release of other vasodilating compounds 
(e.g., endocannabinoids, CO, prostaglandins, glucagon, 
and others); (3) decreased ability of the splanchnic vas-
culature to constrict; (4) development of mesenteric 
angiogenesis mediated by vascular epithelial growth 
factors; and (5) development of portosystemic connec-
tions as a result of dilation of preexisting blood vessels, 
vascular remodeling, and angiogenesis.111,121 These col-
laterals lead to even further increases in the already ele-
vated portal venous blood flow, which exacerbates portal 
hypertension.111

Cardiovascular Dysfunction
The pathophysiologic changes within the splanchnic vas-
culature form the basis of subsequent changes in systemic 
hemodynamics. Hyperdynamic circulation (low total 
peripheral resistance, high cardiac output, and increased 
blood volume) is a hallmark of cirrhosis and portal 
hypertension.122 Generally, systemic arterial pressure is 
slightly below normal, the heart rate is mildly increased, 
and central filling pressure is normal. Mixed venous O2 
saturation is elevated, and the arteriovenous O2 content 
gap is low. Overall, the hemodynamic profile resembles 
a peripheral arteriovenous fistula. Indeed, advanced 
liver disease causes extensive, widespread arteriovenous 
communications (collateral vessels) within the splanch-
nic organs, lungs, muscle, and skin. As discussed earlier, 
high blood flow through these collateral vessels results 
from cirrhosis-induced increases in endogenous vasodi-
lators.123-127 Endogenous vasodilators also explain why 
severe liver disease diminishes cardiovascular responses 
to physiologic and pharmacologic vasoconstrictors. The 
main pathophysiologic feature for an anesthesiologist 
to keep in mind is that these patients are in a constant 
state of vasodilation, their vasoconstriction is impaired, 
and their response to vasoconstrictors is decreased. They 
exhibit both central hypovolemia (within the main, fast 
compartment of the vasculature) and splanchnic hyper-
volemia (within the secondary, slower circuit), and mobi-
lization of blood from unstressed to stressed volume is 
also impaired (see Chapter 21, Figs. 21-9 to 21-11).

Control of Circulatory Volume  
and Renal Dysfunction
Renal dysfunction typically develops in patients with cir-
rhosis and portal hypertension. The glomerular filtration 
rate (GFR) steadily decreases, and the renal tubules avidly 
retain sodium, with no overt glomerular or tubular injury. 
Urinalysis is unremarkable except for a low sodium level.

Avid renal retention of sodium is integral to the patho-
physiology of cirrhosis and portal hypertension. Vol-
ume receptors that detect low effective plasma volume 
stimulate the sympathetic nervous system and lead to 
release of renin from the kidney.128-130 This increases 
the production of angiotensin II and aldosterone, which 
enhances renal tubular uptake of sodium. Blood norepi-
nephrine levels are inversely correlated with renal blood 
flow. Both norepinephrine and angiotensin II redistribute 
intrarenal blood flow in a manner that increases reten-
tion of sodium by the kidney. Additional factors that may 
augment sodium retention include the kallikrein-kinin 
system and some potent renal vasoconstrictors, such as 
F2α-isprostanes131 and ET-1. Renal vasoconstrictors are 
likely inducers of the renal dysfunction that accompanies 
cirrhosis and ascites.132 Under such conditions, endog-
enous vasodilators (e.g., prostaglandins) become increas-
ingly important to counteract intense vasoconstriction 
and protect renal blood flow. Accordingly, inhibitors of 
prostaglandin synthesis can significantly decrease renal 
blood flow and GFR, increasing the risk for acute renal 
injury.

The main causes of acute renal failure (ARF) in this patient 
population are prerenal failure and acute tubular necro-
sis (ATN). Prerenal failure usually results from hypovole-
mia, sepsis, or type 1 hepatorenal syndrome (HRS).133-139  
End-stage liver disease puts patients at high risk for sys-
temic hypovolemia as a result of (1) the formation of 
profuse ascites,132 (2) aggressive diuretic therapy, (3) gas-
trointestinal hemorrhage, and (4) sequestration of blood 
in the splanchnic vasculature. Therapy for prerenal ARF 
focuses on restoration of blood volume and renal blood 
flow. The most common cause of ATN is prerenal ARF—
when it is protracted and severe enough to cause ischemic 
renal tubular injury. Other causes of ATN include neph-
rotoxic substances such as radiocontrast agents and non-
steroidal antiinflammatory drugs. Unlike prerenal ARF, 
no specific therapy exists for ATN; treatment is mainly 
supportive.135,140,141

Prerenal failure secondary to type 1 HRS has a poor 
prognosis. In many instances, the only effective ther-
apy is liver transplantation. Interventions that may 
transiently improve renal performance in such patients 
include (1) intravenous vasoconstrictors, notably terli-
pressin, norepinephrine, and midodrine, in combina-
tion with octreotide, and (2) devices or procedures that 
support the liver, such as a molecular adsorbent recir-
culation system or transjugular intrahepatic portosys-
temic shunt.135,140-143

Thus, systemic vasodilation leads to a decrease in effec-
tive blood volume, a decrease in cardiac output followed 
by an increase in antidiuretic hormone production, sym-
pathetic nervous system stimulation, and activation of 
the renin-angiotensin-aldosterone system. All this leads 
to sodium and water retention and finally to formation 
of ascites. In more extreme situations it is associated with 
severe renal arterial vasoconstriction, decrease in renal 
blood flow, and HRS.144

Pulmonary Dysfunction
Hepatopulmonary syndrome is presented as a defect in 
arterial oxygenation induced by dilation in the pulmo-
nary vascular bed in the setting of hepatic cirrhosis.145

Pulmonary vasculature undergoes changes similar 
to those observed in the systemic circulation. Severe 
dilation of the pulmonary vasculature, intrapulmo-
nary arteriovenous shunts, portopulmonary shunts, 
and decreased hypoxic pulmonary vasoconstriction 
can cause severe ventilation-perfusion abnormalities in 
the lung. Pulmonary vasodilation and increased flow 
through intrapulmonary shunts leads to increased pas-
sage of mixed venous blood from pulmonary arteries to 
pulmonary veins. An increase in wall thickness of small 



veins and particularly capillary walls limits the alveolar-
capillary diffusion. Atelectasis or restrictive pulmonary 
pathophysiology secondary to ascites or pleural effu-
sion can further aggravate pulmonary function. Eryth-
rocyte 2,3-diphosphoglycerate levels often increase and 
shift the oxyhemoglobin dissociation curve rightward. 
Ventilation-perfusion mismatching occurs because of 
atelectasis or restrictive pulmonary pathophysiology 
secondary to ascites or pleural effusion.

Orthodeoxia (a decrease in arterial oxygenation in 
standing position) is one of the characteristic symptoms 
of hepatopulmonary syndrome. Shunt flow, which can-
not adjust easily to activation of baroreceptors through 
the sympathetic nervous system, leads to severe decrease 
in pulmonary flow and orthodeoxia, often associated 
with shortness of breath.145

Hematologic Dysfunction
Coagulopathies and other hematologic abnormalities are 
common with end-stage liver disease. Anemia often devel-
ops for many reasons, including gastrointestinal bleeding, 
hemolysis, hypersplenism, malnutrition, vitamin deficien-
cies, bone marrow depression, and plasma volume expan-
sion. As the liver begins to fail, it cannot make enough 
vitamin K–dependent procoagulants. When factor VII 
drops by 70% of the normal level, the PT becomes pro-
longed. Thrombocytopenia and thrombopathy develop as 
a result of (1) splenic sequestration syndrome, (2) bone 
marrow suppression secondary to alcoholism or medica-
tions such as interferon, or (3) platelet destruction from 
immune-mediated, platelet-associated IgG. Dysfibrino-
genemia—the activation of fibrinolysis—may develop. 
Laboratory results typically include increased D-dimer 
levels, increased fibrin degradation products, and normal 
or nearly normal fibrinogen levels. However, before attrib-
uting any fibrinolytic disorder to liver failure, it is essen-
tial to conduct a thorough search for all possible reversible 
causes of disseminated intravascular coagulation.

Gastrointestinal Complications
Gastrointestinal hemorrhage is always a concern; nearly 
a third of cirrhosis-related deaths are due to ruptured 
esophagogastric varices.146 Portal hypertensive gastropa-
thy, esophageal varices, or gastric varices develop in most 
patients with cirrhosis and portal hypertension.147 Hem-
orrhage from esophageal varices occurs more often than 
hemorrhage from gastric varices, but the latter is gener-
ally more severe than the former. Variceal size is a good 
predictor of when varices will rupture, and rates of vari-
ceal enlargement parallel the severity of liver disease. Less 
than 2 years after cirrhosis and portal hypertension are 
diagnosed, 20% to 30% of patients experience a variceal 
hemorrhage.147 The first hemorrhage is acutely lethal in 
approximately 7% of cases, with a 6-week mortality rate of 
approximately 30%. Untreated survivors of variceal hem-
orrhage have a 60% chance of rebleeding within 2 years; 
if this should occur, the death rate would be 40% to 50%.

Spontaneous Bacterial Peritonitis
Spontaneous bacterial peritonitis is another complication 
of hepatic cirrhosis. Impaired intestinal transport of food 
resulting in bacterial overgrowth in cirrhotic patients is 
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probably one of the most important causes of bacterial 
translocation.144,148 Observations that prokinetic drugs 
decrease intestinal overgrowth and bacteria transloca-
tion support this notion.149 Mucosal hypoxia as a con-
sequence of portal hypertension, vascular stasis, and 
intestinal mucosal congestion, combined with alteration 
in systemic immune defense systems, leads to develop-
ment of bacterial peritonitis.144

Endocrinopathies
Because the liver produces, processes, and metabolizes 
many endocrine substances, advanced liver disease leads 
to endocrine abnormalities. For example, plasma levels of 
glucagon and growth hormone increase with liver disease 
and contribute to insulin resistance. Insulin-like growth 
factor–1 decreases in children with liver disease and 
adversely affects their growth and development. Gonadal 
dysfunction develops in men and women because of dis-
ruptions in the metabolism of sex hormones. Men undergo 
feminization, with the development of gynecomastia, tes-
ticular atrophy, infertility, and impotence. In women, oli-
gomenorrhea, amenorrhea, and infertility are common.

Hepatic Encephalopathy
Hepatic encephalopathy is a complex neuropsychiatric 
syndrome that develops in 50% to 70% of patients with 
cirrhosis. Pathophysiologic phenomena that contribute 
to the syndrome include (1) hepatobiliary dysfunction, 
(2) decreased hepatic blood flow, and (3) extrahepatic 
diversion of portal venous flow through collateral vessels 
(i.e., portocaval blood flow). Various gut-derived chemi-
cals, including mercaptans, phenols, ammonia, short-
chain fatty acids, and manganese, may play a role in the 
pathogenesis of hepatic encephalopathy. Central ner-
vous system depression may result from false neurotrans-
mitters (e.g., octopamine) or endogenous ligands that 
increase central inhibitory outflow, such as activators of 
γ-aminobutyric acid and benzodiazepine receptors. Other 
possible contributors to encephalopathy are disruptions 
of the blood-brain barrier and defective cerebral energy 
metabolism. The pathogenesis and management of 
hepatic encephalopathy are described in detail elsewhere.

Pathogenesis of Ascites
Cirrhosis-induced portal hypertension leads to massive 
increases in total body water, edema, and ascites forma-
tion.150 The problem can be traced to excessive sodium 
retention by the kidney (Fig. 22-8).1,151 However, the 
principal driver of the sodium retention is unclear. One 
explanation—the overflow model—is that hepatic cir-
rhosis gives rise to chemicals that stimulate the kidney 
to retain sodium. A second explanation—the underfill 
model—is that renal retention of sodium is a normal 
physiologic response to a low effective blood volume.

The essence of the overflow model is that excessive 
renal retention of sodium causes intravascular volume 
to expand, with two major and direct consequences: (1) 
plasma oncotic pressure decreases, with the liver unable to 
produce sufficient albumin to correct the hypoalbumin-
emia, and (2) portal hydrostatic pressure increases (i.e., 
portal hypertension). The combination of low oncotic 
pressure and portal hypertension accelerates the formation 
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Figure 22-8. Schematic of pathways for cirrhosis-induced portal hypertension: the forward and backward theories. Cirrhosis and portal hyper-
tension induce circulatory changes that decrease effective blood volume. This activates volume receptors and stimulates neurohumoral and intra-
renal reflexes, which decreases renal blood flow and increases renal retention of sodium. ADH, antidiuretic hormone; ANF, atrial natriuretic factor; 
AV, arteriovenous; HABF, hepatic arterial blood flow; PAF, platelet-activating factor; PGs, prostaglandins; PVBF, portal venous blood flow; THBF, total 
hepatic blood flow. (Reprinted with permission from Mushlin PS, Gelman S: Anesthesia and the liver. In Barash PG, Cullen BF, Stoelting RK, editors: Clinical 
anesthesia, ed 4. Philadelphia, 2001, Lippincott Williams & Wilkins, p 1088.)
of edema and ascites. A pivotal assumption of the overflow 
model is that a cirrhosis-induced mediator causes normal 
kidneys to retain sodium and water despite an overfilled 
intravascular compartment. At present, no such mediator 
(or process) has been identified.

The underfill model recognizes that homeostatic 
reflexes work in concert with the kidney to tightly regu-
late intravascular volume. This model posits that cirrho-
sis causes the effective plasma volume to decrease, which 
activates homeostatic mechanisms to retain sodium and 
water. That is, with decreases in arterial volume, whether 
from arterial dilation or low cardiac output, the kidney is 
instructed to retain sodium and water. Cirrhosis-induced 
decreases in effective plasma (or arterial) volume can result 
from arterial dilation, intravascular volume depletion, or 
both. Although the latter has many possible causes, edema 
and ascites formation from unbalanced Starling forces 
are sufficient to significantly decrease intravascular vol-
ume. The overflow and underfill models are not mutually 
exclusive; a primary defect in sodium excretion could be 
the major factor in earlier stages of cirrhosis, whereas a 
low effective plasma volume could be the more important 
factor in progression to end-stage liver disease.

Complete references available online at expertconsult.com.
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 •  To cross the filtration barrier between plasma and tubular fluid, a molecule must 
pass in succession through the endothelial fenestrations, glomerular basement 
membrane, and epithelial slit diaphragm. The capillary endothelium restricts the 
passage of cells, but the basement membrane filters plasma proteins. All three 
layers contain negatively charged glycoproteins, which retard the passage of other 
negatively charged proteins. Thus, the filtration barrier is size selective and charge 
selective.

 •  A primary determinant of glomerular filtration rate (GFR) is glomerular filtration 
pressure, which depends not only on renal artery perfusion pressure but also on the 
balance between afferent and efferent arteriolar tone. In the presence of decreased 
afferent arteriolar pressure or blood flow, low levels of catecholamines, angiotensin, 
and arginine vasopressin (AVP) induce preferential efferent arteriolar constriction, 
which maintains glomerular filtration pressure. This is reflected by an increase in 
calculated filtration fraction (FF), which is the GFR expressed as a fraction of the 
renal plasma flow (RPF). High levels of catecholamines and angiotensin (but not 
AVP) increase afferent arteriolar tone and decrease glomerular filtration pressure 
(and GFR) out of proportion to RPF, with a consequent reduction in FF.

 •  Tubuloglomerular feedback may be a primary mechanism in renal autoregulation. 
When GFR is increased, distal tubular NaCl delivery is enhanced. The increase 
in chloride is sensed by the macula densa, triggering release of renin from the 
adjacent afferent arteriole. Angiotensin is elaborated and arteriolar constriction 
ensues, which decreases GFR. When the thick ascending loop becomes ischemic, 
reabsorption of NaCl ceases, the ability of the tubule to concentrate urine is 
lost, and theoretically, intractable polyuria should result. However, the increased 
delivery of NaCl to the macula densa may be the trigger for angiotensin-
mediated arteriolar constriction, which decreases GFR, induces oliguria, conserves 
intravascular volume, and protects the organism from dehydration—so-called 
acute renal success. Autoregulation enables the kidney to maintain solute and 
water regulation independently of wide fluctuations in arterial blood pressure. 
Urinary flow rate is not subject to autoregulation. Tubular water reabsorption 
determines urinary flow rate and is closely related to the hydrostatic pressure in 
the peritubular capillaries. Hypotension of any cause results in decreased urinary 
flow rate that may be correctable only when arterial blood pressure is restored 
toward normal.

 •  The tubule has an enormous capacity for reabsorption of water and NaCl. Each 
day, 180 L of protein-free glomerular ultrafiltrate is formed, of which almost 99% 
of the water and 99% of the sodium is reabsorbed. Many other filtered substances 
are completely reabsorbed, but some, such as glucose, have a maximum rate of 
tubular reabsorption (tubular maximum). Once this rate is exceeded, glycosuria 
results, increasing in proportion to the filtered load. The ability of the kidney to 
concentrate urine is dependent on the interaction of at least three processes: 
(1) generation of a hypertonic medullary interstitium by the countercurrent 
mechanism and urea recycling, (2) concentration and then dilution of tubular 
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fluid in the loop of Henle, and (3) the action of antidiuretic hormone (now 
known as arginine vasopressin) in increasing water permeability in the last part of 
the distal tubule and collecting ducts. The juxtaglomerular apparatus consists of 
three groups of specialized tissues. In the afferent arteriole, modified fenestrated 
endothelial cells produce renin; in the juxtaposed distal tubule, cells of the 
macula densa act as chemoreceptors; and in the glomerulus, mesangial cells have 
contractile properties. Together these provide an important regulating system for 
arterial blood pressure, salt, and water homeostasis.

 •  Two mutually dependent but opposing neurohormonal systems maintain 
blood pressure, intravascular volume, and salt and water homeostasis. The 
sympathoadrenal axis, the renin-angiotensin-aldosterone system, and AVP defend 
against hypotension and hypovolemia by promoting vasoconstriction and salt 
and water retention. The prostaglandins and natriuretic peptides defend against 
hypertension and hypervolemia by promoting vasodilation and salt and water 
excretion.

 •  Hypothalamic osmoreceptors are sensitive to increases in serum osmolality of 
as little as 1% above normal. The threshold for AVP secretion (and sensation of 
thirst) is between 280 and 290 mOsm/kg. Even mild dehydration results in rapid 
antidiuresis, and urine osmolality can increase from 300 to 1200 mOsm/kg as 
plasma AVP levels rise from 0 to 5 pg/mL. Decreases in intravascular volume also 
stimulate AVP secretion, mediated by stretch receptors with vagal afferents from 
the left atrium and pulmonary veins.

 •  Serum creatinine reflects the balance between creatinine production from muscle 
and creatinine excretion by the kidney, which is dependent on GFR. Creatinine 
generation rate varies with muscle mass, physical activity, protein intake, and 
catabolism. However, when these processes are in equilibrium and renal function is 
stable, serum creatinine is a useful marker of GFR. The relationship between serum 
creatinine and GFR is inverse and exponential. A doubling of the serum creatinine 
implies a halving of GFR. However, limited sensitivity and specificity for renal injury 
combined with the delayed rise in creatinine that follows an acute reduction in 
GFR may limit the clinical utility of serum creatinine.

 •  Given the widely acknowledged limitations associated with traditional markers 
of renal injury, recent interest has focused on developing novel biomarkers to 
enable early detection of renal injury. Many candidate markers are currently under 
investigation to evaluate their validity and potential clinical utility. However, they 
remain investigational at the current time, and serum creatinine remains the 
imperfect gold standard for clinically relevant AKI.

 •  With an incidence of 20% to 25% following cardiac surgery, perioperative acute 
kidney injury (AKI) is associated with an increased incidence of adverse outcomes, 
including hospital mortality. Potential mechanisms are complex and multifactorial 
and may include ischemia-reperfusion injury, up-regulation of inflammatory 
cascades, endothelial dysfunction, multiple sources of embolic injury, and multiple 
nephrotoxins, including recent radiocontrast exposure and cardiopulmonary 
bypass–related hemolysis with associated hemoglobinuria.

 •  All anesthetic techniques and drugs tend to decrease GFR and intraoperative urine 
flow. Some drugs also decrease renal blood flow (RBF), but filtration fraction is 
usually increased, implying that angiotensin-induced efferent arteriolar constriction 
limits the decrease in GFR. However, these effects are much less significant than 
those caused by surgical stress or aortic cross-clamping and usually resolve 
promptly after emergence from anesthesia. Any anesthetic technique that induces 
hypotension will result in decreased urine flow because of altered peritubular 
capillary hydrostatic gradients, even if renal autoregulation is preserved (as is 
usually the case during anesthesia).

 •  Clinically significant renal injury with the use of low-flow sevoflurane anesthesia has 
not been reported in patients, even with moderate preexisting renal dysfunction. 
The relationship among compound A formation, biochemical injury, and clinically 
relevant renal dysfunction remains unclear and unproven. Nonetheless, the 
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current U.S. Food and Drug Administration (FDA) guidelines, which recommend 
a fresh gas flow of at least 2 L/minute when using sevoflurane for longer than 2 
MAC (minimal alveolar concentration of anesthetic)-hours to limit exposure to 
compound A, should be followed. Regardless of the position of an aortic cross-
clamp, RBF may be significantly decreased during surgical manipulation of the 
aorta, presumably because of direct compression or reflex spasm of the renal 
arteries. After release of a suprarenal cross-clamp, RBF increases above normal 
(reflex hyperemia), but GFR may remain depressed to one third of control for up to 
2 hours. After 24 hours, GFR may still be only two thirds of control. Urine flow may 
be maintained despite marked impairment of tubular functions (concentrating 
ability, sodium, and water conservation), resembling an attenuated form of acute 
tubular necrosis. Cross-clamp times longer than 50 minutes have been associated 
with prolonged depression of GFR and transient azotemia (also see Chapter 69).

 •  No intervention has proven effective for prevention or treatment of perioperative 
AKI. Although several therapies have shown some benefit in selected studies or 
meta-analyses (e.g., fenoldopam, goal-directed therapy), meaningful conclusions 
can be made only with additional large trials to clarify the potential role of such 
interventions.
The kidneys contain approximately 2 × 106 nephrons, 
each of which consists of a glomerulus and a tubule, 
which empties into a collecting duct. These functional 
units collectively enable the kidneys to maintain a remark-
ably stable interior milieu, despite large fluctuations in 
fluid and solute intake. Together they regulate intravas-
cular volume, osmolality, and acid-base and electrolyte 
balance and excrete end products of metabolism and 
drugs. Urine is formed by the combination of glomeru-
lar ultrafiltration and tubular reabsorption and secretion. 
The nephron also elaborates hormones that contribute 
to fluid homeostasis (renin, prostaglandins, kinins), bone 
metabolism (1,25-dihydroxycholecalciferol), and hemato-
poiesis (erythropoietin). The function of the nephron is 
closely integrated with the vascular supply of the kidney 
(Fig. 23-1).

THE GLOMERULUS (RENAL CORPUSCLE)

The glomerulus consists of five distinct components: 
capillary endothelium, glomerular basement membrane, 
visceral epithelium (which together make up the filtra-
tion barrier), parietal epithelium (Bowman capsule), and 
mesangium (interstitial cells).1,2 The glomerular tuft, a 
highly convoluted series of capillary loops, is fed by the 
afferent arteriole and drains into the efferent arteriole  
(Fig. 23-2).

The capillary endothelium synthesizes nitric oxide 
and endothelin-1, which, by governing vasodilation and 
vasoconstriction, control renal blood flow. The endothe-
lium has fenestrations about 70 to 100 nm in diameter 
and lies atop the glomerular basement membrane, which 
has a total cross section of about 350 nm. The visceral 
epithelium, which is applied to the underside of the base-
ment membrane, consists of podocytes with filamentous, 
interdigitating foot processes that contain contractile 
actin filaments. Filtration slits form 25- to 60-nm gaps 
between the foot processes and are bridged by a protein 
membrane slit diaphragm, whose size and permeability 
are altered by contraction of the foot processes.

The blind parietal epithelial sac of the renal tubule is 
invaginated around the capillary tuft as Bowman capsule 
and meets the visceral epithelium at the vascular pole of 
the glomerulus. Bowman space, between the visceral and 
parietal layers of the capsule, becomes the lumen of the 
proximal tubule at the urinary pole of the glomerulus, 
and the parietal endothelium merges with the cuboidal 
cells of the proximal tubule.

The central or interstitial mesangial cells are spe-
cialized pericytes with numerous functions, including 
structural support, matrix elaboration, and phagocy-
tosis. They contain myofilament-like threads of actin 
and myosin. Mesangial contraction in response to 
vasoactive substances such as angiotensin II restricts 
blood flow to fewer capillary loops. The mesangial 
cells thereby regulate the effective glomerular surface 
area for filtration and, as a consequence, glomerular 
permeability.3

FORMATION OF THE GLOMERULAR 
ULTRAFILTRATE

To cross the filtration barrier between plasma and tubu-
lar fluid, a molecule must pass in succession through 
the endothelial fenestrations, the glomerular basement 
membrane, and the epithelial slit diaphragm. The capil-
lary endothelium restricts the passage of cells, but the 
basement membrane filters plasma proteins. All three 
layers contain negatively charged glycoproteins, which 
retard the passage of other negatively charged proteins. 
Thus, the filtration barrier is both size selective and 
charge selective.1 Molecules with an effective radius 
of less than 1.8 nm (e.g., water, sodium, urea, glucose, 
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Figure 23-1. Anatomic relationships of the nephron and the renal vasculature. The left side of the diagram represents the renal vasculature as 
distributed through the inner medulla, outer medulla, and cortex. Arteries are drawn as solid lines, veins as hollow tubes. The renal artery divides 
serially into interlobar arteries (1), arcuate arteries (2), and interlobular arteries (3). The afferent arterioles (5) branch off laterally and provide the 
capillary tufts of the renal glomeruli in the outer cortex (7a), whose efferent arterioles (6) supply the cortical capillary network (not shown). In 
the juxtamedullary zone (7b), the efferent arterioles become the vasa recta, which are closely applied to the long loops of Henle (8, 8a, 9). The 
venous drainage consists of stellate veins (4), interlobular veins (3a), arcuate veins (2a), and interlobar veins (1a). The right side of the diagram 
represents two nephrons. On the left is the more numerous superficial cortical nephron with a short loop of Henle. On the right is the juxtamedul-
lary nephron with a long loop of Henle, which dives deep into the inner medulla to generate the hyperosmotic interstitium required for tubular 
urine concentration. ATL, Ascending thin loop of Henle; CCD, cortical collecting duct; DT, distal tubule; DTL, descending thin loop of Henle; G, 
glomerulus; IMCD, inner medullary collecting duct; OMCD, outer medullary collecting duct; PT, proximal tubule; TAL, thick ascending loop. (From 
Kriz W: A standard nomenclature for structures of the kidney, Kidney Int 33:1-7, 1988.)
inulin) are freely filtered. Molecules larger than 3.6 nm 
(e.g. hemoglobin, albumin) are not filtered. Filtration 
of molecules between 1.8 and 3.6 nm depends on their 
electrical charge. Cations are filtered, whereas anions 
are not. In glomerulonephritis the negatively charged 
glycoproteins are destroyed, polyanionic proteins are fil-
tered, and proteinuria ensues.

Glomerular ultrafiltration is governed by the balance 
of Starling forces regulating fluid flux across the filtration 
barrier.4 Glomerular filtration rate (GFR) depends on the 
permeability of the filtration barrier and the net differ-
ence between the hydrostatic forces pushing fluid into 
Bowman space and the osmotic forces keeping fluid in 
the plasma:

 GFR = Kuf [(Pgc − Pbs) − (πgc − πbs)] [1]

where uf = ultrafiltration, gc = glomerular capillary, and 
bs = Bowman space.

The ultrafiltration coefficient, Kuf, reflects capillary 
permeability and glomerular surface area. Renal arte-
rial pressure determines the hydrostatic pressure in the 
glomerular capillary, Pgc. Afferent arteriolar plasma flow 
determines the plasma oncotic pressure (πgc): rapid blood 
flow washes out osmotically effective molecules and low-
ers πgc, and vice versa.
THE JUXTAGLOMERULAR APPARATUS

The juxtaglomerular apparatus provides a remarkable inte-
gration of tubular and glomerular structure and function 
(Fig. 23-3). A modified portion of the thick ascending limb, 
the macula densa, is applied to the glomerulus at the vas-
cular pole between the afferent and efferent arterioles.1 
The cells of the macula densa are chemoreceptors and 
sense the tubular concentration of sodium chloride (NaCl). 
The juxtaposed segments of the afferent and efferent arte-
rioles contain modified smooth muscle cells (granular 
cells), which produce renin. The arterioles are innervated 
by sympathetic nerve fibers and contain baroreceptors that 
respond to changes in intraluminal blood pressure. Renin 
catalyzes the formation of angiotensin, which modulates 
efferent and afferent arteriolar tone and GFR (see next sec-
tion). The relationship of the juxtaglomerular apparatus to 
the sympathoadrenal system is discussed later in the sec-
tion on neurohormonal regulation of renal function.

AFFERENT AND EFFERENT ARTERIOLAR 
CONTROL MECHANISMS

A primary determinant of GFR is the glomerular filtra-
tion pressure, which depends not only on the renal artery 
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perfusion pressure but also on the balance between affer-
ent and efferent arteriolar tone. In the face of decreased 
afferent arteriolar pressure or blood flow, low levels of 
catecholamines, angiotensin, and arginine vasopressin 
(AVP) induce preferential efferent arteriolar constriction, 
which maintains glomerular filtration pressure. This is 
reflected by an increase in calculated filtration fraction 
(FF), which is the GFR expressed as a fraction of the renal 
plasma flow (RPF)—FF = GFR/RPF. High levels of catechol-
amines and angiotensin (but not AVP) increase afferent 
arteriolar tone and decrease glomerular filtration pressure 
(and GFR) out of proportion to renal plasma flow, thus 
decreasing FF (Fig. 23-4). These mechanisms are described 
in more detail in the following sections.

TUBULOGLOMERULAR FEEDBACK

Tubuloglomerular feedback is an important component 
of renal autoregulation.3 When GFR is increased, dis-
tal tubular NaCl delivery is enhanced. The increase in 
chloride is sensed by the macula densa, which triggers 
the release of renin from the adjacent afferent arteriole. 
Angiotensin is elaborated, and arteriolar constriction 
ensues, which decreases GFR.

Tubuloglomerular feedback appears to prevent poly-
uria in acute renal failure. When the thick ascending loop 
becomes ischemic, reabsorption of NaCl ceases, the abil-
ity of the tubule to concentrate urine is lost, and theo-
retically, intractable polyuria should result. Thurau and 
Boylan5 suggested that the increased delivery of NaCl to 

EE
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Figure 23-2. Photomicrograph of a cast of a glomerulus without Bow-
man capsule. At lower left the afferent arteriole (A) originates from an 
interlobular artery and enters the glomerulus with its many capillary 
loops. At upper left the efferent arteriole (E) leaves the glomerulus and 
branches to form the peritubular capillary plexus. Magnification ×300. 
(From Tisher CC, Madsen KM: Anatomy of the kidney. In Brenner BM, editor: 
Brenner & Rector's The Kidney, ed 6, Philadelphia, 2000, WB Saunders, 
pp 3-67.)
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the macula densa triggers angiotensin-mediated arteriolar 
constriction, which decreases GFR, induces oliguria, con-
serves intravascular volume, and protects the organism 
from dehydration—so-called acute renal success.

RENAL AUTOREGULATION

Autoregulation enables the kidney to maintain solute 
and water regulation independently of wide fluctuations 
of arterial blood pressure. In 1951 the classic dog stud-
ies of Shipley and Study6 demonstrated that the kidney 
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Figure 23-3. The juxtaglomerular apparatus. (From Stanton BA, Koep-
pen BM: Elements of renal function. In Berne RM, Levy MN, editors: Physi-
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Figure 23-4. Afferent and efferent arteriolar control mechanisms. 
(From Sladen RN, Landry D: Renal blood flow regulation, autoregulation, 
and vasomotor nephropathy, Anesthesiol Clin North America 18:791-807, 
ix, 2000.)
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maintains a constant renal blood flow and GFR through 
an arterial pressure range of 80 to 180 mm Hg (Fig. 23-5). 
It is noteworthy that urinary flow rate is not subject to 
autoregulation. Tubular water reabsorption determines 
urinary flow rate and is closely related to the hydrostatic 
pressure in the peritubular capillaries. Hypotension, 
whether induced or inadvertent, results in decreased 
urinary flow rate that may be correctable only when the 
arterial blood pressure is restored toward normal.

There is considerable evidence to support two major 
mechanisms for renal autoregulation.3 Renal vascular 
resistance appears to be mediated by variable resistance 
of the preglomerular afferent arteriole. As mean arterial 
pressure decreases, renal vascular resistance decreases 
and renal blood flow (RBF) is maintained. The most plau-
sible explanation is a myogenic response (i.e., the arte-
rioles constrict in response to increased arterial pressure 
and vice versa). Tubuloglomerular feedback via the jux-
taglomerular apparatus also plays a role.3,4,7 When arte-
rial blood pressure increases through the autoregulatory 
range, delivery of sodium chloride to the chemosensors of 
the macula densa is enhanced, which generates ATP and 
adenosine that stimulate the adenosine A1 receptor and 
induces afferent arteriolar constriction (Fig 23-6). This in 
turn decreases RBF and GFR back to the previous levels. 
The opposite effect occurs when arterial pressure declines. 
Local release of nitric oxide attenuates tubuloglomerular 
feedback, whereas release of angiotensin II enhances it.4

Autoregulation is impaired by calcium channel block-
ade, implying that a calcium-dependent mechanism is 
involved, but not by most anesthetic agents. It is reset 
in chronic hypertension and may be lost in the diabetic 
kidney. Experimental evidence shows that autoregulation 
is lost in acute renal failure8; in part, this may be due to 
endothelial dysfunction through excessive nitric oxide 
because inducible nitric oxide synthase is activated by 
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Figure 23-5. Autoregulation of glomerular filtration rate (GFR) and 
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renal ischemia-reperfusion injury.9 Pressure-dependence 
of RBF is observed during cardiopulmonary bypass10 and 
in severe sepsis,11 but this may be due to hypotension 
below the autoregulatory range, rather than abnormal 
autoregulation per se. In these situations, restoration of 
renal perfusion pressure to normal levels improves RBF, 
even if this is achieved by vasoconstrictor therapy.

THE TUBULE

The tubule has four distinct segments: the proximal 
tubule, the loop of Henle, the distal tubule, and the 
connecting segment. The loop of Henle itself is divided 
into the pars recta (the straight portion of the proximal 
tubule), the descending and ascending thin limb seg-
ments, and the thick ascending limb. Each distal tubule 
drains into a collecting duct, which courses through the 
cortex, outer medulla, and inner medulla before entering 
the renal pelvis at the papilla (see Fig. 23-1).

Two populations of nephrons exist. The cortical neph-
rons, which populate the outer and middle renal cortex, are 
far more numerous, receive about 85% of the renal blood 
flow, and have short loops of Henle. Their efferent arteri-
oles drain into a peritubular capillary plexus. The juxtamed-
ullary nephrons populate the inner renal cortex, receive 
about 10% of the RBF, and have larger glomeruli and long 
loops of Henle, which dive deeply into the inner medulla.2 
Their efferent arterioles drain into elongated vascular con-
duits, the vasa recta, which are closely applied to the loops 
of Henle. Although the vasa recta receive less than 1% of 
the renal blood flow, they play an important role in gener-
ating the countercurrent mechanism for medullary hyper-
tonicity and renal-concentrating ability (see later).

TUBULAR REABSORPTION AND SECRETION

The tubule has an enormous capacity for reabsorption of 
water and NaCl. Each day, 180 liters of protein-free glo-
merular ultrafiltrate is formed, of which almost 99% of 
the water and 99% of the sodium is reabsorbed.

Many other filtered substances are completely reab-
sorbed, but some, such as glucose, have a maximum rate 
of tubular reabsorption (tubular maximum). Tubular reab-
sorption of glucose increases at a rate equal to that of the 
filtered load. If the GFR is constant, the rate is directly pro-
portional to the plasma glucose concentration. Once this 
concentration exceeds the tubular maximum (375 mg/dL), 
no further glucose is reabsorbed, and glycosuria results. 
Thereafter, the amount of glucose excreted in the urine 
increases in direct proportion to the filtered load.

Many important endogenous and exogenous solutes 
are secreted into the tubular lumen from the capillary 
blood. Some also have a tubular maximum for secretion, 
such as para-aminohippurate (PAH), which is used to cal-
culate renal plasma flow. This is discussed further in the 
section on renal function tests.

There is a striking relationship between the structure 
and function of the different segments of the tubule (Fig. 
23-7). The most metabolically active components of the 
tubule are the proximal tubule, the thick ascending loop 
of Henle, and the first part of the distal tubule.



RA

2 NaCl concentration
in tubule fluid
in Henle’s loop

Signal
generated

by
macula densa

of JGA

1 4

3

A

GFR

Na+

K+
2Cl–

Tubular
fluid

B

ATP

ATP

ADP

Na+

K+

Macula densa Extraglomerular
mesangial cell

Ca2+

Ca2+

A1

P2X

Granular and
VSM cells

Aff. arteriole

Renin
release

Vasoconstriction

ADO

ATP

Figure 23-6. A and B, Tubuloglomerular feedback. An increase in glomerular filtration rate (GFR) (1) increases sodium chloride (NaCl) concen-
tration in the tubular fluid in the loop of Henle. This is sensed by chemosensors in the modified distal tubular cells of the macula densa in the 
juxtaglomerular apparatus (JGA) (3). The cells of the macula densa generate adenosine triphosphate (ATP) and adenosine that induces afferent 
arteriolar constriction and increases its resistance (RA) (4). This returns the GFR to its former level. A decline in the GFR has the opposite effect. 
(From Koeppen BM, Stanton BA: Glomerular filtration and renal blood flow. In Koeppen BM, Stanton BA, editors: Renal physiology, ed 4, Philadelphia, 
2007, Mosby, pp 31-46.)



PART II: Anesthetic Physiology552

Proximal tubule

In
ne

r 
m

ed
ul

la
O

ut
er

m
ed

ul
la

C
or

te
x

Distal tubule

Principal cell      Intercalated cell

Cortical collecting duct

Descending thin limb

Thick ascending limb Ascending thin limb

Inner medullary
collecting duct

Figure 23-7. Structure-function relationships in the renal tubule. The most metabolically active components of the tubule are the proximal 
tubule, the thick ascending loop of Henle, and the first part of the distal tubule. Their cells are large, and on the capillary surface (basolateral 
membrane) there are many invaginations rich in mitochondria. The cells of the proximal tubule have a brush-border on the luminal surface (apical 
cell membrane), whereas the cells of the descending and thin ascending loops of Henle are flattened with few mitochondria. The second part of 
the distal tubule and collecting duct are intermediate in nature. The intercalated cells of the distal tubule have many mitochondria; the principal 
cells have few. (From Stanton BA, Koeppen BM: Elements of renal function. In Koeppen BM, Stanton BA, editors: Renal physiology, ed 4, Philadelphia, 
2007, Mosby, pp 677-698.)
tra
alw

PR

Th
of 
som
tem
in 
sys
in 
tive
ing
pos
mo

and
me
the
sys
lali
the
by 
enc

tio
Figure 23-8 illustrates a tubular cell in the thick ascend-
ing loop of Henle, which encompasses all the major 
mechanisms of reabsorption and secretion. The tubular 
lumen abuts the apical cell membrane, which joins adja-
cent cells at the tight junctions. From each apical cell 
membrane protrudes a primary cilium equipped with a 
flow-sensitive mechanosensor and a chemosensor, both 
linked to calcium-dependent signaling pathways that 
control kidney cell function and apoptosis.1 The remain-
der of the cell is lined by the basolateral cell membrane, 
which interfaces with the lateral interstitial spaces on 
either side and with the peritubular capillary at its base.

A number of protein-based active transport systems 
exist. The most important one is the sodium-potassium–
adenosine triphosphatase (Na-K-ATPase) system, situated 
in the basolateral membrane. It pumps sodium out of the 
tubular cell into the interstitial fluid (and capillary blood) 
against a concentration and an electrical gradient, in 
exchange for potassium from inside the tubular cell. The 
consequent decrease in intracellular sodium concentra-
tion facilitates passive reabsorption of sodium from the 
tubular lumen into the cell. The transport of virtually all 
solutes is coupled to that of sodium.

Active transport systems that move solutes in the 
same direction into or out of the cell are called sym-
porter systems, whereas those that move solutes in oppo-
site directions are called antiporter systems. Solutes are 
nsported by active and passive mechanisms, but water 
ays diffuses passively along an osmotic gradient.

OXIMAL TUBULE

e first part of the proximal tubule reabsorbs about 100% 
the filtered glucose, lactate, and amino acids, as well as 

e phosphate by coupling with sodium-symporter sys-
s.12 Hydrogen ions (H+) are extruded into the tubule 

exchange for bicarbonate by a sodium-H+ antiporter 
tem. The absorption of organic anions and bicarbonate 
the first part of the proximal tubule results in a rela-
ly high chloride concentration downstream, promot-
 passive ingress of chloride. This leaves the tubular fluid 
itively charged relative to blood, further promoting the 
vement of sodium from the tubular fluid into the cell.
Most NaCl is absorbed transcellularly by a sodium-H+ 
 chloride-based antiporter system in the apical cell 

mbrane. The Na-K-ATPase system pumps sodium into 
 interstitial space, and a potassium-chloride symporter 
tem pumps chloride. The resulting increase in osmo-
ty also draws water across. In all, about two thirds of 
 filtered water, chloride, and potassium are reabsorbed 
the proximal tubule, coupled with, and strongly influ-
ed by, sodium absorption.12

The proximal tubule is also an important site of secre-
n of many endogenous anions (bile salts, urate), cations 
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Figure 23-8. Mechanisms of tubular secretion and reabsorption. This tubular cell in the thick ascending loop of Henle encompasses the major 
mechanisms of secretion and reabsorption, one or more of which is used by various segments of the tubule. The most ubiquitous and important 
transport mechanism is the energy-requiring Na-K-ATPase pump in the basolateral cell membrane (1), which pumps sodium out into the intersti-
tium against its concentration gradient and maintains a low intracellular concentration. This favors inward movement of sodium from the tubular 
lumen, facilitated by a sodium chloride symporter system on the apical cell membrane (2), which creates enough potential energy to draw in 
potassium against its concentration gradient and which is the primary inhibitory site of action of loop diuretics. A sodium-H+ antiporter system 
on the apical cell membrane (3) aids sodium reabsorption and extrudes H+, thereby promoting reaction of water with carbon dioxide to form H+ 
and bicarbonate ion under the influence of carbonic anhydrase (CA). Bicarbonate diffuses out into the capillary. Sodium reabsorption is thereby 
coupled to H+ loss and bicarbonate reabsorption. The transport proteins create a positive charge in the lumen, which drives ions such as sodium, 
calcium, potassium, and magnesium passively through the tight junctions by paracellular diffusion. The thick ascending loop of Henle is uniquely 
highly water-impermeable so that luminal osmolality progressively falls to less than 150 mOsm/kg (the “diluting segment”). (From Stanton BA, 
Koeppen BM: Elements of renal function. In Koeppen BM, Stanton BA, editors: Renal physiology, ed 4, Philadelphia, 2007, Mosby, pp 677-698.)
(creatinine, dopamine), and drugs (diuretics, penicillin, 
probenecid, cimetidine). Organic ions compete with each 
other for protein transport systems. Thus, administration 
of probenecid impairs tubular secretion of penicillin and 
prolongs its action. In chronic renal insufficiency there 
is an accumulation of organic acids that compete with 
drugs such as furosemide for secretor proteins, thereby 
conferring an apparent “resistance” to loop diuretics.

THICK ASCENDING LOOP OF HENLE

The metabolically active component of the loop of Henle 
is the thick ascending loop, which reabsorbs about 20% 
of the filtered sodium, chloride, potassium, and bicarbon-
ate. Only the descending loop is permeable to water. In 
the water-impermeable thick ascending loop, sodium is 
actively reabsorbed, but water remains. In this so-called 
diluting segment of the kidney, tubular fluid osmolality 
decreases to less than 150 mOsm/kg H2O.

As in the proximal tubule, the Na-K-ATPase pump 
in the basolateral membrane is the engine that drives 
the resorptive capacity of the thick ascending loop.12 
Sodium moves from the tubular lumen by passive dif-
fusion along its concentration gradient. A sodium-
H+ antiporter system in the apical cell membrane  
mediates the net secretion of H+ and reabsorption of 
bicarbonate.

An important symporter protein system couples the 
reabsorption of sodium, chloride, and potassium (the lat-
ter against its concentration gradient) across the apical 
membrane. Blockade of this system is the major site of 
action of loop diuretics that inhibit NaCl reabsorption in 
the thick ascending loop of Henle.

OXYGEN BALANCE IN THE MEDULLARY 
THICK ASCENDING LOOP

The kidneys receive 20% of the total cardiac output but 
extract relatively little oxygen. The renal arteriovenous 
oxygen difference (avO2) is only 1.5 mL/dL. However, 
there is marked dissimilarity between the renal cortex 
and medulla with regard to blood flow, oxygen delivery, 
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and oxygen consumption (Fig. 23-9 and Table 23-1). The 
medulla receives only 6% of the RBF and has an average 
oxygen tension (PO2) of 8 mm Hg. Thus, severe hypoxia 
could develop in the medulla despite a relatively adequate 
total RBF; the metabolically active medullary thick ascend-
ing loop of Henle (mTAL) is particularly vulnerable.13

The mTAL is also a potential site for nephrotoxic injury. 
Intrarenal blood flow is regulated by endogenous vaso-
active compounds. In the outer cortex, at variance to its 
vasodilator actions elsewhere, adenosine induces vasocon-
striction by stimulation of the adenosine A1 receptor. In 
the deep juxtamedullary zone, endogenous prostaglandins 
and nitric oxide promote vasodilation. The net effect is to 
direct as much available blood flow to the medulla as pos-
sible. Drugs that inhibit prostaglandin synthesis, such as 
nonsteroidal antiinflammatory agents, can upset this com-
pensatory mechanism and result in medullary ischemia.

Stress (e.g., pain, trauma, hemorrhage, hypoperfusion, 
sepsis, congestive heart failure) activates the sympatho-
adrenal system and results in renal cortical constriction 
and potential tubular ischemia. The kidney is relatively 
devoid of β2 receptors, so epinephrine release induces pre-
dominant vasoconstriction through α receptor or angio-
tensin activation.

In hemodynamically mediated renal injury, the ini-
tial response to renal hypoperfusion is increased active 
NaCl absorption in the thick ascending limb. This 
increases oxygen consumption in the face of decreased 
oxygen delivery. Subsequent sympathoadrenal responses 
and renal cortical vasoconstriction may be a compensa-
tory attempt to redistribute blood flow to the medulla. 
Ultimately, ATP stores become depleted and active NaCl 
reabsorption winds down. This increases the NaCl con-
centration in tubular fluid reaching the macula densa 
in the distal tubule, resulting in angiotensin release and 
afferent arteriolar constriction (i.e., tubuloglomerular 
feedback). Teleologically, the resultant decrease in GFR 
benefits renal oxygen balance by decreasing solute reab-
sorption and oxygen consumption in the medullary thick 
ascending loop of Henle.13

This hypothesis suggests that ischemic or nephrotoxic 
insults to the renal tubules might be alleviated by the 
administration of loop diuretics or dopaminergic agents. 
These drugs inhibit active sodium reabsorption in the thick 
ascending limb, thereby decreasing oxygen consumption 
and enhancing tubular oxygen balance. However, clinical 
trials have thus far been unable to demonstrate that these 
agents provide significant renoprotection.14-17

DISTAL TUBULE AND COLLECTING DUCT

The proximal segment of the distal tubule is structur-
ally and functionally similar to the thick ascending loop. 
Sodium reabsorption is mediated by an apical cell mem-
brane NaCl symporter system, which is the site of action 
of thiazide diuretics.12

TABLE 23-1 DISTRIBUTION OF RENAL BLOOD 
FLOW BETWEEN CORTEX AND MEDULLA

Cortex Medulla*

Percentage of renal blood flow 94 6
Blood flow (mL/minute/g) 5.0 0.03
PO2 (mm Hg) 50 8
O2 extraction ratio (Vo2/DO2) 0.18 0.79

Data from Brezis M, Rosen S, Epstein F: The pathophysiological implications 
of medullary hypoxia, Am J Kidney Dis 13:253-258, 1989.

DO2, Oxygen delivery; O2, oxygen; PO2, oxygen tension; VO2, oxygen 
consumption.

*The renal medulla receives only a small fraction of the total renal blood 
flow, and flow rates are extremely slow. As a result, the tissue oxygen ten-
sion is extremely low, and the medulla extracts almost 80% of the oxygen 
delivered to it. A very mild reduction in total and cortical renal blood flow 
may therefore induce ischemia and hypoxia in the renal medulla.
Figure 23-9. Medullary oligemia. To gener-
ate and maintain the countercurrent exchange 
that provides urinary concentrating ability, 
medullary blood flow must be slow. The jux-
tamedullary and medullary regions are zones 
of low blood flow and relative tissue hypoxia. 
Components of the nephron that have high 
oxygen consumption such as the medullary 
thick ascending limb (mTAL) are at high risk of 
oxygen supply-demand imbalance, and isch-
emic injury. (From Brezis M, Rosen S: Hypoxia of 
the renal medulla—its implications for disease,  
N Engl J Med 332:647-655, 1995.)
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The last part of the distal tubule is composed of two 
types of cells. Principal cells reabsorb sodium and water 
and secrete potassium via the Na-K-ATPase pump, and 
intercalated cells secrete H+ and reabsorb bicarbonate by 
an H+-ATPase pump in the apical cell membrane.

REGULATORY MECHANISMS IN SALT AND 
WATER REABSORPTION

OSMOTIC EQUILIBRIUM

The ability of the kidney to concentrate urine is depen-
dent on the interaction of at least three processes. The 
first is generation of a hypertonic medullary interstitium 
by the countercurrent mechanism and urea recycling. 
The second is concentration and then dilution of tubular 
fluid in the loop of Henle. The third is the action of anti-
diuretic hormone (now known as arginine vasopressin or 
AVP) in increasing water permeability in the last part of 
the distal tubule and collecting ducts.
 Renal Physiology, Pathophysiology, and Pharmacology 555

The medullary interstitium is rendered hypertonic by the 
countercurrent multiplier effect of the loop of Henle. The 
primary mechanism is the separation of solute from water 
(the single effect) by the combination of NaCl reabsorp-
tion and water impermeability in the ascending limb. This 
results in increased NaCl concentration and osmolality in 
the medullary interstitium. The descending limb is freely 
permeable to water, which diffuses into the interstitium 
along the osmotic gradient, and the tubular fluid becomes 
progressively hyperosmotic at the bend of the loop.

The vasa recta, which are closely applied to the long 
loops of Henle of juxtamedullary nephrons, maintain 
this condition by removing water and adding solute as 
they pass through the medullary interstitium. A stand-
ing osmotic gradient is thereby set up among the cortex 
(300 mOsm/kg), juxtamedullary zone (600 mOsm/kg), and 
deep medulla (1200 mOsm/kg). This process is enhanced 
by the passive recycling of urea, which diffuses out of the 
inner medullary collecting duct into the interstitium and 
then into the distal loop of Henle. These processes are sum-
marized in Fig. 23-10.
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Figure 23-10. Tubular concentration of urine. The juxtamedullary nephrons have long loops of Henle associated with the vasa recta. Dashed arrows 
represent passive movement of fluid or solutes along concentration or osmolar gradients; solid arrows represent active transport. (1) Tubular fluid enters 
the distal proximal tubule iso-osmotic with plasma (300 mOsm/kg). In the descending limb of Henle (2), water rapidly diffuses out into the increasingly 
hypertonic medulla and is removed by the vasa recta so that the tubular fluid becomes hypertonic, owing largely to concentration of sodium chloride 
(NaCl). Urea diffuses in from the hypertonic interstitium, further increasing tubular fluid osmolality (1200 mOsm/kg). In the thin ascending loop of Henle 
(3), NaCl passively diffuses into the interstitium along its concentration gradient, but water is trapped in the water-impermeable tubule, which progres-
sively decreases tubular fluid osmolality. Urea passively diffuses into the tubular fluid (urea recycling). Tubular dilution is accelerated by active reabsorp-
tion of NaCl in the thick ascending loop (the diluting segment) and proximal distal tubule (4). The fluid entering the distal tubule is quite  hypo-osmotic 
(100 mOsm/kg). In the collecting segment (5), the osmolality of the tubular fluid returns to that of plasma (300 mOsm/kg), but unlike the contents 
of the proximal tubule, the solute component consists largely of urea, creatinine, and other excreted compounds. Increased plasma ADH renders the 
cortical and medullary collecting ducts (6) permeable to water, which passively diffuses into the hypertonic medullary interstitium. Even though some 
urea diffuses out into the medulla, the maximal osmolality of concentrated urine (7) approaches that of the hypertonic medullary interstitium, about  
1200 mOsm/kg. In the absence of ADH, the collecting ducts remain impermeable to water, and the urine is diluted. (From Stanton BA, Koeppen BM: 
Control of body fluid osmolality and volume. In Koeppen BM, Stanton BA, editors: Renal physiology, ed 4, Philadelphia, 2007, Mosby, pp 715-743.)
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TUBULAR CONCENTRATION  
AND DILUTION

Hypovolemia
Contraction of the extracellular volume by hypovolemia 
activates a series of vasoconstrictor, salt-retaining neu-
rohormonal systems: the sympathoadrenal system, the 
renin-angiotensin-aldosterone axis, and AVP. Initially, 
the GFR and filtered load of sodium decrease. Sodium 
reabsorption in the proximal tubule is increased from 
about 66% to 80% by sympathetic activity and angioten-
sin II, as well as by the decline in peritubular capillary 
pressure induced by renal vasoconstriction. Sodium deliv-
ery to the thick ascending loop of Henle, distal tubule, 
and collecting duct is decreased, but aldosterone pro-
motes reabsorption of sodium at these sites. Under the 
influence of AVP, water is also avidly reabsorbed in the 
collecting duct so that the urine becomes highly concen-
trated (osmolality 600 mOsm/kg) but with virtually no 
sodium (10 mEq/L).

Diuretic drugs abolish the kidney’s ability to concentrate 
urine by washing out the hypertonic medulla. They do this 
either by an osmotic effect that prevents water reabsorp-
tion (e.g., mannitol) or by inhibition of active NaCl trans-
port in the thick ascending loop (e.g., furosemide) or the 
first part of the distal tubule (e.g., hydrochlorthiazide). An 
early and important manifestation of acute kidney injury 
(AKI) is the loss of urinary concentrating ability caused by 
the breakdown of the energy-requiring Na-K-ATPase pump 
in the thick ascending loop of Henle.

Hypervolemia
Expansion of the extracellular volume by hypervolemia 
is countered by a series of vasodilator, salt-excreting neu-
ropeptides, of which atrial, or A-type, natriuretic peptide 
(ANP) is predominant. The GFR and filtered sodium load 
increase because of a combination of reflex decreases in 
sympathetic and angiotensin II activity and the release of 
ANP. Together with the increase in peritubular capillary 
hydrostatic pressure, these responses cause sodium reab-
sorption in the proximal tubule to decrease from 67% to 
50%. The decline in plasma aldosterone decreases sodium 
absorption from the thick ascending loop of Henle to the 
collecting duct. The presence of ANP and absence of AVP 
impairs water absorption at the collecting duct so that 
a dilute urine (osmolality 300 mOsm/kg) with abundant 
sodium (80 mEq/L) is produced.

It is noteworthy that loop diuretics, which depress 
tubular resorptive capacity, and acute kidney injury, 
which may abolish it completely, generate an identical 
urinary profile (low osmolality, high urinary sodium), 
even in the presence of hypovolemia.

EVALUATION OF RENAL FUNCTION

CLINICAL MARKERS OF RENAL FUNCTION

Urine Output
The mainstay of the clinical evaluation of renal func-
tion remains the measurement of urine output. Oliguria 
(“little urine”) is a relative condition that depends on 
expected urine flow, and it may bear little, if any, rela-
tionship to GFR.

Perioperative oliguria is defined as a urine flow rate 
<0.5 mL/kg/hr, and it is often interpreted as a sign of 
renal dysfunction. Yet in the perioperative period, oli-
guria is almost inevitable, whether induced by hypoten-
sion, as an appropriate prerenal response to intravascular 
hypovolemia, or as a manifestation of the physiologic 
response to surgical stress18 (see “Neurohormonal Regula-
tion of Renal Function”). When arterial blood pressure 
and intravascular volume are restored to normal levels, 
and surgical stress abates postoperatively, the stimulus to 
the tubules abates and normal urinary flow resumes.

Complete, often abrupt, cessation of urine flow sug-
gests postrenal obstruction. This can occur at the level 
of the renal pelvis, ureters, bladder, urethra, or urinary 
catheter. If the obstruction is subtotal, some urine flow 
may persist, even as AKI progresses.

In the past, acute renal failure was defined on the 
basis of urinary flow rate—as anuric (zero flow), oliguric 
(<15 mL/hr), nonoliguric (15 to 80 mL/hr), or polyuric 
(>80 mL/hr). More recently, urinary flow rate has been 
combined with changes in serum creatinine to create 
consensus definitions of AKI known as the RIFLE (risk, 
injury, failure, loss, end-stage renal disease) criteria19 and 
the AKIN (Acute Kidney Injury Network) criteria20 (Table 
23-2). In both definitions, the first three stages of AKI 
(risk, injury, failure in RIFLE; stages 1, 2, and 3 in AKIN) 
are categorized on the basis of oliguria (<0.5 or <0.3 mL/
kg/hr) of increasing duration.

At the present time, debate continues as to whether 
prerenal oliguria is an independent, reversible entity, 
or an early stage (form fruste) of AKI. In a study of oli-
guria as a predictive biomarker of AKI, low urine flow 
rate was almost inevitably (94% of the time) not a pre-
cursor of AKI, and most cases of AKI were not preceded 
by oliguria21. Oliguria was predictive of AKI only when it 
was associated with hemodynamic instability, which is 
not included in the RIFLE or AKIN criteria. In contrast, 
in a prospective observational study of 341 critically ill 
patients, the incidence of AKI increased from 24% to 52% 
and was diagnosed earlier when oliguria was added to 
elevated serum creatinine by the AKIN criteria.22 The ICU 
mortality rate was 1.3% for patients without AKI, 8.8% for 
patients with oliguria without elevated serum creatinine, 
and 10.4% for patients with oliguria and increased serum 

TABLE 23-2 ACUTE KIDNEY INJURY NETWORK 
(AKIN) DEFINITION 

Stage  
of AKI Change in SCr Urine Output

1 >0.3 mg/dL
Up to 1.5-2 × baseline

<0.5 mL/kg/hr × 6 hr

2 2-3 × baseline <0.5 mL/kg/hr × 12 hr
3 >3 × baseline

absolute SCr >4.0 mg/dL
<0.3 mL/kg/hr × 12 hr

Data from Mehta RL, Kellum A, Shah SV, et al: Acute Kidney Injury Network: 
report of an initiative to improve outcomes in acute kidney injury, Crit Care 
11:R31, 2007.

AKI, Acute kidney injury; SCr, serum creatinine.
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creatinine; the mortality rate was higher with increased 
severity and duration of oliguria.

In sum, perioperative oliguria is a frequent occurrence 
but almost always is prerenal in nature. On the other 
hand, the absence of oliguria does not exclude AKI, but 
its presence implies an increased severity of injury.

Blood Urea Nitrogen
Urea is continuously formed by the metabolism of 
ammonia in the liver. Hepatic deamination implies the 
splitting off of amide (-NH2) groups from amino acids and 
their conversion to ammonia, which enters the arginine 
cycle and is converted to urea. Urea is a small uncharged 
molecule that is not protein bound and is rapidly cleared 
from the blood by glomerular filtration. It subsequently 
undergoes reabsorption by the tubules so the blood urea 
nitrogen (BUN) does not correlate directly with GFR.

The normal range of BUN is 5 to 10 mg/dL; given the 
normal range of serum creatinine (0.5-1.0 mg/dL), the 
normal ratio of BUN to serum creatinine is about 10:1. 
An increase in this ratio to 20:1 or higher implies the exis-
tence of a prerenal syndrome (prerenal azotemia). How-
ever, elevation of BUN out of proportion to decreases in 
GFR occurs whenever there is increased protein catabo-
lism and formation of urea nitrogen. This scenario occurs 
with absorption of blood from the GI tract, steroid ther-
apy, major trauma, and sepsis. In contrast, the BUN may 
be misleadingly low when its production is impaired by 
severe malnutrition (protein depletion) or severe liver dis-
ease (inability to convert ammonia to urea).

Serum Creatinine
Serum creatinine reflects the balance between creati-
nine production by muscle and creatinine excretion by 
the kidney, which is dependent on the GFR. Creatinine 
generation rate varies with muscle mass, physical activ-
ity, protein intake, and catabolism. However, when these 
processes are in equilibrium and renal function is stable, 
serum creatinine is a useful marker of GFR.

The relationship between serum creatinine and GFR is 
inverse and exponential. A doubling of the serum creati-
nine implies a halving of the GFR. An increase in serum 
creatinine from 0.8 to 1.6 mg/dL may not appear to be 
serious, but it indicates a 50% decrease in GFR. A much 
larger increase from 4 to 8 mg/dL also represents a 50% 
decrease in GFR, but by this time renal insufficiency is 
well established (Fig. 23-11).

Increases in serum creatinine from baseline are used 
to define the first three categories of the RIFLE and AKIN 
criteria for AKI (baseline × 1.5, 2 to 3, and >3 respec-
tively).19,20 The importance of small increases in serum 
creatinine are recognized by the AKIN criteria, which 
define stage 1 AKI by an increase of as little as >0.3 mg/
dL. Indeed, there is evidence that this criterion alone pre-
dicts outcomes after AKI (hospital length of stay, dialysis, 
mortality) as accurately as do the full AKIN criteria.23

Limitations to serum Creatinine as a refLeCtion of Gfr. 
Serum creatinine is usually measured by the Jaffé reac-
tion, a chromogenic assay based on the red color of the 
creatinine complex with alkaline picrate. It also picks up 
other normally occurring chromogens, such as glucose, 
enal Physiology, Pathophysiology, and Pharmacology 557

protein, ketones, and ascorbic acid, which represent 
about 14% of total creatinine when renal function is nor-
mal, although substantially less when serum creatinine 
is elevated. Ketoacidosis, barbiturates, and cephalosporin 
antibiotics may artifactually increase serum creatinine 
by as much as 100%, and cimetidine and trimethoprim 
block its secretion by the tubule. N-acetylcysteine, an 
antioxidant advocated by some as a renoprotective agent 
in contrast nephropathy,24 decreases serum creatinine 
levels, which may in part account for its apparently ben-
eficial effect on renal function.25

Because of their nonlinear relationship, serum cre-
atinine does not increase above the normal range until 
the GFR declines below 50 mL/minute. Large declines in 
GFR may occur above these levels without a concomitant 
increase in serum creatinine. The creatinine generation 
rate is relatively consistent in a given individual, but it 
varies with muscle mass, rate of catabolism, physical 
activity, and protein intake.26 In a cachectic patient with 
very low muscle mass, creatinine generation may be so 
feeble that the serum creatinine remains “normal” (<0.9 
mg/dL) even in the face of a GFR <25 mL/minute.27

The GFR declines progressively and predictably with 
age, from about 125 mL/minute in a healthy 20-year-old 
to about 60 mL/minute in an 80-year-old (or a 60-year-old 
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Figure 23-11. Relationship between serum creatinine and GFR. The 
relationship between serum creatinine and GFR as measured by cre-
atinine clearance is reciprocal and exponential. Doubling of the serum 
creatinine corresponds to halving of the GFR. Relatively large declines 
in GFR from normal are associated with small increases in serum cre-
atinine until GFR decreases below 60 mL/minute; further decrements 
are associated with large increases in serum creatinine. (From Alfrey AC, 
Chan L: Chronic renal failure: manifestations and pathogenesis. In Schrier 
RW, editor: Renal and electrolyte disorders, ed 4, Boston, 1992, Little, 
Brown, p 541.)
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with atherosclerosis28) (also see Chapter 80). Because these 
changes occur at a GFR >50 mL/minute, the impairment 
induced by aging is not reflected by the serum creatinine. 
The implication is that a 20-year-old and 80-year-old 
patient may have an identical serum creatinine within 
the normal range, but compared with the younger, the 
older patient has half the GFR and renal reserve.

Creatinine is soluble, freely distributes through the 
total body water, and is diluted by the 10% to 15% 
increases in total body water that occur with fluid admin-
istration and retention during major surgery. It is not 
uncommon for serum creatinine to be decreased from 
baseline on the first postoperative day (e.g. 1.2 to 0.9 mg/
dL). Subsequently, when total body water is decreased 
by fluid mobilization and diuresis, the serum creatinine 
increases (e.g., from 0.9 to 1.2 mg/dL). This does not nec-
essarily imply AKI, but may simply represent hemocon-
centration and a re-equilibration to baseline.

In a steady state the serum creatinine concentration 
represents an equilibrium between creatinine generation 
rate, which is dependent on muscle mass and catabolic 
activity, and creatinine excretion, which is dependent on 
(and reflective of) the GFR. However, serum creatinine 
is an unreliable marker of GFR when the GFR is rapidly 
changing.26

This point is lucidly illustrated by an intervention 
such as suprarenal aortic cross-clamping, which causes 
instantaneous cessation of renal blood flow, GFR and 
urinary creatinine excretion. However, measured serum 
creatinine would still be at baseline and would not detect-
ably increase for several hours. Serum creatinine would 
then continue to increase as long as creatinine produc-
tion exceeds creatinine excretion. Because it may take up 
to 48 hours for the GFR to return to baseline after cross-
clamp release, after surgery the serum creatinine may still 
be increasing, even though the GFR is recovering.28 In 
established oliguric acute renal failure, the serum creati-
nine is directly proportional to the creatinine generation 
rate, which may vary widely even though the GFR is con-
sistently low.

Cystatin C
There is great interest in defining endogenous plasma 
markers that provide a more reliable, early indicator of 
changing GFR, especially in AKI.29 One that has received 
prominence is cystatin C, a cysteine-protease inhibitor 
that is released into the circulation at a constant rate by 
all nucleated cells. It is completely filtered by the glom-
erulus and neither secreted nor resorbed by the tubular 
epithelium, so its serum levels bear a close relationship to 
serum creatinine and GFR.30 Unlike creatinine, serum cys-
tatin C is less subject to nonrenal variables such as mus-
cle mass, age, or gender and in certain clinical situations 
appears to be a more accurate predictor of low GFR than 
serum creatinine.31,32 Given the short half-life of cystatin 
C (approximately 2 hours), it should be anticipated that 
serum cystatin C will increase more rapidly than serum 
creatinine after an acute change in GFR. Indeed, evidence 
suggests that serum cystatin C is superior to creatinine in 
estimating GFR.33,34

However, more recent studies suggest that the rela-
tionship between serum cystatin C and GFR is affected by 
various anthropometric measures, as well as by cigarette 
smoking, inflammation (elevated C-reactive protein), 
corticosteroid use, and immunosuppressive therapy.35,36 
As a consequence, cystatin C remains an investigational 
marker that has not supplemented serum creatinine in 
clinical practice.

ASSESSMENT OF GLOMERULAR 
FILTRATION RATE

ESTIMATED GFR

In clinical investigation, serum creatinine-based nomo-
grams derived from population studies are commonly 
used to calculate estimated GFR (eGFR), thus avoiding the 
necessity of a timed urine collection.

COCKROFT-GAULT EQUATION

The Cockcroft-Gault Equation utilizes age, weight, serum 
creatinine, and gender37:

 
eGFR in mL/minute = (140 − age) × weight in kg

÷ (serum creatinine × 72) [2]

For females, the result is multiplied by 0.85 to obtain the 
derived GFR.

In this formula, the body weight that is used may sub-
stantially alter the derived GFR. In obese or edematous 
patients, the total body weight is much greater than the 
lean body mass from which creatinine is derived, and GFR 
is overestimated. In cachectic patients with depleted lean 
body mass, creatinine production is so low that serum 
creatinine is frequently less than 1.0 mg/dL and overes-
timates the true GFR. Robert and associates38 adjusted 
the Cockroft-Gault Equation to incorporate ideal body 
weight from a nomogram and serum creatinine corrected 
to 1.0 mg/dL (if less than 1.0 mg/dL). Using this modifi-
cation, they found that single measurements in hemo-
dynamically stable patients correlate more closely with 
inulin clearance than either a 30-minute or a 24-hour cre-
atinine clearance.

MODIFICATION OF DIET IN RENAL DISEASE 
(MDRD)

This is a complex nomogram based on a study called 
Modification of Diet in Renal Disease (MDRD)39 that has 
the advantage of being independent of body weight:

 eGFR in mL/minute =
175 × serum creatinine − 1.154 × age − 0.203

 
[3]

For females, the derived eGFR is multiplied by 0.742, and 
for black patients, it is multiplied by 1.212.

The MDRD-derived eGFR is the basis of the National 
Kidney Foundation classification of chronic kidney disease 
(CKD)40 (Table 23-3). In a landmark study on 1.2 million 
adult patients with CKD who did not undergo dialysis 
or transplantation, there was an exponential increase in 
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age-standardized rate of death from all causes, cardiovas-
cular events, and hospitalizations with advancing stage of 
CKD41 (Table 23-4). In cardiac surgery, the odds ratio for 
perioperative mortality increases to 1.18, 2.23, and 4.39 
for preexisting CKD stages 3, 4, and 5, respectively.42

An important caveat is that when renal function is rap-
idly changing, eGFR based on serum creatinine is subject to 
the same limitations as serum creatinine itself (see earlier).

RENAL CLEARANCE TECHNIQUES

Clearance is the most commonly used technique to esti-
mate GFR, using compounds that are predominantly 
filtered by the glomerulus and neither secreted nor reab-
sorbed by the renal tubules.43 Based on the Fick principle, 
the amount of substance x excreted by the kidney equals 
the amount delivered in the arterial supply minus the 
amount in the venous return:

 Excretionx = deliveryx − returnx [4]

Therefore,

 Deliveryx = returnx + excretionx [5]

The amount of substance x delivered to the kidney is 
the product of the arterial plasma concentration (Pax) and 
RBF. The amount returning from the kidney is the prod-
uct of the venous plasma concentration (Pvx) and RBF. 
The urinary excretion rate of substance x is the product of 
its urinary concentration (Ux) and the urine flow rate in 
milliliters per minute (V). Therefore,

 (Pax × RBF) = (Pvx × RBF) + (Ux × V) [6]

TABLE 23-3 STAGES OF CHRONIC KIDNEY 
DISEASE

Stage of CKD
eGFR mL/
kg/1.73m2 Description

1 >90 Kidney damage with 
normal GFR

2 60-89 Mildly decreased GFR
3 30-59 Moderately decreased GFR
4 15-29 Severely decreased GFR
5 <15 Kidney failure

Data from Levey AS, Coresh J, Balk E, et al: National Kidney Foundation 
practice guidelines for chronic kidney disease: evaluation, classification, and 
stratification, Ann Intern Med 139:137-147, 2003.

CKD, Chronic kidney disease; eGFR, estimated glomerular filtration rate; 
GFR, glomerular filtration rate.
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However, in practice, RBF and venous return are not 
measured. Instead, the removal of substance x from the 
plasma by the kidney is expressed in the concept of clear-
ance. Clearance (C) is defined as the virtual volume of 
plasma cleared of substance x per unit time, in milliliters 
per minute. This allows the urinary excretion rate of x to 
be equated to its renal arterial plasma concentration:

 Pax × C = Ux × V [7]

If the assumption is made that the concentration of x 
in renal arterial and venous plasma is identical, the clear-
ance of substance x may be calculated using a urine sam-
ple, arm venous sample, and measured urinary flow rate:

 Cx × = Ux × Pax/V [8]

Inulin Clearance
Inulin is an inert polyfructose sugar that is completely 
filtered by the glomerulus and is neither secreted nor 
reabsorbed by the renal tubules. The volume in millili-
ters of plasma cleared of inulin per minute represents the 
GFR (mL/minute). After an intravenous loading dose of 
30 to 50 mg/kg, a continuous infusion of inulin is given 
to establish a steady-state plasma concentration of 15 
to 20 mg/dL. The bladder is usually flushed with air to 
eliminate any pooled urine. After a carefully timed urine 
collection (which can be as short as 30 min), urine and 
plasma inulin concentration (UIN, PIN) are measured, and 
inulin clearance (CIN) is calculated:

 GFR = CIN = UIN × V/PIN [9]

Normal values for inulin clearance are 110 to 140 mL/
minute/1.73m2 (males) and 95 to 125 mL/minute/1.37m2 
(females).

Although inulin clearance is the gold standard for 
measurement of GFR, it is seldom used clinically because 
its accurate measurement is laborious and requires 
meticulous attention to detail. Large changes in blood 
glucose during the test may interfere with its measure-
ment. The inulin assay is time consuming, and inulin 
itself is in short supply because of lack of demand. Thus, 
although inulin meets all the criteria of an ideal filtra-
tion marker, its accuracy in reflecting GFR cannot be 
directly assessed, only inferred. The predicted variabil-
ity of inulin clearance is 20% when measurements are 
compared at two different times in the same individual 
and 40% when measurements are compared between 
two individuals.43
TABLE 23-4 IMPACT OF STAGE OF CKD ON MORTALITY AND MORBIDITY* 

EGFR
mL/kg/1.73 m2

Death from All Causes  
(per 100 person-years)

Cardiovascular Events  
(per 100 person-years)

Hospitalizations
(per 100 person-years)

>60 0.76 2.11 13.54
45-59 1.08 3.65 17.22
30-44 4.76 11.29 45.26
15-29 11.36 21.80 86.75
<15 14.14 36.60 144.61

Data from Go AS, Chertow GM, Fan D, et al: Chronic kidney disease and the risks of death, cardiovascular events, and hospitalization, New Engl J Med 
351:1296-1305, 2004.

eGFR, Estimated glomerular filtration rate.
*The risk analysis was performed on 1.12 million patients with CKD who did not undergo dialysis or renal transplantation. All data are age-standardized.
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Sodium iothalamate, a radiocontrast dye, has been 
substituted for inulin and facilitates accurate assessment 
of rapid changes in GFR in AKI.44

Creatinine Clearance
Creatinine, the endogenous end product of creatine 
phosphate metabolism, is normally generated from mus-
cle at a very uniform rate and is handled by the kidney 
in a manner similar to that of inulin (Fig. 23-12). Thus, 
creatinine clearance (CCR) provides a simple, inexpensive 
bedside estimate of GFR. A single blood sample is drawn 
at the midpoint of a carefully timed urine collection, and 
urine and plasma creatinine (UCR, PCR) and urinary flow 
rate in mL/minute (V) are used to calculate GFR:

 GFR = CCR = UCR × V/PCR [10]

The creatinine clearance is far more accurate in track-
ing rapid alterations in GFR than the serum creatinine 
alone, because changes in GFR immediately alter the 
creatinine excretion rate, which is incorporated into the 
equation above as UCR × V.

Bedside use of creatinine clearance was formerly 
restricted by the belief that a prolonged (12- to 24-hour) 
urine collection is necessary to eliminate error induced 
by residual urine in the bladder neck after spontaneous 
voiding. This practice is tedious and cumbersome, and it 
is inaccurate when renal function is rapidly changing. For 
example, if serum creatinine were to increase from 1 to  
2 mg/dL from the beginning to the end of a 24-hour urine 
collection, clearance calculated on a serum creatinine 

PCr � RPF

UCr � V

PCr � GFR

PCr µ RPF

No tubular
reabsorption
or secretion
of creatinine

UCr � VPCr � GFR
Amount filtered�Amount excreted

·

·

Figure 23-12. Renal handling of creatinine. Creatinine is freely fil-
tered by the glomerulus, and there is normally an inconsequential 
amount secreted or reabsorbed by the tubules. Thus, the amount of 
creatinine filtered is equivalent to the amount excreted in the urine. 
For a more detailed explanation, see text. PCr, Plasma creatinine con-
centration; RPF, renal plasma flow; UCr, urinary concentration of cre-
atinine; V̇ , urine flow rate. (From Koeppen BM, Stanton BA: Glomerular 
filtration and renal blood flow. In Koeppen BM, Stanton BA, editors: Renal 
physiology, ed 4, Philadelphia, 2007, Mosby, pp 31-46.)
drawn at the midpoint of the collection would mask the 
rapid deterioration in true GFR.

The precise timing, not the duration, of the urine 
collection is the critical issue.45 If a brisk urine flow is 
induced by diuresis, and care is taken to empty the blad-
der, the variability of creatinine clearance is no greater 
with a 1-hour urine collection than with a 24-hour col-
lection. In catheterized patients with urine flow rates of 
more than 15 mL/hour, creatinine clearance obtained 
with a 2-hour urine collection gives values equivalent to 
those obtained with a 22-hour collection.46 In the exam-
ple above, a 2-hour creatinine clearance obtained at the 
beginning and end of the 24-hour period would truly 
reflect the halving of GFR represented by a doubling of 
the serum creatinine from 1 to 2 mg/dL. In critically ill 
patients, a changing GFR can be closely tracked by serial 
estimations using a short, carefully timed urine collection 
(Figs. 23-13 to 23-15). In trauma patients, a 1-hour cre-
atinine clearance of less than 25 mL/minute determined 
within 6 hours of surgery reliably predicted postoperative 
acute renal failure, despite the absence of oliguria.47

Considerable variation exists in the normal range of 
creatinine clearance. Tobias and associates45 reported a 
variation in creatinine clearance between 88 and 148 mL/
minute and in serum creatinine between 0.9 and 1.5 mg/
dL in a single healthy individual over 5 years. There is also 
a diurnal variation, with higher values in the afternoon 
and a variance of up to 25% around mean values.48 It 
is prudent to obtain short-collection creatinine clearance 
estimations at the same time each day to minimize diur-
nal variability. “Normal” creatinine clearance is related 
to body surface area and weight, so values may fluctuate 
widely in patients with cachexia or edema.

Creatinine clearance has a number of inherent limita-
tions, even if collection error is carefully avoided. First, 
it is subject to many of the limitations imposed by the 

0
0

20

40

60

80

100

120

140

160

180

20

CC22 (mL/min)

C
C

02
 (

m
L/

m
in

)

40

y = 1.006x�.793
y = .95
P�0.0001

60 80 100 120 140 160 180

Figure 23-13. Creatinine clearance: 2-hour versus 22-hour values. 
There is a close and significant correlation in creatinine clearance esti-
mation from a 2-hour and a 22-hour urine collection. CC02, 2-hour 
urine collection; CC22, 22-hour urine collection. (From Sladen RN, 
Endo E, Harrison T: Two-hour versus 22-hour creatinine clearance in criti-
cally ill patients, Anesthesiology 67:1013-1016, 1987.)



:
Chapter 23

measurement of creatinine itself (see earlier). Unlike inu-
lin, about 20% of creatinine is secreted by the proximal 
tubule, so that creatinine clearance overestimates GFR, 
and the ratio between the clearance of creatinine and 
inulin is 1.2:1. As the GFR declines, tubular secretion 
of creatinine increases. When GFR is less than 40 mL/
minute/1.73m2, a creatinine-to-inulin clearance ratio as 
high as 1.81 to 2.51 may be achieved.49 In patients with 
normal renal function, the underestimate of GFR induced 
by the Jaffé reaction is balanced by the overestimate of 
GFR induced by tubular creatinine secretion, and creati-
nine clearance provides a reasonable representation of 
GFR. However, widely used drugs such as trimethoprim, 
H2-antagonists, and salicylates block tubular secretion of 
creatinine and may elevate serum creatinine and decrease 
creatinine clearance. When serum levels of creatinine are 
very high, it is excreted into the gut and undergoes extra-
renal metabolism by intestinal organisms.

Given these constraints, an isolated creatinine clear-
ance estimation may not reveal early renal dysfunction. 
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Figure 23-14. New-onset acute renal failure. In a patient developing 
acute renal failure in the intensive care unit, the exponential decline in 
creatinine clearance is tracked equally well whether a 2-hour (CC02) 
or a 22-hour (CC22) urine collection is used. However, data from the 
2-hour collection are available well before those from the 22-hour 
collection.
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Figure 23-15. Renal revascularization. Patient with renovascular 
hypertension and renal insufficiency admitted to the intensive care 
unit for preoperative monitoring and stabilization. Bilateral renal 
revascularization was performed, and following return from the oper-
ating room there was a substantial decline in renal function. These 
changes were tracked equally well by creatinine clearance derived 
from a 2-hour (CC02) and a 22-hour (CC22) collection.
 Renal Physiology, Pathophysiology, and Pharmacology 561

Nonetheless, serial estimations of creatinine clearance 
provide a useful clinical guide to alterations in renal func-
tion and prognosis. A preoperative creatinine clearance 
can provide a baseline for comparison with postoperative 
changes and also give a more accurate measure of effec-
tive renal reserve. Postoperatively, daily measurement 
of creatinine clearance is useful in guiding the dosing 
of renally excreted, potentially nephrotoxic aminogly-
coside antibiotics (gentamicin, tobramycin, amikacin) 
or calcineurin antagonists (cyclosporine A, tacrolimus). 
Because the GFR may decline to less than 50% of nor-
mal before serum creatinine increases above the normal 
range, an observed decrease in creatinine clearance may 
allow down-adjustment of drug dosing before nephrotox-
ity becomes established and the drug accumulates even 
further.

The variability of creatinine clearance diminishes as 
GFR declines; in fact, loss of variability is a clue to deterio-
rating renal function. If the GFR is rapidly declining, the 
creatinine clearance alerts the physician earlier and more 
compellingly than the serum creatinine because it reflects 
creatinine excretion rate (i.e., urine creatinine content 
times urine flow rate [UCR × V]). Directional changes 
between creatinine clearance and inulin clearance show 
good agreement.49 At low levels of GFR a creatinine-to-
inulin clearance ratio as high as 2:1 (e.g., 12 versus 6 mL/
minute) would induce little actual difference in clinical 
management.

PLASMA CLEARANCE

Measurement of the rate of disappearance (plasma clear-
ance) of a substance that is completely eliminated by glo-
merular filtration is an alternate method for measuring 
GFR without the need for a simultaneous urine collection. 
It involves an intravenous bolus dose and/or infusion of 
the marker, followed by measurement of multiple plasma 
levels to calculate its disappearance rate. The methodol-
ogy does depend on the achievement of a steady-state 
plasma concentration of the marker, which is difficult to 
achieve with rapid changes in GFR.44

Numerous markers are used, including nonradioac-
tive inulin and iothalamate, as well as radioisotopes 
such as Cr51-ethylenediaminetetraacetic acid (EDTA), 
Tc99m-diethylenetriaminepentaacetic acid (DTPA), and 
125I-iothalamate. The radioisotopes, which utilize mea-
surement of decay in radiation, have shown promise in 
the rapid assessment of GFR.

TUBULAR FUNCTION TESTS

Tests of renal tubular function measure urinary concen-
trating ability, sodium handling, and urea handling. As 
such, they can potentially distinguish oliguria due to 
dehydration (prerenal syndrome) from that due to tubu-
lar injury (acute tubular necrosis).

In prerenal oliguria, tubular function is not only pre-
served but also activated to retain salt and water, result-
ing in concentrated urine that is low in sodium. With 
the exception of refractory prerenal states such as severe 
sepsis and end-stage liver failure (see later), restoration of 
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a normal hemodynamic status reverses oliguria and tubu-
lar activation. The administration of potent diuretics may 
override tubular conservation, resulting in dilute urine 
that is high in sodium (natriuresis), a profile that mimics 
that of acute tubular necrosis (see later). In this situation, 
analysis of urea handling is a more reliable indicator of 
a prerenal state. However, if intravascular hypovolemia 
is sufficiently severe, tubular sodium retention and low 
urinary sodium may persist despite the administration of 
diuretics such as small-dose dopamine.50

In established acute tubular necrosis, concentrating 
ability and sodium conservation are lost, resulting in 
dilute urine with high sodium that is not reversed by res-
toration of normal renal blood flow. However, in nonoli-
guric renal failure, which accounts for as much as 75% of 
cases of acute tubular necrosis encountered clinically,51 
the changes in tubular function are less distinct from 
those of the prerenal syndrome.

URINARY CONCENTRATING ABILITY

Concentrating ability is a very sensitive barometer of 
tubular function. In prerenal states, urinary osmolar con-
centration is markedly increased. In acute tubular necro-
sis, the ability to concentrate urine may be lost 24 to  
48 hours before serum creatinine or BUN starts to increase.

Urine-to-Plasma Osmolar Ratio
The normal tubular response to dehydration or hypo-
volemia is to concentrate the urine and increase urine 
osmolality above 450 mOs/kg, compared with a normal 
serum or plasma osmolality of 280 to 300 mOs/kg. Thus, 
a prerenal syndrome is indicated by a urine-to-plasma 
osmolar ratio (U:POsm) of greater than 1.5. Loss of concen-
trating ability, or isosthenuria (U:POsm = 1.0), in the pres-
ence of oliguria implies tubular damage and established 
acute renal failure. However, isosthenuria can be induced 
in a prerenal state when diuretics are administered (see 
earlier).

Free Water Clearance
Free water clearance (Ch2O) is a measure of renal water 
regulation by tubular dilution or concentration of urine. 
In essence, free water is cleared by the tubules in response 
to hypervolemia (“positive free water clearance”), or 
retained in response to hypovolemia (“negative free water 
clearance”). The kidney’s capacity for water regulation is 
enormous, and daily Ch2O can vary from 18L positive to 
8L negative.52

Ch2O is calculated by distinguishing the renal clearance 
of solute from that of free water. The solute or osmolar 
clearance (COsm) is calculated by standard methods, using 
urine osmolality in mOs/kg (UOsm), plasma osmolality in 
mOs/kg (POsm), and urine flow in mL/minute (V):

 COSM = (UOSM • V) /POSM mL/minute [11]

Then the osmolar clearance is subtracted from the urine 
flow rate to give free water clearance:

 CH2O = V − COSM mL/minute [12]

This implies that when urine is dilute and flow is more 
rapid than osmolar clearance, Ch2O is positive and when 
urine is concentrated and flow is less than osmolar clear-
ance, Ch2O is negative. Negative free water clearance (i.e., 
free water retention), also known as tubular conserva-
tion of water (TCh2O), represents the volume of fluid that 
would have to be added to the urine to make its osmolal-
ity equivalent to that of plasma.52

With the onset of acute tubular necrosis and loss of 
concentrating ability, the urine becomes isosmotic and 
Ch2O approaches zero (±0.25 mL/minute). However, in 
distinguishing between prerenal and intrarenal oligu-
ria, Ch2O does not really provide any more information 
about concentrating ability than U:POsm, and in addition, 
it requires a timed urine collection.

WATER CONSERVATION

Urine-to-Plasma Creatinine Ratio
The urine-to-plasma creatinine ratio (U:PCR) represents 
the proportion of water filtered by the glomerulus that is 
abstracted by the entire tubule. Normally, about 98% of 
water is abstracted, and urine creatinine is much greater 
than plasma creatinine. The ratio can increase 100-fold in 
severe prerenal states. When tubular function is lost, the 
ratio declines to less than 20:1.

For example, assume that two patients have oliguria 
with a serum creatinine elevated to 2.0 mg/dL. In patient 
A, the urine creatinine is 100 mg/dL, and in patient 
B, it is 20 mg/dL. Patient A likely has a prerenal state, 
because tubular water abstraction is high (U:P creatinine 
= 50:1), whereas patient B likely has acute tubular necro-
sis, because tubular water abstraction is impaired (U:P 
creatinine = 10:1).

SODIUM AND UREA CONSERVATION

Urine Sodium
Dehydration or hypovolemia markedly stimulates tubu-
lar sodium reabsorption at the mTAL and distal tubule. In 
the prerenal syndrome, oliguria is characterized by very 
low urine sodium (UNa), less than 20 mEq/L. Typically, 
this response is reversed by restoration of intravascular 
volume. However, in two situations, severe sepsis and 
the hepatorenal syndrome of liver failure, refractory oli-
guria with low urine sodium persists despite aggressive 
fluid resuscitation. The pathogenesis is multifactorial, 
but common to both syndromes is endotoxemia, which 
induces renal vasoconstriction and avid tubular sodium 
reabsorption.

In established acute renal failure, the tubular ability to 
conserve sodium and protect the intravascular volume is 
lost, and urine sodium exceeds 60 to 80 mEq/L. Note that 
after recent diuretic therapy, a high urine sodium can-
not be interpreted as tubular injury, but a persistently low 
urine sodium implies the existence of an intense prerenal 
state (see earlier).50

Fractional Excretion of Sodium
Fractional excretion of sodium (FENa) is an additional 
means of evaluating tubular responses to hypo- and 
hypervolemia. FENa expresses sodium clearance as a 
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percentage of creatinine clearance. The implication is 
that in hypovolemia, sodium clearance (and thus FENa) 
declines to reflect tubular sodium conservation; in hyper-
volemia, the opposite occurs.

FENa is calculated as follows:

 FENa = (sodium clearance/creatinine clearance)
× 100%

 
[13]

Based on the relationship expressed earlier in Equation 7:

 FENa = (UNa • V/PNa) / (UCr • V/PCr) × 100% [14]

Urine flow rate (V) is identical in the numerator and 
denominator and thus cancels itself out:

 FENa = (UNa/PNa) / (UCr/PCr) × 100% [15]

Thus, FENa may be calculated from a spot sample of blood 
and urine without requiring a timed urine collection.

During dehydration or hypovolemia, sodium clear-
ance and FENa are decreased to less than 1% of creatinine 
clearance. When tubular ability to conserve sodium is lost 
in acute renal failure, FENa increases to more than 3%. 
However, FENa increases with normal tubular function 
after diuretic therapy and during postoperative sodium 
mobilization. Sequential increases in FENa associated 
with a declining creatinine clearance provide a more reli-
able indicator of deteriorating renal function than does 
an isolated high FENa.

Fractional Excretion of Urea Nitrogen
Unlike sodium, handling of urea in the ascending loop 
of Henle and distal tubule is subject to passive forces, 
and is little influenced by loop diuretic therapy. Frac-
tional excretion of urinary nitrogen (FeUN) is related 
to water reabsorption in the proximal tubules, which 
increases to compensate for impaired renal perfusion 
in a prerenal state. Urea is also reabsorbed, leading to 
an increased BUN-to-SCr ratio and decreased FeUN. Per-
haps the FeUN is more sensitive and more specific than 
the FENa in differentiating oliguria due to ATN from a 
prerenal syndrome, especially in the presence of loop 
diuretic therapy53.

The FeUN is calculated identically to FENa:

 FEUN = (UUN/BUN) / (UCr/PCr) × 100% [16]

where UUN is the urinary urea nitrogen, UCr is urine cre-
atinine, and PCr is plasma creatinine. In oliguric patients, 
a FeUN of less than 35% indicates a prerenal syndrome, 
whereas a FeUN of 50% to 65% suggests established 
acute renal failure, even in the presence of loop diuretic 
therapy.53

The major limitation to the FeUN is the concomitant 
administration of proximal tubule diuretics, such as 
acetazolamide, and osmotic diuretics, such as mannitol. 
These agents impair water reabsorption in the proxi-
mal tubule and help to decrease FeUN in a prerenal state. 
Excessive urea production in highly catabolic states may 
itself induce an osmotic diuresis and render the FeUN 
inaccurate.

In conclusion, accurate diagnosis of a prerenal 
state should not be based on one test alone. The FeUN 
reflects proximal tubule activity, the FENa reflects distal 
tubule activity, and the U:PCr reflects water abstraction 
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throughout the tubule. In difficult situations, a combina-
tion of tests is less likely to be subject to error than is a 
single estimation.53

BIOMARKERS OF RENAL INJURY

In contrast to serum creatinine, which is used as an indi-
rect indicator of renal function or dysfunction (i.e., GFR), 
biomarkers are molecules or compounds that indicate 
direct tubular injury. Traditional biomarkers include β2 
microglobulin and N-acetyl-β-d-glucosaminidase. Their 
widely acknowledged limitations in the early and accu-
rate detection of evolving renal injury have fostered an 
increasing interest in a new generation of biomarkers. 
Functional genomics and proteomics have created the 
possibility of identifying potential injury biomarkers 
with a precision and specificity not previously possible, 
and numerous candidate biomarkers are currently at vari-
ous stages of clinical investigation. However, to supplant 
serum creatinine in clinical practice, new biomarkers 
of renal injury must reliably identify patients at risk for 
adverse outcomes across a range of clinical populations – a 
goal that has not yet been achieved.

Β2-MICROGLOBULIN

β2-microglobulin is a small protein component of the 
major histocompatibility complex that is present on the 
surface of almost all cells. It is normally filtered by the 
glomerulus and then undergoes partial tubular reabsorp-
tion. The ratio of β2-microglobulin between serum and 
urine may help distinguish glomerular from tubular 
injury, although the relationship between increased uri-
nary β2-microglobulin and subsequent ATN has not been 
characterized.

In glomerular injury, serum β2-microglobulin levels 
increase and urine levels decrease. This assessment has 
been used as an early sign of rejection in renal trans-
plantation.54 In primary tubular injury, reabsorption of 
β2-microglobulin is impaired, so urinary levels increase 
and serum levels decline. In a study in which cardiopul-
monary bypass (CPB) with pulsatile flow was used, a sig-
nificant decrease occurred in plasma renin activity but 
urinary β2-microglobulin increased on CPB with pulsatile 
or non-pulsatile flow.55 The implication is that although 
pulsatile flow maintains better renal perfusion, it does 
not prevent a subclinical renal tubular injury.

Urinary N-acetyl-β-d-glucosaminidase
A lysosomal enzyme, N-acetyl-β-d-glucosaminidase 
(NAG) is found abundantly in proximal tubular epithelial 
cells and increased urinary concentrations of the tubular 
enzyme NAG is a well-established method of identifying 
subclinical tubular injury. Urinary NAG levels, or the ratio 
of its isoenzymes, have been used in the early detection of 
rejection in transplant patients and to follow the course 
of chronic renal disease, such as lupus nephritis.56 NAG 
was used extensively through the 1990s as a marker of 
subclinical tubular injury in association with sevoflurane 
and compound A exposure during anesthesia. However, 
a relationship between elevations in urinary NAG and 
histopathologic changes, increasing serum creatinine, or 
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adverse clinical outcomes has not been established, and 
the perioperative interpretation and clinical utility of 
NAG remains uncertain.35

Neutrophil Gelatinase−Associated Lipocalin
Neutrophil gelatinase−associated lipocalin (NGAL) is a 
small 25-kDA polypeptide expressed in distal tubular cells 
and collecting ducts, whose mRNA undergoes dramatic up-
regulation after ischemic tubular injury.57 Up-regulation 
can be detected within minutes of ischemia-reperfusion 
injury; it increases three- to fourfold within 2 to 3 hours 
and up to 10,000-fold by 24 hours. NGAL is protease 
resistant and is readily detected in tiny (nanogram/mL) 
amounts of urine almost immediately after renal injury, 
preceding the appearance of NAG and β2-microglobulin.

Urinary NGAL has been demonstrated to increase 
significantly within 2 hours of CPB in pediatric or adult 
patients who subsequently went on to develop a 50% 
increase in postoperative serum creatinine, whose peak 
was delayed until 1 to 3 days after surgery.58,59 However, 
the diagnostic performance of NGAL for AKI has varied 
widely and dramatically across clinical studies for reasons 
that remain unclear. Paradoxically, the very limitations 
of serum creatinine that have driven the search for bet-
ter diagnostic measures of renal injury, also render creati-
nine-based measures of injury an unreliable gold standard 
by which to compare novel biomarkers.60 Instead, novel 
biomarkers must demonstrate both validity and clinical 
utility for identifying individuals at increased risk for 
adverse clinical outcomes associated with renal injury.61 
Larger studies confirming a relationship between NGAL 
and adverse outcomes such as mortality, renal replace-
ment therapy, and increased hospital length are begin-
ning to emerge; these findings support a potential role 
for urinary NGAL as an early, sensitive, and noninvasive 
urinary biomarker for ischemic and nephrotoxic renal 
injury.62,63

Interleukin-18 (IL-18)
Synthesized as an inactive 23-kDa precursor by several 
cell types, including proximal tubular epithelial cells, 
macrophages, and monocytes, IL-18 is a proinflamma-
tory cytokine.35,64 Multiple studies demonstrate increased 
urinary IL-18 levels in association with acute kidney 
injury.65-67 However, results have been inconsistent with 
limited data addressing a relationship with adverse clini-
cal outcomes and its potential role as a diagnostic marker 
in clinical practice remains uncertain.

Other Candidate Biomarkers
Multiple other potential biomarkers of acute kidney 
injury have been identified. Liver fatty acid–binding pro-
tein (L-FABP), a component of the cytoplasm of proximal 
tubular cells, binds fatty acids for transport to mitochon-
dria. It is released early into the urine following tubular 
injury, and there is some evidence that it may be more 
specific than NGAL.68 In a study on 85 patients under-
going cardiac surgery, AKI was defined by stage 1 of the 
AKIN criteria. Urinary L-FABP was increased significantly 
earlier and to a greater extent than urinary NGAL.69

Hepcidin is a peptide hormone produced in the liver 
that regulates iron homeostasis. Its synthesis appears to 
be up-regulated by CPB and urinary hepcidin increases 
in patients with normal renal function. In the presence 
of AKI, 24-hour urinary hepcidin and hepcidin-to-cre-
atinine ratios decrease and provide high sensitivity and 
specificity for its diagnosis.70,71

The true role of the previously mentioned biomark-
ers, as well as others such as retinol-binding protein and 
multiple forms of glutathione-S-transferase, awaits larger 
multicenter studies to characterize their validity and 
potential clinical utility. It may be practical to consider a 
panel of biomarkers that together define the course of AKI 
over time (Fig. 23-16).

At this point in time, an increased serum creatinine 
concentration, despite all the limitations enumerated ear-
lier, remains the gold standard in the definition of AKI 
that is consistently and reliably associated with adverse 
clinical outcomes.72-75 An emerging approach is the inte-
gration of serum creatinine (an indicator of renal func-
tion) with biomarkers (evidence of tubular injury). Thus, 
patients may be classified as having no evidence of injury 
and intact function (i.e., normal), evidence of injury but 
intact function (early AKI), loss of function without evi-
dence of injury (CKD), or evidence of injury and loss of 
function (established AKI).

RENAL HEMODYNAMICS

RENAL PLASMA FLOW AND RENAL  
BLOOD FLOW

It is impractical to place renal flow probes in patients, so 
renal plasma flow (RPF) and renal blood flow (RBF) are 
most often measured indirectly by clearance techniques.

Para-Aminohippurate Clearance
Para-aminohippurate (PAH) is an organic anion filtered by 
the glomerulus, secreted by the tubule, and almost com-
pletely cleared from the plasma in a single pass through 
the kidney. Thus, clearance of PAH (CPAH) represents RPF.

Like inulin clearance, the test is laborious and requires 
intravenous and urinary catheters. A PAH infusion is set 
up to maintain a steady-state PAH concentration of about 
2 mg/dL, together with a carefully timed catheter urine 
collection43. Because 10% of the RPF bypasses the peritu-
bular capillaries, CPAH underestimates the true RPF, and is 
referred to as effective RPF.

 Effective RPF = CPAH = UPAH × V/PPAH [17]

In young healthy adults, effective RPF is 660 mL/min-
ute/1.73 m2.

Effective RBF may be derived if the hematocrit level 
(Hct) is known and expressed as a decimal (i.e., 35% = 
0.35):

 Effective RBF = Effective RPF/1 − Hct [18]

As an example, if effective RPF is 600 mL/minute and 
Hct is 30% (0.3), effective RBF is 600 ÷ 0.7, or 860 mL/
minute.

Unfortunately, CPAH is an unreliable indicator of RPF 
during surgical stress, because hypovolemia and oliguria 
induce sequestration of PAH in the kidney. Ironically, the 
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Figure 23-16. Renal biomarkers. Schematic representation of the possible time course of change in biomarker levels for the detection of acute 
kidney injury (AKI) after cardiac surgery in adults. Patterns of change represent ideal circumstances, which have not been consistently demon-
strated in clinical studies. AKI, Acute kidney injury; CPB, cardiopulmonary bypass; creatinine, serum creatinine; cystatin-C, serum cystatin-C; KIM-1, 
urinary kidney injury molecule-1; NGAL, urinary neutrophil gelatinase–associated lipocalin. (Modified from McIlroy D, Wagener G, Lee, HT: Biomark-
ers of acute kidney injury: an evolving domain, Anesthesiology 112:998-1004, 2010.)
most important limitation of CPAh is acute kidney injury, 
because about 80% of PAH is cleared by tubular secretion. 
In the presence of proximal tubular injury, PAH secretion 
declines and CPAh underestimates RPF.76

These errors can be overcome if renal vein sampling 
is accessible (e.g., during major abdominal vascular sur-
gery). Measurement of the difference between arterial and 
renal vein PAH allows calculation of the renal extraction 
of PAH (EPAh), an index of proximal tubular function:

 EPAH = arterial PAH − renal vein PAH/arterial PAH [19]

When renal function is normal, renal vein PAH is close 
to zero and EPAh approaches 100% (1.0). With worsening 
proximal tubular function, renal vein PAH concentration 
progressively increases and EPAh progressively declines.

True RPF is calculated by dividing PAH clearance by 
PAH extraction:

 RPF = CPAH/EPAH [20]

In the presence of hypovolemia and oliguria, PAH is 
sequestered in the kidney. Even with the use of extraction 
techniques PAH clearance may misrepresent renal plasma 
flow under these conditions. Despite its relative conve-
nience as an experimental tool, PAH clearance may be 
an unreliable indicator of RBF during the perturbations 
induced by anesthesia and surgical stress.

Filtration Fraction
The fraction of the RPF that is filtered by the glomerulus 
is called the filtration fraction (FF) and can be measured 
indirectly via the CPAH and CIN:

 FF = GFR/RPF = CIN/CPAH [21]

Normally, GFR is about 125 mL/minute and RPF is about 
660 mL/minute, so the filtration fraction approximates 
125/660, or about 0.2. Changes in filtration fraction are 
considered to represent changes in periglomerular arteriolar 
tone (see “Afferent and Efferent Arteriolar Control Mecha-
nisms”). An increase in filtration fraction indicates that 
GFR is increased relative to RPF. This could be achieved by 
efferent arteriolar constriction or afferent arteriolar dilation 
and maintains glomerular filtration pressure in the face of 
decreased RPF. Conversely, a decrease in filtration fraction 
implies that GFR is decreased relative to RPF by afferent 
arteriolar constriction or efferent arteriolar dilation.

Total Renal Blood Flow
Real-time measurement of RBF is technically challenging 
and generally confined to the laboratory unless there is 
direct access to the renal arteries during surgery.

fLow Probes. Electromagnetic flow probes create a mag-
netic field around the circumference of the vessel that is 
disrupted by blood flow, and a voltage output propor-
tional to blood velocity is generated.

Ultrasonic flow probes transmit high-frequency sound 
across the lumen of the vessel. A shift in sound frequency 
(Doppler effect) is created by the movement of blood and 
is proportional to blood velocity.

 
Flow (mL/minute) = Blood velocity (cm/minute)

× Area of vessel
(

cm2
)  [22]

Flow-probe placement is invasive and requires direct 
surgical exposure of the renal arteries. Probes must be cali-
brated in vitro before and after measurements. However, 
they are generally very accurate.

investiGationaL methods of measurinG rbf. Numerous 
investigational methods have been or are being developed 
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to attempt to measure RBF. Some, such as thermodilution 
via direct renal vein cannulation, have been confined to 
animal studies.77,78 Contrast ultrasonography with soni-
cated albumin microspheres has been used to measure RBF 
in animal studies.79 More recently, this technique, utilizing 
microbubbles, has successfully measured RBF in healthy 
volunteers, and may lend itself to studies in patients.80

Transesophageal echocardiography (TEE) has been 
used to quantitate RBF in children and shows a high corre-
lation with transabdominal ultrasonography.81 Although 
this is more technically difficult in adults, the left renal 
artery can be visualized and interrogated by TEE.82

Positron emission tomography (PET) has been used to 
measure acute changes in RBF in patients with chronic 
renal failure using oxygen 15-radiolabeled water.83

Magnetic resonance imaging (MRI) shows some prom-
ise in the real-time, noninvasive assessment of RBF. 
Ungated spiral phase-contrast MRI is able to measure RBF 
within 6 seconds.84 Cine phase–contrast magnetic reso-
nance imaging (CPC-MRI) has been successfully used to 
assess renal blood flow as a fraction of cardiac output in 
septic patients with established dialysis-dependent AKI.85 
All metallic devices have to be removed before physical 
transport to an MRI suite, but this noninvasive approach 
does provide promise in the elucidation of changes in RBF 
under physiologic or pathologic conditions in patients.

NEUROHORMONAL REGULATION OF 
RENAL FUNCTION

The role of the kidney in controlling the interior milieu 
is modulated by a complex set of interactions. Two mutu-
ally dependent but opposing neurohormonal systems 
maintain blood pressure, intravascular volume, and salt 
and water homeostasis (Fig. 23-17). The sympathoadre-
nal axis, the renin-angiotensin-aldosterone system, and 
AVP defend against hypotension and hypovolemia by 
promoting vasoconstriction and salt and water reten-
tion. The prostaglandins and natriuretic peptides defend 

Surgical stress
Ischemia
Sepsis

Vasoconstrictor
systems

(salt-retaining)

Vasodilator
systems

(salt-losing)

Hypervolemia

Figure 23-17. Neurohormonal regulation of renal function. Nor-
mally, there is a balance between those systems promoting renal 
vasoconstriction and sodium retention versus those systems promot-
ing renal vasodilation and sodium excretion. Surgical stress, ischemia, 
and sepsis tip the balance in favor of vasoconstriction and sodium 
retention. On the other hand, hypervolemia (or the induction of atrial 
stretch) tips the balance in favor of vasodilation and sodium excretion.
against hypertension and hypervolemia by promoting 
vasodilation and salt and water excretion (Fig. 23-18).

Anesthesia does not perturb these systems to any sub-
stantial degree. In the intact organism, anesthetics affect 
renal function through extrarenal circulatory changes, 
rather than by their direct actions on the kidney.86 Sur-
gical or traumatic injury, on the other hand, induces 
profound vasoconstriction and salt and water retention, 
which may persist for several days. The clinical sequel is 
postoperative oliguria and edema. Renal vasoconstric-
tion also predisposes the kidney to further perioperative 
ischemic and nephrotoxic insults. Release of endogenous 
natriuretic peptides by atrial and ventricular stretch 
reinforces the notion that renal vasoconstriction can 
be prevented or modified by maintenance of normal or 
increased intravascular volume.

SYSTEMS PROMOTING 
VASOCONSTRICTION AND SALT 
RETENTION

THE SYMPATHOADRENAL AXIS

Sympathetic effects on the kidney are mediated by circu-
lating epinephrine and neuronal release of norepineph-
rine. The renal cortex has a dense plexus of autonomic 
nerve fibers derived from the T12 to L4 spinal segments 
via the celiac plexus. The primary stimulus to the sym-
pathetic response is a decrease in arterial blood pressure 
sensed by baroreceptors in the aortic arch, carotid sinus, 
and afferent arteriole. Afferent fibers travel via the vagus 
nerve and decrease impulse transmission rate to the 
mediating centers in the hypothalamus, which results in 
increased adrenergic nerve activity. The kidney does not 
have any parasympathetic innervation.

A G protein–coupled phospholipase C receptor popu-
lates vascular smooth muscle and the mesangium, and 
it responds to α-adrenergic stimulation by epinephrine 
and norepinephrine. It also mediates vasoconstriction 
induced by a variety of other hormones and peptides, 
including angiotensin II, vasopressin, endothelin, plate-
let-activating factor, and leukotrienes.3 The receptor sub-
unit in the cell membrane is coupled through Gq protein 
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Figure 23-18. Neurohormonal renal regulatory systems. GFR, Glo-
merular filtration rate; Na, sodium; RBF, renal blood flow; x, decreased; 
y, increased. (Modified from Sladen RN: Effect of anesthesia and surgery 
on renal function, Crit Care Clin 3:380, 1987.)
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to phospholipase C, which hydrolyzes phosphatidylino-
sitol biphosphate (PIP2) to inositol triphosphate (IP3) 
and diacylglycerol (DAG). In turn, DAG activates protein 
kinase, opening up a calcium channel in the membrane, 
and IP3 triggers the release of calcium from the sarcoplas-
mic or endoplasmic reticulum. Both mechanisms result 
in a rapid increase in intracellular calcium, which binds 
with calmodulin and thereby activates myosin light-
chain kinase, resulting in smooth muscle contraction. 
The calcium-calmodulin complex simultaneously acti-
vates phospholipase A2, resulting in the production of 
vasodilator prostaglandins (see later).

Mild α-adrenergic stimulation appears to cause pref-
erential efferent arteriolar constriction, which preserves 
the filtration fraction. Severe α-adrenergic stimulation 
causes predominant afferent arteriolar constriction 
and decreases filtration fraction.87 Thus, the adrenergic 
response to a moderate decrease in renal perfusion (e.g., 
general anesthesia) favors the preservation of the GFR. In 
contrast, the adrenergic response to shock exacerbates the 
decrease in GFR already induced by renal hypoperfusion 
(see Fig. 23-4).

Adrenergic nerves also supply the proximal tubule, 
thick ascending limb of Henle, and collecting duct, and 
their stimulation enhances NaCl reabsorption at these 
sites. Gas tracer studies suggested that sympathetic activa-
tion caused sodium retention by intrarenal redistribution 
of RBF from the outer cortex to salt-retaining juxtamed-
ullary nephrons, but this was not confirmed by micro-
sphere studies.88,89

A close relationship exists between sympathetic stim-
ulation and activation of the renin-angiotensin system. 
Adrenergic stimulation releases renin from the juxta-
glomerular apparatus, and adrenergically induced vaso-
constriction can be blocked by angiotensin-converting 
enzyme (ACE) inhibitor drugs such as captopril.

The effects of the administration of exogenous adren-
ergic drugs depend on their agonist activity. Drugs with 
predominantly α-adrenergic effects, such as norepineph-
rine, epinephrine, phenylephrine, and high-dose dopa-
mine (>10 μg/kg/minute) exacerbate the endogenous 
sympathetic responses to hypotension. Drugs with pre-
dominantly β1- and β2-adrenergic activity, such as dobuta-
mine or isoproterenol, cause marked increases in cardiac 
output and thus RBF, but it is difficult to ascertain their 
intrarenal effects. Dopaminergic agonists (Table 23-5) 
selectively increase RBF and may oppose α-adrenergic 
renal vasoconstriction.78

TABLE 23-5 DOPAMINE AND ITS ANALOGUES

Receptor DA1 DA2 β1 β2 α1

Dopamine +++ ++ ++ ± +++
Dobutamine* 0 0 +++ ++ ±
Dopexamine* ++ + ± +++ 0
Fenoldopam* ++++ 0 0 0 0

DA1, Dopamine1 receptor, DA2, dopamine2 receptor, β1, beta1 receptor, 
β2, beta2 receptor, α1, alpha1 receptor.

*Dobutamine, dopexamine, and fenoldopam are all pharmacologic analogues  
of dopamine. However, dobutamine is devoid of dopaminergic activity, 
dopexamine has about one third the dopaminergic activity of dopamine, 
and fenoldopam is a pure, selective dopamine1 receptor agonist.
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THE RENIN-ANGIOTENSIN-ALDOSTERONE 
SYSTEM

Renin and Angiotensin
The juxtaglomerular apparatus consists of three groups 
of specialized tissues. In the afferent arteriole, modified 
fenestrated endothelial cells produce renin; in the juxta-
posed distal tubule, cells of the macula densa act as che-
moreceptors; and in the glomerulus, mesangial cells have 
contractile properties (see Fig. 23-3). Together these provide 
an important regulating system for blood pressure, salt, 
and water homeostasis.90

Renin secretion is stimulated by hypovolemia that 
may be overt (hemorrhage, diuresis, or sodium loss or 
restriction) or covert (positive pressure ventilation, con-
gestive heart failure, sepsis, or cirrhosis with ascites). Its 
release is controlled by several mechanisms. A decrease 
in renal artery perfusion pressure triggers baroreceptors 
in the afferent arterioles. Sympathetic nerve stimulation 
and circulating catecholamines act on β-adrenergic recep-
tors in the afferent arterioles. An increase in chloride con-
centration in the distal tubular fluid activates the cells 
of the macula densa, which trigger renin release from 
the afferent arteriole. This tubuloglomerular feedback 
appears to play a role in modulating GFR during normal 
and abnormal renal function through a continuous feed-
back loop.4,5

Renin acts on angiotensinogen, a large circulating gly-
coprotein released from the liver, and cleaves off a deca-
peptide, angiotensin I. In the kidney and in the lung, 
angiotensin I is further cleaved by endothelial-based ACE 
to form an octapeptide, angiotensin II, which is a potent 
vasoconstrictor (Fig. 23-19). Renin is the rate-limiting 
enzyme in the production of angiotensin II91.

Activation of modest amounts of angiotensin II causes 
renal cortical vasoconstriction predominantly at the level 
of the efferent arterioles (see Fig 23-4). This acts to main-
tain glomerular filtration fraction in the face of mild to 
moderate decreases in RBF or perfusion pressure. The 
importance of this protective mechanism is emphasized 
by the deterioration in GFR that occurs when ACE inhibi-
tors are administered to patients with hypotension, renal 
insufficiency, or unilateral renal artery stenosis.92,93 Severe 
stress induces the release of high levels of angiotensin 
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Figure 23-19. Renin-angiotensin system. For explanation, see text. 
ACE, Angiotensin-converting enzyme.
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II, which constricts the glomerular mesangial cells and 
decreases the glomerular filtration fraction. Angiotensin 
II promotes systemic vasoconstriction at about one tenth 
of its renal effect. However, systemic arterial pressure and 
vascular resistance can be markedly decreased by ACE 
inhibitors (such as captopril, enalapril, or lisinopril) and 
by angiotensin receptor antagonists such as losartin. The 
effect of angiotensin II in causing salt and water retention 
is enhanced by its actions in stimulating aldosterone secre-
tion by the adrenal cortex, AVP secretion by the posterior 
pituitary, and NaCl reabsorption by the proximal tubule.90

Angiotensin II triggers a number of responses that 
modulate or oppose its own actions. It inhibits renin 
secretion by a negative feedback mechanism. Blockade of 
angiotensin formation by ACE inhibitors causes vasodi-
lation but increases plasma renin levels. Angiotensin II 
activates phospholipase A2, which triggers the synthesis 
of intrarenal prostaglandins. Vasodilator prostaglandins 
modulate the action of angiotensin II and may be respon-
sible for its preferential activity on the efferent arteriole 
at low plasma levels.91 Angiotensin-induced vasocon-
striction increases atrial pressure and releases ANP, which 
opposes the renin-angiotensin-aldosterone system.

The consequences of ACE inhibition on renal function 
depend on the patient’s volume status, systemic hemo-
dynamics, and baseline renal perfusion. In the long-term 
treatment of hypertension and CHF, especially in diabet-
ics, the administration of ACE inhibitors decreases renal 
vascular resistance and appears to benefit renal function. 
Short-term pretreatment with captopril may prevent a 
decrease in RBF and GFR and preserve sodium excretion 
during cardiopulmonary bypass.94 However, deterioration 
in renal function and hyperkalemia have been reported 
with the use of ACE inhibitors in patients with hypoten-
sion, renal insufficiency, or unilateral renal artery steno-
sis, probably related to the blockade of compensatory 
angiotensin-mediated efferent arteriolar constriction.93 It 
may be prudent to avoid their use when hemodynamics 
are unstable in the immediate perioperative period.

Aldosterone
Aldosterone is a steroid hormone secreted by the zona 
glomerulosa of the adrenal cortex in response to hyper-
kalemia or hyponatremia. Angiotensin II and adrenocor-
ticotropic hormone (ACTH) also trigger its release. It acts 
at the thick ascending limb of the loop of Henle, the prin-
cipal cells of the distal tubule, and the collecting duct to 
increase active absorption of sodium and passive absorp-
tion of water, culminating in an expanded blood volume. 
Sodium retention in vessel walls appears to enhance their 
response to vasoconstrictor agents.

In contrast to the immediate sympathetic angiotensin 
II response to hypovolemia, there is a delay of about 1 to 
2 hours from the secretion of aldosterone to its action 
on sodium reabsorption. As illustrated in Fig. 23-20, 
aldosterone forms a complex with a receptor at the cell 
membrane in the principal cells of the distal tubule. The 
aldosterone-receptor complex travels to the cell nucleus, 
where it induces cytoplasmic transcription of messenger 
ribonucleic acid (mRNA). This fosters synthesis of proteins 
that form sodium channels in the apical cell membrane 
and enhance the Na-K-ATPase pump in the basolateral 
cell membrane.95 Sodium is transported from the tubu-
lar fluid into the peritubular capillary in exchange for 
potassium. Long-standing stimulation of aldosterone 
secretion, characteristically induced by the intravascular 
volume depletion of chronic ascites, culminates in potas-
sium depletion and hypokalemic alkalosis.

Arginine Vasopressin (AVP)
Arginine vasopressin (AVP), previously known as antidi-
uretic hormone (ADH), regulates urinary volume and 
osmolality and controls diuresis and antidiuresis. It is a 
9-amino-acid peptide, 8-arginine-vasopressin, which is 
synthesized in the supraoptic and paraventricular nuclei 
of the anterior hypothalamus.95 These nuclei are essen-
tially the cell bodies of neurons whose axons extend down 
into nerve terminals in the posterior pituitary, together 
composing the neurohypophysis (Fig. 23-21). When AVP 
is synthesized, it undergoes neuroaxonal transport to the 
posterior pituitary gland, where it is stored in granules. 
Neural stimulation of the cell bodies triggers exocytosis of 
AVP from the terminal vesicles into the circulation.
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Figure 23-20. Action of aldosterone. Aldosterone enters the distal 
tubular cytoplasm and attaches to a receptor, then migrates to the 
nucleus, where it induces the formation of a messenger RNA (mRNA). 
The mRNA in turn induces the synthesis of a protein that enhances 
the permeability of the apical (luminal) membrane to sodium and 
potassium. The reabsorption of sodium stimulates the basolateral 
membrane Na-K-ATPase pump, the intracellular concentration of 
potassium rises, and it follows its concentration gradient out into the 
lumen. The net effect of aldosterone’s action is sodium reabsorption 
and potassium loss. Cl −, Chloride; CO, cotransporter (= symporter); 
K+, potassium; mRNA, messenger ribonucleic acid; Na+, sodium; P, 
sodium-potassium ATPase pump; R, receptor. (From Wingard LB, Brody 
TM, Larner J, Schwartz A: Diuretics: drugs that increase excretion of water 
and electrolytes. In Wingard LB, Brody TM, Larner J, Schwartz A, editors: 
Human pharmacology: molecular-to-clinical, London, 1991, Wolfe 
Publishing Ltd, p 249, Fig 19-4.)
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AVP acts on specific V2 receptors in the collecting 
ducts to induce water reabsorption and a decreased flow 
of concentrated urine. It also increases NaCl reabsorption 
from the thick ascending loop of Henle into the medul-
lary interstitium, which maintains its hypertonicity and 
facilitates movement of water out of the collecting duct 
along the osmotic gradient. This results in tubular con-
servation of water and free water retention (i.e., negative 
free water clearance). The net effect is that AVP increases 
urine osmolality and decreases plasma osmolality, with-
out significant alteration in solute excretion.

The V2 receptor on the basolateral cell membrane of 
the collecting duct responds to AVP via a receptor mecha-
nism analogous to the β-adrenergic receptor.95 Through 
activation of G protein–coupled adenylyl cyclase, ATP is 
converted to cyclic adenosine monophosphate (cAMP). 
This in turn activates a protein kinase that causes pre-
formed vesicles containing aquaporin-2 water channels 
to migrate and fuse with the apical cell membrane. This 
results in a dramatic increase in membrane permeability 
to water, which is reabsorbed into the cell and thence 
into the peritubular capillary. AVP has a short plasma 
half-life of between 5 and 15 minutes, and this process 
rapidly reverses as plasma AVP levels decline.

Regulation of AVP Secretion
Hypothalamic osmoreceptors are sensitive to increases 
in serum osmolality of as little as 1% above normal. As 
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illustrated in Fig. 23-22, A, the threshold for AVP secre-
tion (and the sensation of thirst) is between 280 and 290 
mOsm/kg. Once this is exceeded, the secretion rate has 
a very steep gain.96 Even mild dehydration results in a 
rapid antidiuresis, and urine osmolality can increase from 
300 to 1200 mOs/kg as plasma AVP levels rise from 0 to  
5 pg/mL (see Fig. 23-22, B).

Decreases in intravascular volume also stimulate AVP 
secretion, mediated by stretch receptors with vagal affer-
ents in the left atrium and pulmonary veins. Hypovole-
mia-induced secretion of AVP overrides osmolar responses 
and contributes to the perioperative syndrome of inap-
propriate antidiuretic hormone secretion (SIADH): fluid 
retention, hypo-osmolality, and hyponatremia.97 The sit-
uation is exacerbated by administration of large volumes 
of hypotonic solutions that decrease serum osmolality. 
Psychic stress, via cortical input, also induces AVP release 
and can override osmotic and volume sensors.

By far the most potent trigger for AVP release is sys-
temic arterial hypotension, mediated by aortic and carotid 
baroreceptors. It overrides all other triggers, and plasma 
AVP may reach levels 10- to 1000-fold greater than nor-
mal (see Fig. 23-22, C). At these concentrations AVP acts 
as a vasoconstrictor, especially in the outer renal cortex. 
It does so by stimulating the V1a receptor, which exists 
on vascular smooth muscle, glomerular mesangial cells, 
and the vasa recta and promotes vasoconstriction via the 
phosphatidylinositol pathway.96 AVP maintains effective 
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Figure 23-21. Elaboration and synthesis of arginine vasopressin (AVP). Osmotic control: An increase in serum osmolality is detected by osmo-
receptors in the supraoptic and paraventricular neurons of the hypothalamus. Granules of AVP are elaborated and axonally transported to the 
posterior lobe of the pituitary gland. From there, they are released into the circulation to reach the V2 receptors in the distal tubule, where they 
water retention and restore the serum osmolality. Hemodynamic control: Decreases in venous volume are sensed by stretch receptors in the 
atria and great veins, and decreases in arterial pressure are sensed by baroreceptors in the aortic arch and carotid sinus. The afferent arc is via the 
vagal and glossopharyngeal nerves to the solitary nucleus in the medulla oblongata (vasomotor center). The efferent arc, from the vasomotor 
center to the hypothalamic nuclei, induces AVP release. At low levels (<5 pg/mL), AVP stimulation of V2 receptors may cause inappropriate water 
retention. At high levels (>20 pg/mL), AVP stimulation of V1a receptors causes vasoconstriction and participates in the baroreceptor reflex. (From 
Koeppen BM, Stanton BA: Regulation of body fluid osmolality: regulation of water balance. In Koeppen BM, Stanton BA, editors: Renal physiology, ed 4, 
Philadelphia, 2007, Mosby, pp 71-90.)
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glomerular filtration pressure because it is an extremely 
potent constrictor of the efferent arteriole, and unlike cat-
echolamines and angiotensin, it has little effect on the 
afferent arteriole, even at high plasma levels.98

Anesthetics have little direct effect on AVP secretion, 
except via the changes that they induce in arterial blood 
pressure, venous volume, and serum osmolality. Surgical 
stimulation is a major stimulus to AVP secretion. This 
stress response, whether mediated by pain or by intravas-
cular volume changes, is profound and lasts at least 2 to 3 
days after the surgical procedure.

SYSTEMS PROMOTING VASODILATION 
AND SALT EXCRETION

PROSTAGLANDINS AND KININS

Prostaglandins
Intrarenal prostaglandins play an important role in 
endogenous renal protection, largely by vasodilating jux-
tamedullary blood vessels and maintaining inner cortical 
blood flow.99 Prostaglandins are called autocoids because, 
unlike true hormones, they are produced in minute 
amounts and have a local, evanescent action. Because 
their structure is based on a 20-carbon fatty acid, they 
are also referred to as eicosanoids, after eicosa, the Greek 
word for the number twenty. The synthesis of intrarenal 
prostaglandins is summarized in Fig. 23-23.

Phospholipase A2, which resides in the inner lipid layer 
of the cell membrane, controls prostaglandin production 
through its formation of the prime precursor, arachidonic 
acid. It is stimulated by ischemia and hypotension and 
also by norepinephrine, angiotensin II, and AVP. Thus, 
the factors that induce and mediate the stress response 
simultaneously activate prostaglandins, which defend 
the kidney against their actions. Cyclooxygenase-1 acts 
on arachidonic acid to form PGG2, the precursor of the 
family of vasodilator prostaglandins that includes PGD2, 
PGE2, and PGI2 (prostacyclin). They induce vasodilation 
through activation of cAMP, which blocks distal tubule 
sodium reabsorption, and they oppose the actions of nor-
epinephrine, angiotensin II, and AVP. Prostaglandins may 
be particularly important in decreasing the vasoconstric-
tor activity of angiotensin II on the afferent arteriole and 
glomerular mesangial cells.91 Production of prostaglan-
dins promotes renal vasodilation, maintains intrarenal 
hemodynamics, and enhances sodium and water excre-
tion. The renal vasodilator response to mannitol during 
hypoperfusion appears to be mediated through prosta-
glandin activation.100 At the same time, prostaglandins 
also stimulate renin secretion so that there is a constant 
“yin and yang” between the two systems.101

Cyclooxygenase-2 forms derivatives of arachidonic 
acid that induce inflammation and renal vasoconstric-
tion and are important in pathologic states. Thrombox-
ane (TXA2) is derived from cyclic endoperoxides by the 
action of thromboxane synthetase. It induces vasocon-
striction and platelet aggregation, and in the kidney it 
causes mesangial cell contraction. This decreases GFR by 
diminishing the effective glomerular surface area and 
filtration constant (Kf). Renal levels of thromboxane are 
increased in experimental acute renal failure and sepsis. 
In animal experiments, the administration of a specific 
thromboxane synthetase inhibitor prevents the deterio-
ration in renal function induced by injection of endo-
toxin.102 Another vasoconstrictor prostaglandin, PGF2, 
which acts on the thromboxane receptor, is formed when 
arachidonic acid is oxidized by free radicals liberated by 
leukostasis during acute inflammation. The leukotrienes, 
arachidonic acid derivatives formed by lipoxygenase, are 
also released from endotoxin-activated leukocytes. Like 
thromboxane, leukotrienes C4 and D4 induce mesangial 
cell contraction and decrease GFR.

Kinins
Kinins act as vasodilators that interact with and enhance 
the actions of prostaglandins, while modulating the 
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Figure 23-22. A, B, C, Physiologic regulation of arginine vasopressin 
(AVP). For explanation, see text. (From Landry DW: Vasopressin defi-
ciency and hypersensitivity in vasodilatory shock: discovery of a new clini-
cal syndrome, P & S Med Rev 3:3-7, 1996.)
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Figure 23-23. Synthesis of renal prostaglandins. Phospholipase A2 is stimulated by ischemia, norepinephrine, and angiotensin II and cleaves 
arachidonic acid from its bond with membrane phospholipid. Cyclooxygenase acts on arachidonic acid to form evanescent cyclic endoperoxides 
(PGG2 and PGH2). Actions of isomerase and prostacyclin synthetase culminate in the formation of vasodilator prostaglandins PGD2, PGE2, and 
PGI2 (prostacyclin), which oppose the actions of the renin-angiotensin system on the kidney and protect against ischemic stress. Inhibition of 
cyclooxygenase by nonsteroidal antiinflammatory drugs predisposes the kidney to damage. Under hypoxic or ischemic conditions, cyclic endo-
peroxides undergo reduction to the vasoconstrictor PGF2, which acts on thromboxane receptors. Endotoxin increases the activity of leukocyte 
lipoxygenase and thromboxane synthetase. Leukotrienes (especially C4 and D4) and thromboxane (TXA2) induce renal vasoconstriction and con-
tribute to the vasomotor nephropathy of sepsis.
renin-angiotensin system.103,104 For example, kinins 
stimulate phospholipase A2 and prostacyclin formation, 
as well as endothelial nitric oxide formation. Kininase, 
which controls intrarenal kinin concentration, is blocked 
by ACE inhibitors, resulting in increased bradykinin lev-
els. This may be beneficial in diseases such as diabetes and 
hypertension, because two important intrarenal kinins, 
bradykinin and kallidin, decrease renal vasoconstriction 
and sodium retention induced by adrenergic hormones 
and angiotensin II. On the other hand, it also explains 
the occasional occurrence of angioedema in patients who 
take ACE inhibitors.

NATRIURETIC PEPTIDES

The potential role of an endogenous natriuretic hormone 
was postulated for many years before ANP was identified. 
In 1972 Gorfinkel and colleagues105 demonstrated a pro-
found difference in the canine renal response to shock, 
depending on concomitant atrial pressure. Hypovolemic 
shock resulted in rapid diminution of RBF to 10% of con-
trol, whereas in cardiogenic shock RBF was preserved at 
75% of control. The primary difference was that in car-
diogenic shock atrial pressures were elevated, suggesting 
that atrial distention caused the release of a renal pro-
tective hormone. In 1981 de Bold and colleagues106 con-
firmed the existence of ANP by demonstrating that an 
extract of atrial tissues caused natriuresis in rats, and the 
important actions of ANP on renal hemodynamics and 
sodium excretion were characterized.107,108

Subsequently, an entire series of peptides with a similar 
precursor was identified, with a common 25 to 32 amino 
acid core. These include ANP (atrial or A-type natriuretic 
peptide), released from electron-dense granules in atrial 
myocytes in response to local wall stretch and increased 
atrial volume; BNP (brain or B-type natriuretic peptide), 
released from the ventricles when they are distended; 
CNP (C-type natriuretic peptide) released from the endo-
thelium of major vessels; and urodilatin, a natriuretic 
peptide produced in the lower urinary tract.109 Human 
recombinant analogs have been developed for exogenous 
administration, including anaritide, derived from ANP, 
and nesiritide, derived from BNP. All these compounds 
induce arterial and venous dilation, increase RBF and 
GFR, and suppress the actions of norepinephrine, angio-
tensin, and endothelin.110

Natriuretic peptides dilate vascular smooth muscle 
through activation of guanylate cyclase and formation 
of cyclic guanosine monophosphate (GMP). At the phos-
pholipase C–linked receptor, natriuretic peptides compet-
itively block norepinephrine and noncompetitively block 
angiotensin II, thus reversing vascular smooth muscle 
constriction. They cause a prompt, sustained increase in 
GFR and glomerular filtration fraction, even when RBF 
is not increased or when arterial pressure is decreased. 
This suggests that natriuretic peptides promote afferent 
arteriolar dilation with or without efferent arteriolar con-
striction. The increased GFR increases the filtered load 
of sodium, but natriuresis may be due to increased med-
ullary blood flow, which washes out the concentration 
gradient.

Natriuretic peptides have a mutually antagonistic 
interaction with endothelin, the endogenous vasocon-
strictor peptide produced by vascular endothelium.91 
They oppose the renin-angiotensin-aldosterone system 
on several fronts (Fig. 23-24). Natriuretic peptides inhibit 
renin secretion and decrease angiotensin-stimulated 
aldosterone release. They also inhibit aldosterone release 
directly at the zona glomerulosa of the adrenal cortex 
and block the salt-retaining action of aldosterone at the 
distal tubule and collecting duct. Through cyclic GMP 
activation, they inhibit NaCl reabsorption at the medul-
lary portion of the collecting duct.12 Natriuretic peptides 
also promote diuresis by inhibiting AVP secretion from 
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the posterior pituitary and antagonizing its effect on the 
antidiuretic V2 receptor in the collecting duct.

The renal protective role of endogenous ANP was elu-
cidated by Shannon and colleagues,111 who noticed that 
patients undergoing mitral valve replacement had lower 
urine output after cardiac surgery than those undergo-
ing aortic valve replacement or coronary revasculariza-
tion. They discovered that patients whose postoperative 
mean left atrial pressure declined by more than 7 mm 
Hg from preoperative values (which commonly occurs 
with correction of mitral valve disease) had significantly 
decreased postoperative urine sodium excretion and flow 
rate. Furthermore, a direct correlation was seen between 
the quantitative decrease in left atrial pressure and a post-
operative decline in circulating ANP levels (Fig. 23-25). 
In other words, patients with mitral valve disease and 
high left atrial pressure have a constant stimulus to ANP 
release. Valve replacement or repair results in decreased 
left atrial pressure, decreased ANP, and thereby, decreased 
sodium excretion and urinary flow rate.

The advent of the total artificial heart (TAH), in which 
the ventricles are resected and replaced by prosthetic 
pumps, has highlighted the role of BNP in normal urine 
production. In TAH patients, urine flow declines despite 
stable hemodynamic status and responds to exogenous 
infusion of nesiritide.112 After about 8 weeks, nesiritide 
can be weaned, suggesting that extraventricular sources 
of BNP become up-regulated.

THE DOPAMINERGIC SYSTEM

There are at least two subtypes of dopaminergic (DA) 
receptors.113 At the end-organ, DA1 receptors occur not 
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Hypovolemia

Vasoconstriction
Sodium retention

Atrial distention

ANP–
Renin

Angiotensin II

Aldosterone

Figure 23-24. Interactions between ANP and the renin-angiotensin-
aldosterone system. Hypotension or hypovolemia triggers release of 
renin from the afferent arteriole, causing the formation of angiotensin 
II, which stimulates release of aldosterone from the adrenal cortex. 
Angiotensin II and aldosterone cause vasoconstriction and sodium 
retention, ultimately resulting in reexpansion of the intravascular vol-
ume; this causes atrial distention, which triggers release of ANP. ANP 
inhibits release of renin, renin’s action on angiotensinogen to form 
angiotensin II, angiotensin-induced vasoconstriction, stimulation of 
aldosterone secretion by angiotensin II, and the actions of aldosterone 
on the collecting duct. Thus, the actions of ANP promote vasodilation 
and sodium excretion. Therapeutic administration of fluids to distend 
the atrium and release ANP is an important intervention to curtail 
renal vasoconstriction and sodium retention.
only on the renal and splanchnic vasculature but also 
on the proximal tubule itself.114 Stimulation of the DA1 
receptor activates cyclic AMP and induces renal vasodi-
lation, increased RBF and GFR, natriuresis, and diuresis. 
However, natriuresis can occur independently of increases 
in RBF and GFR and is abolished by specific D1 receptor 
antagonists.115 In the proximal tubule, dopamine inhibits 
the sodium-hydrogen antiporter system at the brush-bor-
der membrane. In the mTAL, it also inhibits the Na-K-
ATPase pump at the basolateral membrane.115

Neuronal DA2 receptors exist on the presynaptic ter-
minal of postganglionic sympathetic nerves. Stimulation 
inhibits the release of norepinephrine from presynaptic 
vesicles, a mechanism analogous to stimulation of the 
presynaptic α2 receptor. Through inhibition of norepi-
nephrine, DA2-receptor activation facilitates vasodilation.

The dopaminergic system plays an integral role in 
the endogenous vasodilator-natriuresis system and the 
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Figure 23-25. Correlation between left atrial pressure and plasma 
ANP in a group of patients undergoing cardiac surgery. A, Significant 
correlation (r = 0.8, P < .001) exists between absolute preoperative left 
atrial pressure and plasma ANP. B, Significant correlation (r = 0.72, P 
< .002) exists between the postoperative decrease in left atrial pres-
sure and postoperative decrease in plasma ANP, ANF, and atrial natri-
uretic factor, synonymous with ANP. Δ, Change. (From Shannon RP, 
Libby E, Elahi D, et al: Impact of acute reduction in chronically elevated 
left atrial pressure on sodium and water excretion, Ann Thorac Surg 46: 
430-437, 1988)
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maintenance of normal blood pressure. Endogenous 
dopamine constitutively activates the DA2 receptor, 
which synergistically enhances the activation of the DA1 
receptor.116 It acts as an autocrine and paracrine natri-
uretic factor by inhibiting tubular Na+-K+-ATPase activ-
ity, especially when sodium intake is increased.117 It also 
opposes the antinatriuretic effects of norepinephrine, 
angiotensin II, and aldosterone. Some evidence suggests 
that endogenous ANP acts via the renal dopamine sys-
tem by recruiting “silent” DA1 receptors from the inte-
rior of the cell toward the plasma membrane117 and also 
enhances dopamine accumulation.118

Urinary dopamine excretion is increased with salt 
loading; decreased dopaminergic activity may contribute 
to the pathogenesis of idiopathic edema, which manifests 
as retention of salt and water in the upright position.119 
There is evidence that the endogenous dopamine system 
is activated in compensated cirrhosis and helps to main-
tain renal sodium excretion.120

NITRIC OXIDE

Endogenous formation of nitric oxide is controlled by the 
enzyme nitric oxide synthase (NOS), which catalyzes the 
hydroxylation of the nonessential amino acid l-arginine 
to l-citrulline.121 Most actions of nitric oxide are medi-
ated through its activation of soluble guanylate cyclase, 
which catalyzes the conversion of guanidine triphos-
phate (GTP) to cyclic GMP (Fig. 23-26). Cyclic GMP has 
two major actions: relaxation of vascular smooth muscle 
and suppression of the inflammatory response. It inhibits 
leukocyte adhesion, platelet activation and aggregation, 
and cellular proliferation. Cyclic GMP is converted to 
GMP by phosphodiesterase I and V. Thus, the local action 
of nitric oxide can be enhanced by the administration of 
a selective phosphodiesterase V inhibitor, such as silde-
nafil. Nitric oxide itself is rapidly inactivated by binding 
to intracellular heme and heme proteins (oxyhemoglo-
bin, oxymyoglobin, guanylate cyclase, cyclooxygenase, 
cytochrome P450).

Nitric Oxide Synthase (NOS)
There are several distinct subtypes of NOS, which deter-
mine the site and function of nitric oxide synthesis 
(also see Chapter 104). Constitutive NOS is calcium and 
calmodulin dependent and releases small amounts of 
nitric oxide for short periods of time (“tonic” release). 
Constitutive NOS has two subtypes: neuronal NOS, which 
acts as a peripheral neurotransmitter and induces cerebral 
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Figure 23-26. Synthesis of endogenous nitric oxide.
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vasodilation, and endothelial NOS, which exists in the 
vascular endothelium and mediates the activity previ-
ously ascribed to endothelium-derived relaxing factor 
(EDRF). The latter is an important modulator of systemic 
and pulmonary vascular resistance. In the kidney, endog-
enous nitric oxide preserves blood flow to the oligemic 
juxtamedullary cortex and medulla and may also provide 
endogenous protection against ischemic and nephrotoxic 
medullary injury.122-124

Inducible NOS is calcium and calmodulin indepen-
dent and is induced by cytokines predominantly in 
inflammatory cells (macrophages, granulocytes) but also 
in vascular smooth muscle. At low levels of activation, 
inducible NOS enhances the response to infection and 
promotes inflammation and wound healing. In severe 
sepsis, inducible NOS produces huge amounts of nitric 
oxide for protracted periods of time (phasic release) and 
is largely responsible for its characteristically profound 
systemic vasodilation that is refractory to norepineph-
rine.125 High levels of nitric oxide, as well as its reactive 
products nitrogen dioxide and peroxynitrite, induce lipid 
peroxidation and denaturation of proteins that drive the 
systemic inflammatory response syndrome (SIRS) and its 
attendant acute renal injury.

Duality of Nitric Oxide in Renal Function 
and Injury
Goligorsky and associates126 have framed the hypothesis 
that an imbalance between the expression and activity of 
constitutive and inducible NOS plays an important role 
in the pathophysiology of acute renal failure. In experi-
mental models of sepsis, nonselective inhibitors of both 
constitutive and inducible NOS improve blood pressure 
but worsen overall perfusion, including renal perfusion. 
Selective inhibitors of inducible NOS show promise in 
suppressing severe inflammation and vasodilation, while 
maintaining tonic perfusion to vital organs, including 
the kidneys.127

THE RENAL ADENOSINE SYSTEM

Adenosine Receptors
Adenosine, the endogenous degradation product of ATP, 
is produced by every mammalian cell type and is nor-
mally thought of as a potent vasodilator. However, in the 
kidney, it plays an essential role in regulating intrarenal 
blood flow by inducing outer cortical vasoconstriction 
and preserving juxtamedullary perfusion. This variance 
in function is explained by the identification of at least 
four subtypes of adenosine receptor: A1, A2a, A2b, and 
A3 (Table 23-6). Activation of the A1 adenosine receptor 
induces outer cortical vasoconstriction; it also decreases 
renin release and inhibits diuresis and natriuresis. In 
contrast, A2a adenosine receptors increase medullary 
renal blood flow and enhance renin release, diuresis, and 
natriuresis.

Ischemic Preconditioning and Adenosine
In a series of studies in an in vivo rat model of ischemic 
acute renal failure, Lee and Emala128 characterized the 
role of adenosine and its receptor subtypes in ischemic 
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preconditioning. Preischemic administration of adenos-
ine and a selective A1 adenosine receptor agonist protected 
the kidney against global renal ischemic reperfusion 
injury. The A3 receptor appears to have polymorphic 
effects. In murine models of ischemic injury, pretreat-
ment with a selective A3 receptor activation potentiates 
renal injury; however, in murine septic peritonitis, acti-
vation of the A3 receptor appears to protect the kidney 
by attenuating the hyperacute inflammatory response.129 
A selective A2a adenosine receptor agonist had the great-
est renal protective effects, even if its administration was 
delayed until the early reperfusion period after termina-
tion of renal ischemia.130

It is conceivable that A1 adenosine receptor stimu-
lation decreases renal oxygen consumption through 
a decrease in cortical blood flow, GFR and sympa-
thetic tone, mediated by induction of cytoprotective 
sphingosine kinase and the synthesis of sphingosine-
1-phosphate.131 Adenosine has cytoprotective proper-
ties and promotes synthesis of protective heat shock 
proteins.132 It is the key mediator of ischemic pre-
conditioning in the heart and brain and is known to 
increase cellular resistance to ischemia in these organ 
systems. Pharmacologic development of a safe, specific 
A2a adenosine receptor agonist might provide specific 
protection against renal ischemic injury.

PERIOPERATIVE ISCHEMIC AND 
NEPHROTOXIC INJURY

This section will review perioperative agents and events 
that may disrupt normal renal physiology. If the dis-
ruption is severe enough or occurs in susceptible indi-
viduals, it may induce ischemic or nephrotoxic acute 
tubular necrosis (ATN), a severe form of perioperative 
AKI. However, multiple studies indicate that even mild 
AKI (AKIN stage 1 or the R in RIFLE criteria) is associ-
ated with increases in hospital mortality, hospital lengths 
of stay, and resource utilization, as well as an increased 
risk of subsequent chronic kidney disease and long-term 
mortality.72,73,75,133-137

TABLE 23-6 ADENOSINE RECEPTOR SUBTYPES 
AND FUNCTIONS

Receptor Agonist Function Ischemic Injury

A1 Outer cortical 
vasoconstriction

Highly protective

Decreased renin release
Inhibition of diuresis  

and natriuresis
A2a Juxtamedullary 

vasodilation
Highly protective

Increased renin release
Promotion of diuresis  

and natriuresis
A2b Unknown
A3 Unknown Potentiates injury

From Fozard JR, Hannon JP: Adenosine receptor ligands: potential as thera-
peutic agents in asthma and COPD, Pulm Pharmacol Ther 12:111-114, 
1999.
PATHOGENESIS

Ischemia-Reperfusion Injury
In many clinical situations (e.g., hypovolemic shock, 
suprarenal aortic cross-clamping), the kidney is subject to 
a classic ischemia-reperfusion injury that involves several 
distinct phases.138 Acute injury to the tubular epithelium 
and vascular endothelium initiates a rapid decline in GFR. 
The injury is extended by epithelial and endothelial cell 
apoptosis and necrosis. The injury becomes stabilized dur-
ing the maintenance phase, with the beginning of cellular 
reorganization that culminates in the recovery phase. The 
initiation phase is often transient, so the extension phase 
is the most important “window of opportunity” for thera-
peutic intervention that might reverse AKI. However, the 
timing of renal ischemia-reperfusion may be more subtle 
than in the above examples, emphasizing the importance 
of early, sensitive detection of rapid declines in GFR.44

Nephrotoxic Injury
The putative mechanisms of nephrotoxic tubular injury 
have been previously discussed (see “Oxygen Balance 
in the Medullary Thick Ascending Loop”). The risk of 
nephrotoxic AKI is exponentially related to the number 
of nephrotoxic insults.13 An isolated nephrotoxin (e.g., 
radiocontrast dye) is unlikely to cause AKI when the kid-
ney is well perfused. In animal models of nephrotoxic 
ATN, injection of radiocontrast dye predictably injures 
more than 50% of the renal mTAL only when the kid-
ney is previously “primed” by a sequence of three other 
insults: dehydration, LMMA (a nitric oxide synthase 
inhibitor), and indomethacin (a prostaglandin synthesis 
inhibitor).139

ANESTHETIC DRUGS

The choice of an anesthetic technique to preserve renal 
function during and after surgery is predicated on the 
preservation of RBF and perfusion pressure, the suppres-
sion of vasoconstrictor, salt-retaining stress responses 
to surgical stimulation and postoperative pain, and the 
avoidance or curtailment of nephrotoxic insults. No 
single anesthetic drug alone meets these criteria (also see 
Chapters 69 and 74).

REGIONAL ANESTHESIA

Spinal or epidural anesthesia that achieves sympathetic 
blockade of the fourth through tenth thoracic segments 
is extremely effective in suppressing the sympathoadre-
nal stress response and release of catecholamines, renin, 
and AVP (also see Chapter 56). During major surgery, RBF 
and GFR are preserved as long as adequate renal perfu-
sion pressure is maintained.140-142 This implies careful 
titration of the block, especially in older adult patients 
with cardiovascular disease, and may necessitate a 25% to 
50% increase in intraoperative intravenous fluid admin-
istration.143 However, Gamulin and colleagues144 found 
that renal sympathetic blockade obtained by epidural 
anesthesia did not block increases in renal vascular resis-
tance induced by infrarenal aortic cross-clamping, nor 
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did it prevent postoperative decreases in creatinine clear-
ance. Combined spinal-epidural anesthesia for nephrec-
tomy in living related donors appeared to promote graft 
renal blood flow more than general anesthesia, but there 
was no difference in renal function or outcome in recip-
ients145 (also see Chapter 75). A large randomized con-
trolled trial on patients undergoing major abdominal 
surgery compared general anesthesia plus perioperative 
epidural analgesia with general anesthesia and opiate-
based postoperative analgesia; this study also revealed no 
difference in renal outcomes.146

GENERAL ANESTHESIA

All general anesthetics tend to decrease GFR and intra-
operative urine flow as a consequence of decreased car-
diac output and arterial blood pressure.86 Some drugs also 
decrease RBF, but filtration fraction is usually increased, 
which implies that angiotensin-induced efferent arte-
riolar constriction limits the decrease in GFR. However, 
these effects are much less significant than those caused 
by surgical stress or aortic cross-clamping, and after emer-
gence from anesthesia they usually resolve promptly. Any 
anesthetic technique that induces hypotension will result 
in decreased urine flow because of altered peritubular cap-
illary hydrostatic gradients, even if renal autoregulation is 
preserved (as it usually is during anesthesia). Permanent 
injury seldom results, unless the kidneys are abnormal to 
begin with or the hypovolemic insult is prolonged and 
exacerbated by nephrotoxic injury.

Volatile anesthetics with nitrous oxide induce mild to 
moderate reductions in RBF and GFR, primarily because 
of their effects on the central circulation (myocardial 
depression, peripheral pooling).147 These effects can be 
attenuated by prior intravenous hydration.

High-dose opioid techniques using fentanyl or sufen-
tanil do not depress myocardial contractility and have 
minimal effect on RBF and GFR. They are also consid-
erably more effective in suppressing the release of cate-
cholamines, angiotensin II, aldosterone, and AVP during 
surgery than are volatile anesthetics. However, during car-
diopulmonary bypass both AVP and catecholamine levels 
increase markedly despite high-dose opioid anesthesia148 
(also see Chapter 67). Intravenously administered anes-
thetics, such as thiopental and diazepam, cause minor 
changes in renal function, about 10% to 15% deviation 
from control. Ketamine increases RBF but decreases urine 
flow rate, possibly through sympathetic activation; it pre-
serves RBF during hemorrhagic hypovolemia.149

Nephrotoxicity of Volatile Anesthetics
The potential nephrotoxicity of volatile anesthetics (also 
see Chapter 26) is due to their metabolic breakdown to 
free fluoride ions, which cause a tubular lesion that results 
in loss of concentrating ability and polyuric acute renal 
failure.150 Toxicity is exacerbated by aminoglycosides 
or prior renal dysfunction. Peak fluoride levels less than  
50 μm/L seldom induce injury, whereas levels >150 μm/L 
are associated with a frequent incidence of polyuric 
acute renal failure.151 Administration of methoxyflurane 
at more than one (minimal alveolar concentration of 
anesthetic) (MAC) for more than 2 hours is capable of 
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generating a peak fluoride level greater than 100 μm/L, 
and for this reason, this anesthetic is no longer used. 
Enflurane is metabolized more rapidly, and most stud-
ies indicated that peak fluoride levels seldom rose above 
25 μm/L. The antituberculotic drug isoniazid enhances 
fluoride production, but only isolated reports of fluoride-
induced nephrotoxicity due to enflurane ever appeared. 
Isoflurane produces peak fluoride levels less than 4 μm/L, 
and halothane is not metabolized to fluoride at all.152

The potential nephrotoxicity of sevoflurane remains 
controversial. Although its metabolism generates more 
fluoride than enflurane, clinically significant fluo-
ride-induced nephrotoxicity has not been detected. 
Compound A, a vinyl ether formed by degradation of 
sevoflurane at low flow through carbon dioxide absor-
bents, is capable of inducing renal injury in rats. Although 
acute renal failure has not been reported in humans, Eger 
and associates reported evidence of transient renal injury 
(albuminuria, tubular enzymuria) in volunteers sub-
jected to 8 hours of 1.25 MAC sevoflurane at 2 L/minute 
gas flow.153 There were no changes in urinary concen-
trating ability, serum creatinine, or blood urea nitrogen 
(BUN). Subsequently, Eger and associates154 described a 
dose-response relationship between biochemical mark-
ers of glomerular and tubular injury (urinary albumin, 
alpha-glutathione-S-transferase) and compound A expo-
sure expressed as parts per million-hours (ppm/h). They 
suggested that the threshold of renal injury is 80 to 168 
ppm/h based on their observation of altered biochemical 
markers with 1.25 MAC sevoflurane at 2 L/minute for 4 
hours, which was not seen after 2 hours, and not at all 
with desflurane.

Other laboratories have disputed Eger’s findings. Bito 
and colleagues compared 6-hour patient exposure to 
low- and high-flow sevoflurane with low-flow isoflurane 
and found no differences in BUN, creatinine, or tubular 
enzymes for 3 days postoperatively.155 Kharasch and col-
leagues156 had similar results with the use of sevoflurane 
or isoflurane at 1 L/minute in 73 patients undergoing 
procedures lasting longer than 2 hours. They concluded 
that moderate duration of low-flow sevoflurane anesthe-
sia, even with the formation of compound A, is as safe 
as low-flow isoflurane anesthesia. Ebert and associates157 
attempted to duplicate the original 8-hour Eger sevoflu-
rane study in volunteers at two sites with blinded labora-
tory analyses. Biochemical derangements were minimal 
and transient, and there were no significant changes in 
BUN, creatinine, or creatinine clearance. Despite the 
similarity in experimental design, the mean level of com-
pound A was about 25% lower, and the mean arterial 
pressure about 10% higher than in the Eger study and 
may have accounted for the difference in results.

In summary, clinically significant renal injury with 
the use of low-flow sevoflurane anesthesia has not been 
reported in patients, even with moderate preexisting renal 
dysfunction. The relationship between compound A for-
mation, biochemical injury, and clinically relevant renal 
dysfunction remains unclear and unproven. Nonethe-
less it appears prudent to follow current FDA guidelines, 
which recommend a fresh gas flow of at least 2 L/minute 
to inhibit compound A formation and its rebreathing and 
to enhance its washout.
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Volatile Anesthetics and Ischemia-
Reperfusion Injury
In direct contrast to the debate just described, experi-
mental evidence suggests that volatile anesthetics can 
ameliorate ischemia-reperfusion injury in the kidney and 
beyond. In a murine model, Lee and Emala demonstrated 
that anesthesia with desflurane, sevoflurane, isoflurane, 
and halothane significantly attenuated the increase in 
serum creatinine compared with pentobarbital or ket-
amine.158 The mechanism is independent of potassium-
ATP channels but related to induction of cytoprotective 
factors and suppression of proinflammatory cytokine and 
chemokine activation in response to ischemia-reperfu-
sion. In cultured renal tubule cells, sevoflurane induces 
the phosphorylation of cytoprotective kinases, up-regu-
lates heat shock protein, and attenuates the proinflam-
matory transcription factor NF-κB, partly because of the 
release of transforming growth factor-β1 (TGF-β1).159

Isoflurane has similar protective effects, and in a 
murine model, it is able to protect against liver and intes-
tinal injury associated with ischemia-reperfusion AKI.160 
As with adenosine receptor agonism described earlier, a 
major protective mechanism appears to be isoflurane-
induced activation of sphingosine kinase-1 and produc-
tion of sphingosine-1-phosphate.

These observations are consistent with the concept 
that volatile anesthetics confer protection only when 
administered during ischemia and reperfusion and do not 
appear to have a preconditioning effect.161

MECHANICAL VENTILATION

Mechanical ventilation and positive end-expiratory pres-
sure (PEEP) may cause decreases in RBF, GFR, sodium 
excretion, and urine flow rate, or even acute renal 
injury.162 There are several mechanisms for these effects 
(also see Chapter 103).

Hemodynamically mediated changes are the most 
common. Transmission of increased airway and intrapleu-
ral pressures to the intravascular space leads to decreases 
in venous return, transmural (i.e., effective) cardiac filling 
pressures, and cardiac output. Transmission may actually 
be attenuated in acute lung injury because of poor lung 
compliance. High levels of mean airway pressure may 
compress the pulmonary arterial circulation, increase 
right ventricular afterload, and induce the intraventricu-
lar septum to shift into the left ventricle and decrease its 
filling and cardiac output.163 Positive pressure ventilation 
increases inferior vena caval pressure and renal venous 
pressure and may increase tubular sodium reabsorption 
by increases in peritubular capillary pressure.

The decrease in cardiac output and systemic arterial 
pressure results in a carotid and aortic baroreceptor-medi-
ated increase in sympathetic nerve tone to the kidney, 
with renal vasoconstriction, antidiuresis, and antinatri-
uresis. Volume receptors in the atria respond to decreased 
filling by decreased ANP secretion, resulting in increased 
sympathetic tone, renin activation, and AVP activity.

Salt and water retention during airway pressure ther-
apy was originally thought to be due to an AVP effect,164 
but it is now considered that sympathetic responses are 
more important and that sodium retention is largely the 
result of decreased sodium delivery to the tubules. The 
renin-angiotensin-aldosterone system undoubtedly aug-
ments the renal responses to positive pressure ventila-
tion. Annat and colleagues165 found that 15-cm H2O 
PEEP depressed cardiac output, RBF, GFR, and urine vol-
ume by 20% to 30% and was associated with increases in 
renin and aldosterone but not AVP. The impairment in 
renal function induced by airway pressure therapy can be 
prevented or reversed by preserving normal circulatory 
status, either by hydration166 or by use of dopamine.167

Although, theoretically, the extent of depression of 
renal function depends on the mean airway pressure, 
there is no difference in creatinine clearance and FENa, 
whether volume controlled- or pressure-support ventila-
tion is used.168 Therapeutic maneuvers used in severe acute 
lung injury, such as permissive hypercapnia or permissive 
hypoxemia, may promote renal vasoconstriction.162

Finally, in experimental lung injury there is evidence 
that an injurious ventilatory mode induces acute inflam-
mation associated with renal epithelial cell apoptosis 
and dysfunction.169 These findings appear to be in keep-
ing with the clinical observation of multiorgan dysfunc-
tion in patients with acute respiratory distress syndrome 
and its amelioration when a lung protective strategy of 
mechanical ventilation is used.162

INDUCED HYPOTENSION

During anesthesia with induced hypotension, substan-
tial reduction of GFR and urine flow rate is common. 
However, when the duration of hypotension is less 
than 2 hours, no permanent impairment of renal func-
tion occurs, even in older adult patients.170 Vasodilators 
used to induce hypotension differ in their effect on RBF. 
Administration of sodium nitroprusside decreases renal 
vascular resistance but tends to shunt blood flow away 
from the kidney. Moreover, its administration is asso-
ciated with marked renin-angiotensin activation and 
catecholamine release, which results in rebound hyper-
tension if the infusion is suddenly discontinued. Nitro-
glycerin decreases RBF less than sodium nitroprusside.171 
The selective DA1-dopaminergic agonist fenoldopam is 
capable of providing induced hypotension without any 
significant decrease in RBF.172

AORTIC CROSS-CLAMPING

The relative effects of suprarenal and infrarenal aortic 
cross-clamping on renal function in patients undergoing 
major vascular surgery have been studied (also see Chap-
ter 69).28 Regardless of the position of the aortic cross-
clamp, RBF is decreased to 50% of normal during surgical 
preparation of the aorta, presumably due to direct com-
pression or reflex spasm of the renal arteries. After release 
of the suprarenal cross-clamp, RBF increases above nor-
mal (reflex hyperemia), but GFR remains depressed to 
one third of control for up to 2 hours. After 24 hours 
GFR is still only two thirds of control. Tubular functions 
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(concentrating ability, sodium and water conservation) 
are markedly impaired, but urine flow is maintained. 
Myers and Moran173 observed that these changes resem-
ble an attenuated form of acute tubular necrosis. In this 
study all patients received mannitol pretreatment, which 
probably limited the tubular insult, because oliguria was 
uncommon and recovery was relatively rapid. Cross-
clamp times longer than 50 minutes are associated with 
prolonged depression of GFR and transient azotemia.28,174

In animal models, suprarenal aortic cross-clamping 
induces a decrease in renal endothelial nitric oxide; nitric 
oxide synthesis and cortical blood flow is enhanced by 
the administration of its substrate, arginine.175 Whether 
this intervention might attenuate the renal consequences 
of cross-clamping awaits further investigation.

Infrarenal aortic cross-clamping may also impair RBF 
and GFR by inducing decreases in cardiac output in 
response to increased systemic vascular resistance.176 Ath-
eromatous embolism of the renal arteries may be induced 
by cross-clamping or manipulation in areas of dense 
aortic plaque. Partial or complete cortical necrosis may 
occur, which is usually irreversible.

RENAL PROTECTION DURING AORTIC 
CROSS-CLAMPING

Mannitol has been used for more than 40 years to pro-
vide renal protection during aortic cross-clamping (also 
see Chapter 69).177 Its protective effects have been clearly 
demonstrated in animal models of ischemic acute tubular 
necrosis (ATN),178 but few prospective controlled human 
studies exist. Low-dose dopamine has commonly been 
used during major vascular surgery. In a canine study 
of thoracic aortic cross-clamping, RBF, GFR and urine 
flow remained impaired for a considerable time after 
cross-clamp release. This delay was not prevented by pro-
phylactic dopamine.179 In a human study of infrarenal 
cross-clamping, Paul and associates180 compared diuretic 
therapy with a combination of mannitol and dopamine 
versus fluid loading with saline to a pulmonary artery 
occlusion pressure (PAOP) of 12 to 15 mm Hg. Although 
mannitol and dopamine substantially increased urine 
flow and sodium excretion during cross-clamping, they 
were no better than saline in attenuating residual GFR 
depression after cross-clamp release.

Fenoldopam, a synthetic phenolated dopamine ana-
log that is a selective agonist of the dopamine-1 receptor, 
increases renal blood flow in a dose-dependent manner.181 
Infusion of fenoldopam has demonstrated a renoprotec-
tive effect in experimental suprarenal aortic cross-clamp-
ing.182 In a controlled, randomized, blinded study in  
28 patients undergoing infrarenal aortic cross-clamping, 
fenoldopam 0.1 mcg/kg/minute or placebo was infused 
intravenously before surgical skin incision and continued 
until release of the aortic cross-clamp.183 Fenoldopam sig-
nificantly attenuated the decrease in creatinine clearance 
and increase in serum creatinine observed in patients 
who received placebo.

However, in a different model of intraoperative 
renal ischemia, a randomized, double-blind study in  
77 patients with a solitary functioning kidney undergoing 
partial nephrectomy, a 24-hour infusion of fenoldopam 
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at 0.1 mcg/kg/minute did not attenuate the postoperative 
increase in serum creatinine.184 Larger studies with this 
agent appear warranted.

CARDIAC SURGERY AND 
CARDIOPULMONARY BYPASS

The incidence of acute renal failure requiring renal 
replacement therapy after uncomplicated cardiac surgery 
in patients with previously normal renal function is infre-
quent (<2%).185 However, the incidence of AKI defined 
by consensus definitions is about 20% to 30%.186,187 Mul-
tiple risk factors have been identified, including preopera-
tive renal dysfunction, hypertension, diabetes, impaired 
cardiac function, preoperative anemia, perioperative 
erythrocyte transfusion, combined surgical procedures, 
prolonged cardiopulmonary bypass, and advanced age 
(also see Chapter 67).188,189

Regardless of pathogenesis, AKI requiring renal replace-
ment therapy after cardiac surgery has a profound impact 
on mortality, and even milder forms of AKI are consis-
tently associated with increased mortality, length of stay, 
and hospital costs.73,75,134,186 The potential mechanisms 
of cardiac surgery–associated renal injury are complex 
and multifactorial.

Preoperative hypertension is a major risk factor for AKI 
after cardiac surgery. This risk is increased by preexisting 
systolic (wide pulse pressure) hypertension. The risk of 
AKI increases by nearly 50% for every 20 mm Hg increase 
in pulse pressure above 40 mm Hg.190 Increased variabil-
ity of intraoperative blood pressure control also appears 
to be a risk factor.191

Most patients undergoing cardiac surgery will have 
undergone contrast angiography in preparation for sur-
gery, and the time interval between this established 
nephrotoxin and surgery has been suggested as a poten-
tial contributory factor to perioperative AKI.192

Acute anemia (hemoglobin <9 g/dL) during cardio-
pulmonary bypass is associated with an increased risk of 
AKI, but so is red cell transfusion when hemoglobin is 
>8 g/dL193 (also see Chapter 61). Decreased mean arterial 
pressure appears to be well tolerated, unless it is associ-
ated with anemia. On the other hand, a combination of 
patient factors and procedural factors result in a cumula-
tive particulate, gaseous, micro- or macroscopic embolic 
load that may contribute to AKI.

During CPB, hypotension with nonpulsatile flow pro-
mote renal vasoconstriction and decreased RBF. Norepi-
nephrine concentrations increase progressively during 
bypass, and the renin-angiotensin system is activated. 
Acute renal failure has been associated with persis-
tent elevation of plasma renin levels.173 Thromboxane, 
released from activated platelets, and vascular elaboration 
of endothelin could add to renal vasoconstriction during 
extracorporeal circulation.

Tubular enzymuria and microalbuminuria, an index 
of subclinical injury to the nephron, is consistently 
observed during cardiopulmonary bypass.194 Inflamma-
tory cascades initiated by surgery may be further ampli-
fied in response to CPB while the trauma of the CPB 
system causes hemolysis with release of free hemoglobin, 
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an established nephrotoxin, into the plasma.195 Another 
consequence of hemolysis is the release of labile free iron 
that contributes to activation of reactive oxygen species, 
inflammation, and AKI.196 A number of the tubular bio-
markers released in AKI are associated with iron metab-
olism: NGAL participates in iron transport, L-FABP is a 
high-affinity heme binding protein, and hepcidin (which 
appears to be protective) sequesters free iron.197 In a study 
specifically examining hemolysis during CPB for repair of 
thoracoabdominal aortic aneurysms, there was a direct 
association among peak plasma free hemoglobin, NAG, 
and perioperative AKI.198

Unfortunately, despite all the putative mechanisms 
described earlier, it still remains unclear exactly how 
much CPB itself contributes to AKI during cardiac sur-
gery. The individual response to CPB varies greatly and 
may be the consequence of variable genetic polymor-
phisms that regulate the response to inflammatory and 
vasomotor processes.199

RENAL PROTECTION DURING 
CARDIOPULMONARY BYPASS

Pulsatile Perfusion During CPB
In animal and human studies, pulsatile perfusion during 
CPB enhances renal cortical blood flow and decreases 
circulating catecholamines, endothelin, and cytokine 
activation (also see Chapter 67).200,201 Plasma renin 
activity is suppressed by pulsatile perfusion; however, 
evidence of glomerular injury (in this case, microalbu-
minuria) persists.55 In a randomized prospective study 
on 215 pediatric patients undergoing repair of congeni-
tal heart disease, the use of pulsatile flow during CPB was 
associated with decreased inotropic drug requirement, 
shorter ICU and hospital lengths of stay, and increased 
urine output. Yet no difference was seen in serum creati-
nine.202 Intraaortic balloon counterpulsation was used 
to provide pulsatile flow during CPB in a randomized, 
prospective study on 100 adult patients undergoing 
cardiac surgery.203 Pulsatile flow attenuated the decline 
in GFR, but there was no difference in urine flow or 
renal outcome. In a large nonrandomized observational 
study, pulsatile flow was provided during CPB in 915 of  
1820 patients but did not provide increased protection 
against perioperative renal injury.204 Overall, results of 
clinical studies of pulsatile perfusion on CPB are incon-
sistent and further complicated by the absence of a pre-
cise and widely accepted definition of what constitutes 
pulsatile flow on CPB. Current evidence appears to be 
insufficient to allow recommendations either for or 
against the routine use of pulsatile perfusion on CPB to 
decrease the risk of renal injury.205

Avoidance of CPB
The benefit to renal function of off-pump coronary artery 
bypass (OPCAB, also known as beating heart surgery) also 
remains equivocal. In patients with a small risk, little 
difference has been observed in the incidence of acute 
kidney injury, regardless of whether CPB is used.206 Most 
published studies to date have been small (< 60 patients), 
Although OPCAB is associated with less evidence of acute 
kidney injury, as manifested by lower levels of serum cre-
atinine, cystatin C, microalbuminuria, and NAG, a clear 
benefit to renal outcome, morbidity, or mortality has not 
resulted.207,208 A recent meta-analysis of randomized tri-
als, found evidence to support a reduction in AKI with 
off-pump surgery but with no demonstrated reduction in 
dialysis or mortality.209 However, the quality of included 
studies is variable, there is large interstudy variation in 
the definition of AKI, and the results and conclusions 
may have been skewed by one study. We need additional 
high-quality evidence that addresses clinically relevant 
end points to clarify the potential renal benefit of off-
pump cardiac surgery.

Perfusion Pressure during CPB
Animal studies of cardiopulmonary bypass have shown 
that RBF is dependent on renal perfusion pressure, and 
infusion of dopamine does not increase RBF during low 
pressure states.10 This suggests that autoregulation may be 
impaired during cardiopulmonary bypass. However, Hil-
berman and associates210 found no relationship between 
low flow (<50 mL/kg/minute) and low mean arterial pres-
sure (<50 mm Hg) and postoperative acute renal failure. 
Instead, the severity of postoperative renal dysfunction 
and its outcome correlated with the severity of cardiac 
dysfunction after cardiopulmonary bypass.211

These observations are supported by more recent ones 
that found no correlation between mean arterial pressure 
during cardiopulmonary bypass and AKI, unless hypoten-
sion was associated with severe anemia.193 Perhaps the 
hemodilution of mild anemia preserves RBF at low perfu-
sion pressure, but in severe anemia this is overcome by 
the deficit in oxygen delivery (also see Chapter 61 regard-
ing anemia and the indications for blood transfusions).

Dopaminergic and Diuretic Drugs
In a study comparing equi-inotropic doses of dopamine 
and dobutamine after cardiac surgery, the two agents had 
similar effects on GFR, RBF, renal vascular resistance, and 
filtration fraction, but dopamine caused greater urine 
flow rate, natriuresis, fractional excretion of sodium, and 
potassium excretion, indicating a diuretic effect inde-
pendent of changes in RBF and GFR.212 However, there 
is no evidence that the prophylactic administration of 
low-dose dopamine has a protective role during CPB in 
patients with previously normal213,214 or impaired renal 
function.206,215

In part, the lack of benefit may be due to the variable 
pharmacokinetic effect of dopamine. In a study on nor-
mal volunteers, McGregor and colleagues found a 30-fold 
intersubject variability in plasma dopamine levels.216 
Some subjects given an infusion of low-dose dopamine 
had plasma levels consistent with those associated with 
doses in the high, α-adrenergic range. Even at small doses 
it can cause unwanted tachycardia, and its postoperative 
infusion is associated with a more frequent incidence of 
supraventricular and ventricular arrhythmias.217

In contrast to dopamine, a renoprotective effect may 
occur from an infusion of low-dose fenoldopam infusion 
(0.1-0.3 mcg/kg/minute) during cardiac surgery218 (also 
see Chapter 67). Echocardiographic studies using the 
Doppler technique have demonstrated a dose-dependent 
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increase in renal blood flow, especially in the cortical 
zones, when fenoldopam is administered in this dose 
range.219 A meta-analysis of 13 randomized and case-
matched studies on 1059 patients found that fenoldo-
pam infusion is associated with a significant decrease in 
dialysis requirement, ICU length of stay, and in-hospital 
mortality.16 However, most studies with fenoldopam 
have been relatively small and have identified improved 
serum creatinine and creatinine clearance rather than 
renal outcome.220,221 The most convincing evidence thus 
far comes from a randomized, double-blinded study in 
193 high-risk patients by Cogliati and colleagues.222 Risk 
factors included increased preoperative serum creatinine 
concentrations (>1.5 mg/dL), age >70 years, diabetes, or 
previous cardiac surgery. Patients who received fenoldo-
pam had a decreased incidence of acute kidney injury 
(12.6 versus 27.6%, P = 0.02) and requirement for dialysis 
(0 versus 8.2%, P = 0.004).

Prophylactic administration of diuretics during CPB 
may actually be harmful: in a study on 126 patients under-
going elective cardiac surgery, perioperative infusion of 
furosemide (0.5 mcg/kg/minute) worsened serum creati-
nine compared with low-dose dopamine and placebo.213

Natriuretic Peptides
Exogenous administration of anaritide (human recom-
binant ANP) decreases systemic arterial blood pressure 
through arterial and venous dilation. There has been 
considerable interest in the ability of infused anaritide 
to reverse established acute renal failure (“renal rescue”). 
Animal studies of ischemic and nephrotoxic acute tubular 
necrosis,223,224 as well as preliminary clinical studies,225 
offer promise. A large prospective study demonstrated 
significantly increased dialysis-free survival with anarit-
ide infusion in oliguric acute renal failure, but in nono-
liguric acute renal failure, survival actually worsened.51 
Subsequently, a randomized, double-blind, placebo-
controlled trial in 222 patients with oliguric acute renal 
failure found no differences in dialysis requirement, dial-
ysis-free survival, or 60-day mortality between anaritide 
and placebo.226 However, patients receiving anaritide had 
significantly more frequent incidence of hypotension 
during infusion of the study drug.

Infusion of anaritide has been studied during CPB.227 
Compared with controls, patients who received anaritide 
had significantly lower plasma levels of renin, angioten-
sin II, and aldosterone and higher GFR and urine output. 
A recent Cochrane review of ANP therapy concluded that 
although there was some evidence supporting a beneficial 
effect of low-dose ANP as a preventive strategy to reduce 
the risk of AKI requiring dialysis, the evidence is insuffi-
cient to make any strong recommendations.228

Nesiritide (human recombinant BNP) is approved by 
the FDA for the parenteral treatment of advanced decom-
pensated congestive heart failure. It decreases increased 
cardiac preload and afterload, enhances cardiac function, 
and promotes diuresis and relieves symptoms related to 
pulmonary congestion and edema.229 The major adverse 
effect is dose-related hypotension, which if excessive, can 
impair renal function.230 A meta-analysis of studies of 
nesiritide infusion in patients with advanced decompen-
sated heart failure indicated increasing serum creatinine 
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levels.231 However, a large prospective placebo-controlled 
study demonstrated no worsening of renal function in 
patients with advanced decompensated heart failure,232 
and similar results have been found when comparing 
nesiritide to nitroglycerin233 or nitroprusside.234

Perioperative infusion of low-dose (0.01 mcg/kg/min-
ute) nesiritide infusion in high-risk patients undergoing 
cardiac surgery may have a renoprotective effect.235 In a 
prospective, randomized, blinded study of 279 patients 
with left ventricular dysfunction (EF <40%) undergo-
ing coronary revascularization or mitral valve surgery, 
patients who received nesiritide had increased urine out-
put, an attenuated postoperative increase in serum creati-
nine, and improved survival 6 months after surgery.

A meta-analysis of 15 trials of infusions of ANP or 
BNP in cardiovascular surgery found consistent benefits, 
including increased urine output and GFR, decreased 
diuretic use, decreased peak postoperative serum creati-
nine and requirement for dialysis, and decreased ICU and 
hospital length of stay.236 These findings have yet to be 
confirmed by a large, multicenter, prospective random-
ized controlled trial.

N-Acetylcysteine
N-acetylcysteine is an antioxidant that directly scavenges 
reactive oxygen species, and it has been widely used to 
prevent radiocontrast nephropathy (see later discussion). 
On the other hand, no evidence exists that perioperative 
administration of N-acetylcysteine has any efficacy in the 
prevention of AKI during cardiac surgery. In two prospec-
tive, blinded, randomized studies neither intermittent 
injection237 or continuous infusion238 of N-acetylcysteine 
had any impact on renal function or outcome after car-
diac surgery. A study on 254 patients with chronic renal 
insufficiency (GFR <60 mL/minute) was similarly unable 
to demonstrate any significant benefit from intermittent 
injection of N-acetylcysteine.239 Most recently, a random-
ized controlled study on more than 2300 patients under-
going coronary or peripheral vascular angiography failed 
to show any benefit associated with N-acetylcysteine 
administration.240

Urinary Alkalinization
As described earlier, hemolysis is a common occurrence 
during CPB, the release of labile free iron may play a 
role in inducing activation of reactive oxidation species, 
and AKI in this situation could be considered a form of 
pigment nephropathy.195 Under these circumstances, 
urinary alkalinization could prevent formation of met-
hemoglobin and tubular casts, decrease endocytic hemo-
globin uptake, and attenuate proximal tubular necrosis; 
bicarbonate may scavenge free iron-mediated reactive 
oxygen species such as hydroxyl ions and peroxyni-
trite.196 Indeed, in a small, randomized, double-blind 
trial of in 100 patients undergoing cardiac surgery who 
were at increased risk of perioperative AKI, urinary alka-
linization by a 24-hour infusion of sodium bicarbonate 
decreased the incidence of a 25% postoperative increase 
in SCr from 52% to 32%, with decreased urine NGAL.241 
These preliminary observations—and their impact on 
outcome—remain to be confirmed by larger prospective 
studies.
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NEPHROTOXIC INSULTS

DRUG-INDUCED NEPHROTOXICITY

Nephrotoxic injury by drugs or contrast dyes seldom 
occurs without the presence of coexisting risk factors.13 
These may be acute (shock, hypovolemia, congestive 
heart failure) or chronic (advanced age, diabetes, chronic 
renal insufficiency). The risk of nephrotoxicity increases 
exponentially with the number of risk factors and neph-
rotoxic combinations.

Nephrotoxic acute renal failure is usually nonoliguric, 
with loss of concentrating ability and slowly progres-
sive azotemia. As GFR declines, accumulation of renally 
excreted drugs exacerbates nephrotoxicity unless drug 
levels are carefully monitored and dosage repeatedly 
adjusted. However, the prognosis for recovery is good if 
these agents are discontinued in time and no coexistent 
organ failure exists.242

Aminoglycosides
Aminoglycosides (gentamicin, tobramycin, amikacin) 
are polycationic compounds that are filtered into the 
proximal tubule, where they bind to anionic brush-bor-
der membrane phospholipids. Their nephrotoxicity is 
directly related to their polycationic status, so that neo-
mycin (six cationic sites) is more destructive than gen-
tamicin (five sites) or streptomycin (three sites).243 They 
are absorbed into intracellular lysosomes by endocytosis 
and thence released into the cytosol. Within the cell they 
induce the formation of reactive oxygen metabolites that 
injure lysosomes, plasma membranes, and mitochondria 
and, in particular, inhibit oxidative phosphorylation and 
the synthesis of high-energy phosphate compounds such 
as ATP. In animal studies, administration of antioxidants 
such as melatonin ameliorates nephrotoxicity.244

Aminoglycoside-induced nephrotoxicity is directly 
related to sustained high-trough serum levels, especially 
when associated with advanced age, preexisting renal 
disease, renal vasoconstrictive states (sepsis, hypovole-
mia, liver disease, congestive heart failure), adjuvant drug 
therapy (loop diuretics, vancomycin, cephalosporins, 
NSAIDs, cyclosporine A, amphotericin B), and electrolyte 
disorders (hypokalemia, hypomagnesemia, hypercalce-
mia, and metabolic acidosis).245

Prevention of aminoglycoside nephrotoxicity depends 
on maintenance of adequate hydration, avoidance or 
removal of the risk factors enumerated above, and care-
ful monitoring of serum aminoglycoside levels. A daily 
2-hour creatinine clearance can also be helpful in the 
early detection of aminoglycoside-induced nephrotoxic-
ity and appropriate dose adjustment for GFR. Once-daily 
administration of aminoglycosides to achieve a high ther-
apeutic level with an adequate trough period for renal 
recovery may limit the occurrence of nephrotoxicity.246 
Low-dose dopamine increases renal clearance of ami-
noglycosides, but it is not known whether this protects 
against tubular injury.

Nonsteroidal Antiinflammatory Drugs
Cyclooxygenase-1 is inhibited by nonsteroidal anti-
inflammatory drugs (NSAIDs) such as indomethacin, 
meclofenamate, and ketorolac for about 8 to 24 hours (also 
see Chapter 32). A single dose of aspirin causes its irrevers-
ible acetylation. In platelets, the impact lasts for the lifetime 
of these cells (7 to 10 days), but the kidney resynthesizes 
cyclooxygenase within 24 to 48 hours. The renal protec-
tive function of prostaglandins is “switched on” by injury, 
illustrated by the fact that NSAIDs cause nephrotoxicity in 
ischemic but not in normal kidneys. During conditions of 
stress, impaired prostaglandin activity results in decreased 
RBF and GFR, increased renal vascular resistance, attenu-
ated diuretic responsiveness, and hyperkalemia.

Adverse effects of NSAIDs and aspirin (e.g., hemor-
rhage, endotoxemia, increased venous pressure, and low 
cardiac output) have occurred in animals and in humans 
with mild underlying renal dysfunction who also have 
congestive heart failure, ascites, or systemic lupus erythe-
matosus.247 However, in an individual patient, the risk of 
NSAID-induced nephrotoxicity is very much dependent 
on the milieu. Short-term postoperative analgesia with a 
single analgesic such as ketorolac is extremely unlikely to 
cause injury in a relatively young, healthy, well-hydrated 
patient. The risk of nephrotoxic injury increases expo-
nentially with the addition of concomitant nephrotoxins 
(e.g., contrast dye, aminoglycosides) and in the presence 
of acute or chronic cardiovascular instability.

NSAIDs selective for cyclooxygenase-2 (celecoxib, rofe-
coxib, valdecoxib) are less likely to cause gastric irritation 
and erosion. However, the proposed decreased risk of 
nephrotoxic injury compared with nonselective cycloox-
ygenase inhibitors has not been shown.248 Their use has 
been severely curtailed after reports of increased adverse 
cardiovascular events in clinical trials.

Calcineurin Antagonists (Cyclosporine A, 
Tacrolimus)
Cyclosporine A is a remarkably potent immunosuppres-
sive drug; together with steroids and azathioprine, it is 
routinely used to prevent rejection after organ trans-
plantation. Indeed, heart, lung, and liver transplantation 
increased exponentially after the release of cyclosporine 
A in 1981. It causes renal injury in part because it induces 
sympathetic hyperreactivity, hypertension, and renal 
vasoconstriction. Preexisting renal dysfunction, hypovo-
lemia, and other nephrotoxic insults exacerbate its neph-
rotoxic effects. Many transplant patients must tolerate a 
moderately elevated serum creatinine (1.5-2 mg/dL) in 
order to sustain adequate immunosuppression.

A related calcineurin immunosuppressive agent, 
tacrolimus (FK506), has been considered somewhat less 
nephrotoxic than cyclosporine and has largely replaced 
it. However, renal biopsy studies in pancreas transplant 
patients indicate that the risk of nephrotoxicity does not 
differ between tacrolimus and cyclosporine A.249 There 
is considerable genetic variability in the metabolism of 
tacrolimus by the hepatic CP450 enzyme system and its 
pharmacodynamic effects on immunosuppression; thus, 
the risk of nephrotoxicity also varies significantly.250 
For example, patients who express the CYP3A5*1 allele 
require higher tacrolimus doses to achieve therapeutic 
levels and have an increased risk of nephrotoxicity.251

Coadministration of calcium channel blockers com-
petes for CP450 metabolism and results in higher levels 
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of cyclosporine A and tacrolimus. Most transplant immu-
nologists will avoid this drug interaction, but it may actu-
ally be beneficial. In patients undergoing cadaveric renal 
transplantation, the calcium channel blocker diltiazem 
was added to the graft preservative solution, infused into 
the donor for 48 hours, and then given orally.252 The 
incidence of transplant acute tubular necrosis decreased 
from 41% to 10%, and when AKI did occur, hemodialy-
sis requirement was significantly less. Diltiazem impairs 
cyclosporine metabolism so that plasma cyclosporine lev-
els are higher, but this results in fewer episodes of early 
acute rejection, and calcium channel blockade protects 
against cyclosporine nephrotoxicity.253 Cyclosporine 
dosage may be reduced by 30% to achieve the same drug 
levels, representing a substantial cost savings to patients.

An alternative approach that is gaining some traction 
is to replace cyclosporine A or tacrolimus with a noncal-
cineurin agent, sirolimus, which appears to have similar 
immunosuppressive effects with considerable less poten-
tial to induced renal injury.254

CONTRAST-INDUCED NEPHROTOXICITY

The nephrotoxicity of contrast dye is likely mediated 
through intense renal vasoconstriction leading to med-
ullary hypoxia, combined with oxidative stress (also see 
Chapter 90). Direct cytotoxicity almost certainly plays a 
role as well, because contrast agents are water soluble and 
readily gain access to the urinary space of the glomerulus 
and renal tubules.255 Its likelihood is increased by intra-
arterial administration and use of large volumes of con-
trast. The risk of contrast-induced nephrotoxicity (CIN) is 
exacerbated in the setting of diabetic renal insufficiency, 
hypovolemia, congestive heart failure, and myeloma.256

Radiocontrast dyes are hypertonic and cause an osmotic 
diuresis, which induces a false sense of security but may 
actually exacerbate hypovolemia and renal damage. The 
potential toxicity of radiocontrast media was thought to 
be directly related to their osmolality. However, meta-
analysis has failed to disclose a renoprotective benefit of 
iso-osmolar contrast compared with a pooled group of 
low-osmolar contrast agents.257 The further finding that 
nephrotoxicity may vary among low-osmolar agents sug-
gests that contrast-induced nephrotoxicity is mediated by 
other factors in addition to simply osmolality.

When CIN occurs, azotemia commences 24 to 48 
hours after exposure and peaks at 3 to 5 days. This pro-
vides a clear warning to defer elective surgery to amelio-
rate the risk of perioperative acute renal failure. On the 
other hand, the impact of CIN may be missed when sur-
gery immediately follows radiologic studies or when stud-
ies are performed during surgery.

The cornerstone of prophylaxis against CIN is adequate 
hydration—for instance, 1 mL/kg normal saline initiated 
at least 4 hours before and continued for 12 hours after 
radiocontrast administration.258

A number of pharmacologic agents have raised and 
then dashed hopes of their role in preventing or atten-
uating contrast-induced AKI, and nothing has replaced 
hydration as first-line protection. Intravenous mannitol 
has been used for many years but may exacerbate injury if 
it induces dehydration though excessive osmotic diuresis. 
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In the last decade, most interest has focused on antioxi-
dants and dopaminergic agonists.

N-Acetylcysteine
Tepel and associates reported that prophylactic adminis-
tration of the antioxidant N-acetylcysteine (600 mg orally 
twice daily) attenuated CIN in a study on 83 patients 
with chronic renal insufficiency (mean serum creatinine 
2.4 mg/dL) undergoing contrast radiography.259 Only 2% 
of patients receiving N-acetylcysteine had an increase in 
serum creatinine of >0.5 mg/dL, compared with 21% of 
patients receiving saline placebo, and mean serum creati-
nine concentrations actually decreased.

Subsequent studies either did not confirm these 
results260 or found that N-acetylcysteine provided better 
protection than saline alone only when a low dose of con-
trast dye was used.261 N-acetylcysteine may itself decrease 
serum creatinine levels independent of changes in GFR.25 
The protective role of N-acetylcysteine clarified by a ran-
domized controlled trial on more than 2300 patients with 
at least one risk factor for contrast-induced AKI (age >70 
years, CKD, diabetes mellitus, heart failure, or hypoten-
sion).240 The incidence of CIN was the same (about 13%), 
whether a standard N-acetylcysteine regimen or placebo 
was used before and after administration of radiocontrast.

Fenoldopam
An intravenous fenoldopam infusion prevented the 
decrease in RPF induced by radiocontrast media.262 How-
ever, a large, multicenter RCT on 315 patients with pre-
existing renal insufficiency (creatinine clearance <60 mL/
minute) showed that it had no benefit on renal function 
compared with placebo.263 A more recent retrospective 
evaluation of a direct infusion of fenoldopam into the 
renal arteries in high-risk patients undergoing coronary 
angiography and percutaneous revascularization indi-
cated a decrease in incidence of CIN from 31% to 12%.264 
As with many others, this intervention needs to be tested 
in a formal prospective, randomized, blinded study.

PIGMENT NEPHROPATHY

Pigment nephropathy implies AKI as a consequence of 
the nephrotoxic effects of the heme pigments myoglobin, 
hemoglobin, and bilirubin.

Rhabdomyolysis and Myoglobinemia
Muscle necrosis (rhabdomyolysis) occurs most com-
monly with direct trauma involving major crush or ther-
mal injury. However, it also occurs with acute muscle 
ischemia induced by vascular disease or injury, or by pro-
longed immobilization. Compartment syndromes exacer-
bate rhabdomyolysis. They are particularly likely to occur 
with major hemorrhage in an extremity or when vascu-
lar insufficiency coexists with tissue edema (e.g., femoral 
placement of an intraaortic balloon after vein harvest-
ing). Dramatic increases in metabolic rate (severe exer-
cise, prolonged fever, status epilepticus, or myoclonus), 
severe hypophosphatemia, or direct proteolysis (acute 
pancreatitis) can all precipitate rhabdomyolysis.265

Myoglobin, the oxygen-carrying heme pigment of 
muscle, is released into the bloodstream (myoglobinemia) 
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and rapidly excreted by the glomerulus at a plasma thresh-
old of 0.03 mg/dL. Delivery of myoglobin to the proxi-
mal tubule is greater in a well-muscled individual with 
normal GFR than in a cachectic patient with low GFR. 
At a urine pH less than 5.6, myoglobin is transformed 
into ferrihematin, which precipitates in the proximal 
tubule.266 Renal damage is facilitated by hypovolemia 
(i.e., low tubular flow) and acidic urine. Because of the 
associated hypercatabolic state, oliguria is associated with 
acute hyperkalemia, hypocalcemia, anion-gap metabolic 
acidosis, and rapid azotemia. Serum creatinine and BUN 
increase very rapidly (1.0-1.5 mg/dL/day and 20-30 mg/
dL/day, respectively).

The most important aid to the diagnosis of rhabdo-
myolysis is a high index of suspicion. The affected mus-
cle may be obviously ischemic or swollen, painful, and 
edematous. Urine myoglobin often tests positive without 
reddish urine. The serum is clear because of the low renal 
threshold for myoglobin excretion, whereas in hemoglo-
binemia the larger hemoglobin molecule is poorly filtered 
and accumulates in serum, coloring it pink. Serial total 
creatinine phosphokinase (CPK) is a helpful guide to the 
severity of rhabdomyolysis (e.g., CPK-MM release).267 AKI 
is much more likely when total CPK exceeds 10,000 U/L.

Prevention of myoglobin-induced AKI is dependent on 
the maintenance of high RBF and tubular flow. Urine flow 
should be kept between 100 to 150 mL/hour by osmotic 
diuresis with intravenous mannitol, 6.25 to 12.5 g every  
6 hours, with or without intravenous furosemide, 10 to 
20 mg as required.268 Urine pH should be kept above pH 
5.6 with intravenous sodium bicarbonate, 50 mEq intra-
venously, as required, and/or acetazolamide, 250 mg 
every 6 hours. However, because there are no prospective 
data that confirm the beneficial effect of urinary alkalini-
zation, urine pH should not be increased at the expense of 
causing significant acid-base imbalance. Calcium should 
be given to treat hyperkalemia only.

Hemolysis and Hemoglobinemia
Hemolysis is induced by CPB, resulting in the release of 
free hemoglobin into the plasma, where it subsequently 
forms a complex with haptoglobin. This complex is too 
large to be filtered by the kidney and undergoes metabo-
lism in the liver. When free hemoglobin production is 
excessive, it overwhelms the haptoglobin system and 
accumulates in the plasma. The hemoglobin molecule is 
small enough to be filtered by the glomerulus and enters 
the tubule, where it scavenges endothelium derived nitric 
oxide, subsequently releasing iron and causing tubular 
occlusion with hemoglobin cast formation. The released 
free iron is nephrotoxic, through the generation of reac-
tive oxygen species.195

Preliminary evidence suggests that urinary alkaliniza-
tion may attenuate AKI during CPB (see earlier).241 Acute 
intravascular hemolysis due to mismatched blood trans-
fusion (ABO incompatibility) represents a direct and dev-
astating renal insult. However, renal damage is thought 
to be predominantly due to red blood cell stroma rather 
than to free hemoglobin. Protective renal management is 
essentially the same as for rhabdomyolysis (i.e., aggres-
sive and sustained hydration, with or without osmotic 
diuresis, and urinary alkalinization).
Jaundice and Bilrubinemia
There is a direct correlation between the degree of pre-
operative obstructive jaundice and postoperative renal 
dysfunction.269 When cholestasis causes the conjugated 
bilirubin to increase above 8 mg/dL, bile salt excretion 
effectively ceases, resulting in portal septicemia and 
renal damage. This situation is analogous to hepatorenal 
syndrome and sepsis, in which circulating endotoxins 
induce renal vasoconstriction and damage (vasomotor 
nephropathy).

Administration of preoperative oral bile salts (e.g., 
sodium taurocholate) or intravenous mannitol may pro-
vide perioperative renal protection in patients with severe 
obstructive jaundice. However, in a prospective, random-
ized study in patients with obstructive jaundice under-
going surgery, Plusa and Clark270 found no difference in 
renal outcome between these two regimens. Neverthe-
less, mannitol provokes a brisk osmotic diuresis, and it is 
important to replace urinary losses appropriately. Diure-
sis-induced hypovolemia negates the protective effect of 
mannitol.271

SEPSIS

Sepsis is the most common cause of new-onset AKI in 
the postoperative period (also see Chapter 101). It may 
induce renal damage by altered hypotension and vaso-
motor nephropathy and through the direct and indirect 
effects of endotoxin, and renal function may deteriorate 
progressively without defined episodes of hypotension. 
In addition, sepsis predisposes the kidney to further isch-
emic and nephrotoxic insults (e.g., from concomitant 
aminoglycoside usage).272 Acute renal failure itself and 
hemodialysis may both perpetuate sepsis by activating 
leukocytes.

Renal autoregulation may be impaired in sepsis, and 
RBF and GFR decrease pari passu with systemic vascu-
lar resistance and mean arterial pressure. Hypotension, 
in turn, sets off a cascade of neurohormonal responses 
(sympathoadrenal activity; renin-angiotensin, vasopres-
sin, and thromboxane activation) that result in decreased 
RBF, GFR, sodium excretion, and urine flow. The severity 
of renal dysfunction is directly related to the severity of 
sepsis and the degree of plasma renin activation.273

Renal dysfunction in sepsis is characterized as a vaso-
motor nephropathy, which implies renal vasoconstric-
tion in the face of increased total cardiac index. Renal 
vasoconstriction, mesangial cell contraction, decreased 
ultrafiltration coefficient, and decreased GFR are induced 
by endotoxin and by compounds activated in sepsis.274 
These include endothelin and eicosanoids, such as throm-
boxane, prostaglandin F2, and the leukotrienes C4 and 
D4. Prostaglandin F2, which mimics the action of throm-
boxane, is formed during leukostasis when arachidonic 
acid is oxidized by free oxygen radicals.

Endotoxin causes leukocyte arachidonic acid to 
undergo lipoxygenation to form leukotrienes; it also 
impairs their biliary elimination. In addition, experimen-
tal infusion of lipopolysaccharide (endotoxin) directly 
decreases RBF, GFR, and tubular concentrating ability and 
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increases urinary loss of tubular enzymes. It causes seques-
tration of leukocytes in peritubular capillaries, induces 
endothelial lesions by releasing neutrophil-derived elas-
tase (enhanced by reperfusion injury), and potentiates 
renal ischemia such that brief hemodynamic instability 
causes rapid loss of renal function. It also potentiates 
nephrotoxicity. The changes caused by endotoxin are 
mimicked by the cytokine, tumor necrosis factor-α.

It has been estimated that about 10% to 26% of sep-
tic patients receiving aminoglycoside antibiotics will 
develop nephrotoxic renal insufficiency.245 Aminogly-
coside nephrotoxicity is enhanced by the interaction of 
fever, renal vasoconstriction, hypovolemia, and endo-
toxin. In the presence of these and other risk factors (see 
earlier), alternative nonnephrotoxic antibiotics should be 
considered to cover gram-negative infections, including 
penicillins (ticarcillin), cephalosporins (ceftazidime), car-
bapenems (imipenem), or monobactams (aztreonam).

RENAL PROTECTION IN SEPTIC SHOCK

Antiinflammatory Drugs
Cumming and associates275 demonstrated a marked renal 
protective effect of a selective thromboxane synthetase 
inhibitor (U63557A) in laparotomy on a intravascularly 
volume-loaded sheep peritonitis model. Administration 
of the selective inhibitor either before or 30 minutes after 
surgery prevented deterioration in creatinine clearance, 
urinary sodium excretion, and urine flow rate. Beneficial 
effects have also been observed with aprotonin, perhaps 
through its antiinflammatory action.102 In contrast, non-
selective cyclooxygenase inhibition by NSAIDs worsens 
renal function in sepsis by decreasing the synthesis of the 
renal vasodilator prostacyclin.276

The use of pharmacologic doses of methylpred-
nisolone in septic shock was discredited by two large 
multicenter studies showing no beneficial effect on out-
come.277,278 Moreover, patients who received steroids had 
significant increases in BUN but not in serum creatinine, 
suggesting a prerenal state induced by increased protein 
catabolism.279 Other potentially adverse effects of large-
dose steroids include impaired mitochondrial function, 
impaired leukocyte function, and inhibition of phospho-
lipase A2, resulting in decreased synthesis of intrarenal 
vasodilator prostaglandins.

Supranormal Oxygen Delivery
Over the last decade there has been considerable con-
troversy in the concept of supranormal oxygen delivery 
to the tissues to overcome the defect that exists in oxy-
gen utilization by septic tissues.280 This approach uses 
inotropic support and blood transfusion to drive global 
oxygen delivery (DO2) to one of three end points: (1) a 
DO2 level consistently found in survivors (600 mL/min-
ute/m2), (2) a level at which global oxygen consumption 
(VO2) no longer increases with increasing DO2 (consump-
tion independence), or (3) the point at which blood lac-
tate levels start to decline. The benefits of supranormal 
oxygen delivery on outcome have been disputed, and 
high-dose inotropic and vasopressor support may them-
selves have adverse consequences. Moreover, renal DO2 
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and VO2 differ markedly from systemic indices. Renal 
VO2 is largely determined by tubular metabolic function, 
which is regulated by fluid and electrolyte changes. In a 
volume-loaded septic porcine model, inotropic support 
with dobutamine increased systemic DO2 and VO2 but 
did not increase renal indices.77 Furthermore, decreased 
global renal DO2 does not appear to cause tubular dam-
age, possibly because tubular work and VO2 are decreased 
when GFR declines.281

Dopaminergic Agents
Low-dose dopamine (1 to 3 μg/kg/minute) is frequently 
administered to septic patients in the belief that it confers 
renal protection through renal vasodilation or perhaps by 
inhibition of the Na+-K+-ATPase pump and decreases in 
renal tubular VO2.

In cases of sepsis, low-dose dopamine is also adminis-
tered in combination with more potent pressors (dobu-
tamine, epinephrine, and norepinephrine) in the hope 
of enhancing hepatic, renal, and mesenteric perfusion. 
There are limited animal data to support this practice. In a 
nonseptic dog study in which RBF was measured by ther-
modilution, the addition of low-dose dopamine to a nor-
epinephrine infusion of 0.2-1.6 μg/kg/minute increased 
RBF by 40% to 50%.78 However, a subsequent study dem-
onstrated that although low-dose dopamine increased 
RBF when added to an epinephrine infusion in healthy 
sheep, this benefit could not be found in an intraperi-
toneal sepsis model.282 Low-dose dopamine can increase 
hepatic DO2, but possibly at the expense of splanchnic 
oxygenation.

In patients with sepsis syndrome (signs of sepsis with-
out hypotension), low-dose dopamine infusion doubled 
urine flow rate and increased creatinine clearance by 
60% without any change in systemic hemodynamics.283 
However, the renal response to dopamine decreased sig-
nificantly after 48 hours of dopamine infusion, possibly 
due to down-regulation of the renal dopaminergic recep-
tors or diuresis-induced contraction of the intravascular 
volume. In patients with established septic shock who 
required catecholamines for blood pressure support, low-
dose dopamine did not alter systemic hemodynamics or 
renal function.

The prophylactic administration of low-dose dopa-
mine in sepsis has been resolved by a large prospective 
controlled study conducted by the Australian and New 
Zealand Intensive Care Society (ANZICS). They random-
ized 328 patients with signs of the systemic inflammatory 
response syndrome (SIRS) and early renal dysfunction 
(oliguria or increasing serum creatinine) to dopamine 2 
mcg/kg/minute or placebo. They found no differences in 
serum creatinine, dialysis requirement, ICU or hospital 
length of stay, or overall mortality.284

The potential role of dopexamine in septic shock 
remains speculative. Most studies have examined its 
role in splanchnic and hepatic perfusion rather than 
in renal protection. In animal models of sepsis, dopex-
amine improves splanchnic and hepatic DO2, but its 
β2-adrenergic activity in causing tachycardia and hypo-
tension may limit its application in clinical sepsis. 
Smithies and colleagues285 administered dopexamine to 
patients with sepsis syndrome, acute respiratory failure, 
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and at least one other organ system failure. Cardiac 
index increased and gastric intramucosal pH (an index of 
splanchnic perfusion) improved significantly.

In contrast, there is at least preliminary evidence that 
infusion of low-dose fenoldopam may have a renopro-
tective effect in sepsis. A pilot randomized, double-blind, 
placebo-controlled trial on 300 septic patients found that 
fenoldopam infusion (0.09 mcg/kg/minute) resulted in a 
significant decrease in AKI (defined as an increase in SCr 
>150 mM/L) and ICU length of stay, but not mortality.286 
These encouraging results await confirmation by a large 
multicenter study.

Norepinephrine
In the setting of severe vasodilatory shock, concern that 
infusions of norepinephrine may impair renal blood flow 
through α-adrenergic–induced vasoconstriction appears 
to be unfounded. In patients with septic shock, profound 
hypotension, and oliguria, vasopressor therapy with 
norepinephrine may actually improve renal function by 
enhancing renal perfusion pressure. Desjars and associ-
ates11 evaluated a group of septic patients who remained 
oliguric despite volume resuscitation and the use of dopa-
mine up to doses of 15 μg/kg/minute. The addition of 
norepinephrine and reduction of dopamine to a low-dose 
level resulted in an improvement in mean arterial pressure 
from 50 to 70 mm Hg, a tripling of urine flow, and a dou-
bling of creatinine clearance. Norepinephrine increased 
the systemic vascular resistance (SVR) with little change 
in cardiac index or DO2. Subsequent studies confirm that 
the use of norepinephrine to keep mean arterial pressure 
greater than 60 mm Hg results in improved cardiac func-
tion (increase in stroke volume and decrease in heart rate) 
and GFR without deleterious effects on cardiac index (CI), 
VO2, or oxygen extraction.287

Large doses of norepinephrine may be required to 
achieve these goals, because in septic shock the peripheral 
vasculature is notoriously refractory to norepinephrine-
induced vasoconstriction. This occurs because of massive 
inducible nitric oxide release and vasopressin deficiency 
(see later). Nonetheless, these findings strongly support 
the concept that renal autoregulation is impaired in sep-
sis and that maintenance of adequate renal perfusion 
pressure is an important component of renal protection.

Arginine Vasopressin
Patients in vasodilatory shock have inappropriately low 
plasma levels of arginine vasopressin (AVP) and marked 
vascular sensitivity to its exogenous administration at 
low doses.288 Vasodilatory shock is defined as hypoten-
sion, increased cardiac index, and low systemic vascular 
resistance refractory to pressors such as norepinephrine. 
Septic shock is its most common manifestation, but it 
is also characteristic of the contact activation syndrome 
induced by cardiopulmonary bypass or ventricular assist 
devices.289

Landry and colleagues290 observed unusual sensitivity to 
the vasoconstrictor effects of infused AVP in patients with 
septic shock and profound hypotension despite catechol-
amine infusion. Infusion of AVP at doses of 2.4 U/hour,  
less than one tenth of those used in the treatment of 
bleeding esophageal varices, resulted in a dramatic 
increase in systolic blood pressure from 92 ± 4 mm Hg 
to 146 ± 4 mm Hg (mean ± SEM, P < .001), and cate-
cholamine infusions were able to be discontinued (Fig. 
23-27). In an associated report291 the authors observed 
that urine flow increased concomitantly in three of five 
patients, from an average of 30 mL/hour to 110 mL/hour.

Plasma AVP levels were remarkably low (3.1 ± 1.0 pg/
mL) and significantly lower than in a cohort of patients 
in cardiogenic shock also receiving catecholamines 
(22.7 ± 2.2 pg/mL, P < 0.001).290 It has been postulated 
that this AVP deficiency may be the result of excessive 
baroreceptor-mediated AVP release from sustained hypo-
tension. This is strongly supported by a canine study 
demonstrating almost complete depletion of radiolabeled 
AVP in the posterior pituitary following 1 hour of hemor-
rhagic shock.288 In a human study in patients in vasodila-
tory shock we confirmed very low levels of endogenous 
plasma AVP (<2 pg/mL) that were corrected to the 20- to 
30-pg/mL range by an infusion of AVP at 1 to 4 U/hour 
(Table 23-7).

A second mechanism for sensitivity to AVP in septic 
patients is explained by its effect on the potassium-ATP 
(KATP) channel.288 Intracellular acidosis, lactic acid accu-
mulation, and ATP depletion close KATP channels in the 
sarcolemma of vascular smooth muscle. This traps potas-
sium outside the cell and hyperpolarizes the membrane, 
which in turn closes calcium channels essential for nor-
epinephrine-induced vasoconstriction. AVP binds at the 
KATP channel and opens it, reversing membrane hyper-
polarization and restoring sensitivity to norepinephrine.

The beneficial effect of AVP on renal function in sep-
sis may be due in part to its ability to increase low renal 
perfusion pressure back into the autoregulatory range. 
Another important factor is that, unlike norepinephrine, 
even at high local concentrations, AVP preferentially 
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Figure 23-27. Effects of an infusion of AVP in vasodilatory shock.
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constricts the efferent arteriole, thereby improving filtra-
tion fraction and GFR.292 In a large, prospective, random-
ized, blinded trial in 778 patients with severe septic shock, 
low-dose AVP (0.01-0.03 units/minute) did not provide 
an overall mortality benefit or decrease the requirement 
for dialysis, when compared with an infusion of nor-
epinephrine (5-15 mcg/minute).293 However, a post hoc 
analysis of the data found that in patients who entered 
the study with the R (risk) criterion of RIFLE-defined AKI, 
significantly fewer (21% versus 40%) progressed to the F 
(failure) or L (loss) categories or needed dialysis (17% ver-
sus 38%) when they were randomized to AVP rather than 
norepinephrine.294

RENAL CROSSTALK

Awareness and concern have increased that AKI may lead 
to acute injury in other, multiple organ systems, includ-
ing the lung, brain, liver, and heart, through the phenom-
enon of organ “crosstalk.”295 The organ crosstalk that 
is initiated by AKI is mediated by acute inflammation, 
oxidative stress, and reactive oxygen species, resulting 
in activation of leukocytes and cytokines and induction 
of apoptosis and necrosis in distant organs. Multisystem 
organ dysfunction is common in patients developing AKI 
in the ICU, and it may account for a morbidity and mor-
tality rate out of proportion to that anticipated by iso-
lated AKI alone.

Crosstalk works both ways. For example, not only 
may AKI lead to acute lung injury, but the inflammatory 
processes induced by acute lung injury may themselves 

TABLE 23-7 PLASMA VASOPRESSIN LEVELS IN 
VASODILATORY SEPTIC SHOCK

Vasopressin Levels in pg/mL

T0* T1

AVP (n = 12) 1.84 ± 0.59 32.3 ± 7.69
Placebo (n = 11) 1.72 ± 0.72 1.5 ± 0.5

From Kinster C, Germann P, Ullrich R, Landry D, Sladen RN: Infusion of argi-
nine vasopressin (AVP) enhances blood pressure and renal function while 
preserving cerebral and splanchnic perfusion in patients in septic shock. 
Presented at Annual Meeting of American Society of Anesthesiologists 
(ASA), Orlando, FL, 2002.

AVP, Arginine vasopressin
*T0 represents mean baseline levels of plasma vasopressin in 23 patients 

in vasodilatory septic shock (hypotension requiring norepinephrine 
infusion to maintain mean arterial pressure [MAP] > 65 mm Hg, 
elevated cardiac index, decreased systemic vascular resistance, and 
three or more criteria of systemic inflammatory response syndrome). 
Mean plasma vasopressin levels are uniformly low, <2 pg/mL.

Patients were randomized in a blinded fashion to an infusion containing 
AVP (1-6 units/hr) or placebo, until norepinephrine infusion was no lon-
ger required to keep MAP >65 mm Hg, or the maximum infusion rate (6 
mL/hr) was achieved, or the infusion had been administered for 2 hours.

Patients randomized to AVP infusion had a significant, 65% decrease in 
norepinephrine requirement, whereas it was unchanged in the placebo 
group. As indicated at T1—the point at which study end points were 
achieved—the mean plasma vasopressin that reflected a therapeutic 
effect of AVP infusion was about 32 pg/mL, which is in the range of the 
effective physiologic human vasopressin response to hypotension.

These observations support the concept that exogenous AVP infusion in 
vasodilatory septic shock restores the normal response to hypotension 
that is attenuated by posterior pituitary vasopressin depletion.
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initiate or exacerbate AKI. Kidney-heart interactions 
involve much more than inflammatory pathways alone; 
they involve numerous neurohormonal interactions, 
resulting in a series of entities known as cardiorenal syn-
dromes (CRS).296 The most obvious kidney-brain interac-
tion is uremic encephalopathy, but there also appear to 
be structural neuronal injuries caused by uremic toxins, 
especially NOS-modulating guanidine compounds, that 
are proexcitatory at the NMDA receptor.297 Acute liver 
injury and transaminitis may be observed with severe 
AKI,298 and in reverse, severe liver failure and vasoactive 
compound dysregulation may result in impaired kidney 
function (i.e., hepatorenal syndrome).
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K e y  P o i n t s

 •  Pharmacokinetics describes the relationship between drug dose and drug 
concentration in plasma or at the site of drug effect over time. For anesthetic 
drugs, the processes of distribution and elimination (metabolism and excretion) 
govern this relationship.

 •  The time course of intravenously administered drugs is a function of distribution 
volume and clearance. Estimates of distribution volumes and clearances are 
described by pharmacokinetic parameters. These parameters are derived from 
mathematical formulas fit to measured blood or plasma concentrations over time 
following a known drug dose.

 •  Alterations in cardiac output substantially influence the pharmacokinetic behavior 
of anesthetic drugs in terms of onset and duration of effect.

 •  Biophase refers to the time delay between changes in plasma concentration and 
drug effect. Biophase accounts for the time required for drug to diffuse from the 
plasma to the site of action plus the time required, once drug is at the site of 
action, to illicit a drug effect.

 •  Pharmacodynamics describes what the drug does to the body. In particular, 
pharmacodynamics describes the relationship between drug concentration and 
pharmacologic effect.

 •  The effect-site concentration describes a mathematically derived virtual location 
where an anesthetic drug exerts its effect. This approach cannot describe a 
mechanism of drug action (e.g., drug-receptor interaction)

 •  A single anesthetic drug has multiple effects (i.e., analgesia, ventilatory depression, 
loss of response to laryngoscopy, and changes in the electroencephalogram) that 
typically occur at various effect-site concentrations.

 •  The concentration range where changes in drug effect occur is known as the 
dynamic range. Concentrations outside the dynamic range do not yield much 
change in drug effect. Levels below the dynamic range are ineffective and those 
above the dynamic range do not provide additional effect.

 •  Anesthesia is the practice of applied drug interactions. Anesthetics rarely consist of 
one drug, but rather a combination of drugs to achieve desired levels of hypnosis, 
analgesia, and muscle relaxation. Hypnotics, analgesics, and muscle relaxants all 
interact with one another such that rarely does one drug, when administered in 
the presence of other drugs, behave as if it were administered alone.

 •  Pharmacokinetic and pharmacodynamic principles characterize the magnitude 
and time course of drug effect, but because of complex mathematics, they 
have limited clinical utility. Advances in computer simulation have brought this 
capability to the point of real-time patient care in the form of drug displays.

 •  Special populations: Many aspects of a patient’s demographics and medical 
history are considered in finding the correct dose. Some of these include age; 
body habitus; gender; chronic exposure to opioids, benzodiazepines, or alcohol; 
presence of heart, lung, kidney, or liver disease; and the extent of blood loss or 
dehydration.

 •  Some patient characteristics (e.g., obesity and age) influence anesthetic drug 
behavior, whereas other patient characteristics (chronic opioid use, hepatic and 
renal failure) remain poorly described.



The basic principles of pharmacology are fundamental 
to an anesthesia provider’s knowledge base. The aim of 
this chapter is to provide an overview of key principles 
in clinical pharmacology used to describe anesthetic 
drug behavior. This chapter is divided into three major 
sections: pharmacokinetic principles, pharmacodynamic 
principles, and the importance of patient characteris-
tics. Pharmacokinetics is the relationship between drug 
administration and drug concentration at the site of 
action. Core concepts include volumes of distribution, 
drug clearance, transfer of drugs between plasma and 
tissues, and binding of drugs to circulating plasma pro-
teins. The section on pharmacokinetics introduces both 
the physiologic processes that determine pharmacokinet-
ics and the mathematical models used to relate dose to 
concentration.

Pharmacodynamics is the relationship between drug 
concentration and pharmacologic effect. An anesthetic 
rarely consists of only one drug. In fact, most anesthetics 
are a combination of several drugs with specific goals in 
analgesia, sedation, and muscle relaxation. This section 
reviews common pharmacodynamic interactions and 
how they influence anesthetic effect.

The last section briefly addresses patient demograph-
ics and how they influence anesthetic behavior. When 
formulating an anesthetic, the following factors need to 
be considered in determining the correct dose: age; body 
habitus; gender; chronic exposure to opioids, benzodiaz-
epines, or alcohol; the presence of heart, lung, kidney, or 
liver disease; and the extent of blood loss or dehydration. 
This section focuses on body habitus and age, both known 
to influence the pharmacology of many anesthetic drugs 
and both of which serve as excellent examples of altered 
pharmacokinetics and pharmacodynamics.

PHARMACOKINETICS PRINCIPLES

Pharmacokinetics describes the relationship between 
drug dose and drug concentration in plasma or at the 
site of drug effect over time. The processes of absorption, 
distribution, and elimination (metabolism and excretion) 
govern this relationship. Absorption is not relevant to 
intravenously administered drugs but is relevant to all 
other routes of drug delivery. The time course of intra-
venously administered drugs is a function of distribution 
volume and clearance. Estimates of distribution volumes 
and clearances are described by pharmacokinetic param-
eters. Pharmacokinetic parameters are derived from 
mathematical formulas fit to measured blood or plasma 
concentrations over time following a known drug dose.

FUNDAMENTAL PHARMACOKINETIC 
CONCEPTS

Volume of Distribution
An oversimplified model of drug distribution through-
out plasma and tissues is the dilution of a drug dose into 
a tank of water. The volume of distribution (Vd) is the 
apparent size of the tank required to explain a measured 
drug concentration from the tank water once the drug 
Chapter 24: Basic Principles of Pharmacology 591

has had enough time to thoroughly mix within the tank 
(Fig. 24-1). The distribution volume is estimated using the 
simple relationship between dose (e.g., mg) and measured 
concentration (e.g., mg/L) as presented in Equation 1.

 Volume of Distribution = Amount of dose
Concentration

 [1]

With an estimate of tank volume, drug concentration 
after any bolus dose can be calculated. Just as the tank 
has a volume regardless of whether there is drug in it, 
distribution volumes in people are an intrinsic property 
regardless of whether any drug has been given.

Human bodies are not water tanks. As soon as a drug is 
injected, it begins to be cleared from the body. To account 
for this in the schematic presented in Figure 24-1, a faucet 
is added to the tank to mimic drug elimination from the 
body (Fig. 24-2). Using Equation 1, to estimate the volume 
of distribution without accounting for elimination leads 
to volume of distribution estimates that become larger 
than initial volume. To refine the definition of distribu-
tion volume, the amount of drug that is present at a given 
time t is divided by the concentrations at the same time:

 Vd = Amount (t)

Concentration (t)
 [2]

If elimination occurs as a first-order process (i.e., elimi-
nation is proportional to the concentration at that time), 
the volume of distribution calculated by Equation 2 will 
be constant (Fig. 24-3; also see Fig. 24-2).

When a drug is administered intravenously, some drug 
stays in the vascular volume, but most of the drug dis-
tributes to peripheral tissues. This distribution is often 
represented as additional volumes of distribution (tanks) 
connected to a central tank (blood or plasma volume). 
Peripheral distribution volumes increase the total volume 
of distribution (Fig. 24-4).

The schematic in Figure 24-4 presents a plasma vol-
ume and tissue volume. The peripheral tank represents 
distribution of drug in peripheral tissues. There may be 
more than one peripheral tank (volume) to best describe 
the entire drug disposition in the body. The size of the 
peripheral volumes represents a drug’s solubility in tissue 

Dose = 10 mg

Tank volume =
1 liter

Concentration = 10 mg/L

Blood or plasma

Volume of distribution = 10 mg/(10 mg/L) = 1 L

Figure 24-1. Schematic of a single-tank model of distribution vol-
ume. The group of blue dots at the top right represents a bolus dose 
that, when administered to the tank of water, evenly distributes within 
the tank.
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Figure 24-2. Schematic of a 
 single-tank model of elimination 
as a first order process. At 2 min-
utes (left panel) and 4 minutes 
(right panel) following a 10-mg 
drug bolus, tank concentrations 
are decreasing from 5 to 2.5 mg/
mL. Accounting for elimination, 
estimates of the distribution vol-
ume at each time point are both 
1 liter.

Dose = 10 mg

Time = 2 min

Concentration = 5 mg/L

Volume of distribution = 5 mg/(5 mg/L) = 1 L

Concentration = 2.5 mg/L

Volume of distribution = 2.5 mg/(2.5 mg/L) = 1 L

amsalp ro doolBamsalp ro doolB

Dose = 10 mg

Time = 4 min

Tank volume = 1 liter

Figure 24-3. Simulation of con-
centration (left panel) and distribu-
tion volume (right panel) changes 
over time following a bolus dose for 
a single-tank (one-compartment) 
model. The distribution volume 
remains constant throughout.
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relative to blood or plasma. The more soluble a drug is in 
peripheral tissue relative to blood or plasma, the larger 
the peripheral volumes of distribution.

An important point illustrated in Figure 24-4 is that 
drug not only distributes to the peripheral tank and thus 
increases the volume of distribution, but it also binds to 
tissue in that tank. This process further lowers the mea-
sureable concentration in the central tank. Thus, the total 
volume of distribution may even be larger than the two 
tanks added together. In fact some anesthetics have huge 

Blood or plasma

Dose = 10 mg

Concentration = 2.5 mg/L

Volume of distribution = 10 mg/(2.5 mg/L) = 4 L

Tissue bound

Tissue

Figure 24-4. Schematic of a two-tank model. The total volume of 
distribution consists of the sum of the two tanks. The brown ellipse 
in the peripheral volume represents tissue that binds up drugs. The 
measured concentration in the blood or plasma is 2.5 mg/mL just after 
a bolus dose of 10 mg. Using Figure 24-1, this leads to a distribution 
volume of 4 liters.
distribution volumes (e.g., fentanyl has an apparent dis-
tribution volume of 4 L/kg) that are substantially larger 
than an individual’s vascular volume (0.07 L/kg) or extra-
cellular volume (0.2 L/kg).

With an additional tank, the volume of distribution 
no longer remains constant over time. As illustrated in 
Figure 24-5, at time = 0, the volume of distribution is esti-
mated as 4.3 L, the same as that of the model presented in 
Figure 24-3, which has only one tank. The volume of dis-
tribution then increases to 48 liters over the next 10 min-
utes. The increase is due to the distribution of drug to the 
peripheral volume and elimination once drug is in the 
body. The amount of drug that moves to the peripheral 
tissue commonly surpasses the amount that is eliminated 
during the first few minutes after drug administration. 
As an example, consider a simulation of a propofol bolus 
that plots the accumulation of propofol in peripheral tis-
sues and the amount eliminated over time (Fig. 24-6). 
During the first 4 minutes, the amount distributed to the 
peripheral tissue is larger than the amount eliminated out 
of the body. Following 4 minutes, the amounts reverse.

Front-End Kinetics
Front-end kinetics refers to the description of intravenous 
drug behavior immediately following administration. 
How a drug rapidly moves from the blood into periph-
eral tissues directly influences the peak plasma drug con-
centration. With compartmental models, an important 
assumption is that an intravenous bolus instantly mixes 
in the central volume, with the peak concentration occur-
ring at the moment of injection without elimination or 
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Figure 24-5. Simulation of concentration and apparent distribution volume changes over time following a bolus dose for a two-tank (two-
compartment) model. Left panel: The dots represent measured drug concentrations. The solid line represents a mathematical equation fit to the 
measured concentrations. The dotted line represents an extrapolation of the mathematical equation (i.e., pharmacokinetic model) to time 0. Right 
panel: The apparent distribution volume is time dependent with the initial volume of distribution much small than the distribution volume at near 
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distribution to peripheral tissues. For simulation purposes, 
the initial concentration and volume of distribution at 
time = 0 are extrapolated as if the circulation had been 
infinitely fast. This, of course, is not real. If drug is injected 
into an arm vein and that the initial concentration is mea-
sured in a radial artery, drug appears in the arterial circu-
lation 30 to 40 seconds after injection. The delay likely 
represents the time required for drug to pass through the 
venous volume of the upper part of the arm, heart, great 
vessels, and peripheral arterial circulation. More sophisti-
cated models (e.g., a recirculatory model)1 account for this 
delay and are useful when characterizing the behavior of a 
drug immediately following bolus administration, such as 
with induction agents where the speed of onset and dura-
tion of action are of interest (Fig. 24-7).

Clearance
Clearance describes the rate of drug removal from the 
plasma/blood. Two processes contribute to drug clear-
ance: systemic (out of the tank) and intercompartmen-
tal (between the tanks) clearance (Fig. 24-8). Systemic 
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amount of drug

Amount of drug distributed
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Figure 24-6. Simulation of propofol accumulation in the peripheral 
tissues (blue line) and the cumulative amount of propofol eliminated 
(gold line) following a 2-mg/kg propofol bolus to a 77-kg (170-lb), 
53-year-old male who is 177 cm (5 ft 10 in) tall, using published phar-
macokinetic model parameters.1 Drug indicates propofol.
earance permanently removes drug from the body, 
ther by eliminating the parent molecule or by trans-
rming it into metabolites. Intercompartmental clear-
ce moves drug between plasma and peripheral tissue 

nks. By way of clarification, in this chapter, the words 
mpartment and tank are interchangeable.
Clearance is defined in units of flow, that is, the volume 
mpletely cleared of drug per unit of time (e.g., liters/
inute). Clearance is not to be confused with elimination 
te (e.g., mg/minute). To explain why elimination rates 

ight atrial
injection

CO

Arterial
sampling

ClE

ClND-F

ClND-S

ClT-F
VT-F

VT-S

VND-S

VND-F

Delay elements VC

ClT-S

gure 24-7. A recirculatory model accounting for cardiac output 
O), transit delays, pulmonary uptake (delay elements V and C ), and 
ndistributive mixing pathways (VND and ClND). All the components 

ithin the dashed circle are required to accurately model the cen-
al volume of distribution. In most situations, this complexity is not 
quired, and the simpler approach of assuming instantaneous mix-
g within the central volume is an adequate approximation. ClND-F,  
st nondistributive clearance; ClND-S, slow nondistributive clearance; 
T-F, fast tissue clearance; ClT-S, slow tissue clearance; VND-F, fast non-
stributive volume; VND-S, slow nondistributive volume; VT-F, fast tissue 
lume; VT-S, slow tissue volume.2
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do not accurately characterize clearance, consider the 
simulation presented in Figure 24-9. Using the volume of 
distribution, the total amount of drug can be calculated 
at every measured concentration. The concentration 
change in time window A is larger than in time window 
B even though they are both 1 minute in duration. The 
elimination rates are 27 and 12 mg/minute for time win-
dows A and B, respectively. They are different and neither 
can be used as a parameter to predict drug concentrations 
when another dose of drug is administered. Because of 
this limitation with elimination rate, clearance was devel-
oped to provide a single number to describe the decay in 
drug concentration presented in Figure 24-9.

For discussion purposes, assume that concentration is 
the power necessary to push drug out of the water tank. 
The higher the concentration, the larger the amount of 
drug eliminated. To standardize the elimination rate, the 
eliminated amount of drug is scaled to concentration. For 
example, the elimination rate in time window A (27 mg/
minute) scaled to the mean concentration during that 
time window (15 μg/mL) is 0.001807 mg/minute/mg/L. 
Reducing the units gives 0.002 L/minute. Normalizing 
the elimination rate in time window B to concentration 
gives the same as result as A. If the time interval is nar-
rowed so that the time window approaches zero, the defi-
nition of clearance becomes:

 Clearance =
dA
dt

C (t)
 [3]

where dA/dt is the rate of drug elimination at given time 
and C (t) is the corresponding concentration at time. 
Rearranging Equation 3 and integrating both numerator 
and denominator, the following relationship holds:

 Clearance =
∫ ∞

0 dA

∫ ∞
0 C(t)dt

 [4]

because the term ∫ ∞
0 dA is equal to the total amount of 

drug eliminated and ∫ ∞
0 C (t)dt is the area under curve 

(AUC), then the following equation can be derived:

 Clearance = Dose
AUC

 [5]

Blood or plasma Tissue

Systemic clearance
Intercompartmental

clearance

Figure 24-8. Schematic of a two-tank model illustrating two sources 
of drug removal from the central tank (blood or plasma): systemic and 
intercompartmental clearance.
With long infusions, drug concentrations reach a 
steady-state condition where the rate of drug elimination 
(dA/dt) is in equilibrium with the rate of drug admin-
istration. Clearance in a steady-state condition can be 
obtained using Equation 3 as follows:

 Clearance = Infusion Rate
Css

 [6]

where Css is the plasma concentration at steady state.

Physiologic Model for Clearance
Drug extraction by metabolic organs is illustrated in 
 Figure 24-10. This model contains a metabolic organ sys-
tem responsible for drug elimination. According to mass 
balance, the rate at which drug flows out of metabolic 
organs is the rate at which drug flows into them minus 
the metabolic rate. The elimination rate (dA/dt) can be 
expressed as Q (Cin – Cout). Rearranging C(t) in  Equation 3 
with Cin, clearance in Equation 3 can be expressed as

 Clearance = Q (Cin − Cout)

Cin

 [7]

where Q is the blood flow to metabolic organs, Cin is the 
concentration of drug delivered to metabolic organs, 
and Cout is the concentration of drug leaving metabolic 
organs. The fraction of inflowing drug extracted by the 

organ is Cin − Cout

Cin

. This is called the extraction ratio (ER). 

Clearance can be estimated as organ blood flow multi-
plied by the ER. Equation 7 can be simplified to

 Clearance = Q (Cin − Cout)

Cin
= Q × Cin − Cout

Cin
= Q × ER [8]
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Figure 24-9. Simulation of drug concentration changes when a drug 
is administered to a single-tank model with linear elimination (see Fig. 
24-2). The concentration changes for two time windows are labeled 
with diagonal lines from 1 to 2 minutes (time window A) and from 3 
to 4 minutes (time window B), respectively. The concentrations (CON) 
at the beginning and end of each time window are used to calculate 
the amount (AMT) of drug that is eliminated (see text). s Volume of 
distribution.



The total clearance is the sum of each clearance by meta-
bolic organs such as the liver, kidney and other tissues.

Hepatic clearance has been well characterized. For 
example, the relationship among clearance, liver blood 
flow, and the extraction ratio is presented in Figure 
24-11.3 For drugs with an extraction ratio of nearly 1 
(e.g., propofol), a change in liver blood flow produces a 
nearly proportional change in clearance. For drugs with a 
low extraction ratio (e.g., alfentanil), clearance is nearly 
independent of the rate of liver blood flow. If nearly 
100% of the drug is extracted by the liver, this implies 
that the liver has a very large metabolic capacity for the 
drug. In this case, the rate-limiting step in metabolism is 
the flow of drug to the liver, and such drugs are said to be 
"flow limited." As a consequence, any reduction in liver 
blood flow due to circulatory effects of anesthetic agents 
or changes in circulatory volumes in cases of periopera-
tive bleeding or other situations of excessive fluid loss can 
be expected to reduce liver-dependent drug clearance. 
However, moderate changes in hepatic metabolic func-
tion per se will have little impact on clearance because 
hepatic metabolic capacity is overwhelmingly in excess 
of demand.

For many drugs (e.g., alfentanil), the extraction ratio 
is considerably less than 1. For these drugs, clearance is 
limited by the capacity of the liver to take up and metabo-
lize drug. These drugs are said to be "capacity limited." 
Clearance will change in response to any change in the 
capacity of the liver to metabolize such drugs, as might 
be caused by liver disease or enzymatic induction. How-
ever, changes in liver blood flow caused by the anesthetic 
regimen or other changes in splanchnic circulation usu-
ally have little influence on clearance because the liver 
handles only a fraction of the drug that it sees.

Hepatic Biotransformation
Most anesthetic drugs are cleared by hepatic biotransfor-
mation. The synthetic pathways for biotransformation 

Venous blood Arterial blood

Liver Kidney Tissue
Blood flow = Q

Heart

Q × Cout Q × Cin

dA/dt = Q × Cin – Q × Cout

Figure 24-10. Schematic of drug extraction. Q indicates blood flow. 
Cin and Cout indicate drug concentrations presented to and leaving 
metabolic organs. A indicates the amount of drug, and dA/dt is the 
drug elimination rate.
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are covered in detail in many biochemistry texts. Briefly, 
the liver metabolizes drugs through oxidation, reduction, 
hydrolysis, or conjugation. Oxidation and reduction 
occur in the cytochrome P450 system. These enzymes can 
be induced by exposure to certain drugs (e.g., the herbal 
remedy St. John’s wort) and increase the liver’s intrin-
sic metabolic capacity. Other drugs or hepatic disease 
can inhibit these enzymes (e.g., selected calcium chan-
nel blockers and selected antibiotics). Routes of oxidative 
metabolism include hydroxylation, dealkylation, deami-
nation, desulfuration, epoxidation, and dehalogenation. 
Conjugation and hydrolysis often occur outside the P450 
system, although glucuronidation involves the P450 sys-
tem as well. The effect of conjugation is to transform 
hydrophobic molecules into water-soluble molecules 
through the addition of polar groups and thus render 
the metabolites easier to excrete via the kidneys. The 
metabolites generated by the liver are generally inactive, 
although some drugs (e.g., morphine, midazolam) have 
metabolites that are as potent as the parent drug. Genetic 
polymorphism can occur in all of these pathways, and 
this accounts for part of the variability in clearance in the 
population.

Extrahepatic Metabolism
Although most anesthetic drugs are cleared by hepatic 
metabolism, remifentanil, succinylcholine, and esmolol 
are cleared in the plasma and tissues by ester hydro-
lysis, and pancuronium is cleared via the kidney. The 
relationship between metabolism and clearance is com-
plex. The following exploration of this relationship will 
assume hepatic metabolism, although the principles 
apply to the metabolism of drug in any tissue. The rate 
of metabolism for most anesthetic drugs is proportional 
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and extraction ratio. For drugs with a high extraction ratio, clear-
ance is nearly identical to liver blood flow. For drugs with a low 
extraction ratio, changes in liver blood flow have almost no effect 
on clearance.3
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to the concentration of drug distributed via circulation 
to the liver. As was shown earlier, this means that meta-
bolic clearance is usually constant and independent of 
dose.

Physiologic Pharmacokinetic Models
It is possible to analyze volumes and clearances for each 
organ in the body and construct models of pharmaco-
kinetics by assembling the organ models into physio-
logically and anatomically accurate models of the entire 
animal.4 Models that work with individual tissues are 
mathematically cumbersome and do not offer a better 
prediction of plasma drug concentration than models 
that lump the tissues into a few compartments. If the goal 
is to determine how to give drugs to obtain therapeutic 
plasma drug concentrations, all that is needed is to math-
ematically relate dose to plasma concentration. For this 
purpose, conventional compartmental models are usually 
adequate.

Compartmental Pharmacokinetic Models
Compartmental models are built on the same basic con-
cepts as physiologic models, but with gross simplifica-
tions. The one-compartment model seen in Figure 24-12 
contains a single volume and a single clearance, as though 
humans were built like tanks. For anesthetic drugs, 
human bodies resemble several tanks connected by pipes. 
These are usually modeled by two- or three- compartment 
models, also shown in Figure 24-12. The volume to the 
right in the two-compartment model—and in the center 
of the three-compartment model—is the central volume. 
The other volumes are peripheral volumes. The sum of 
all volumes is the volume of distribution at steady state, 
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Figure 24-12. One-, two-, and three-compartment mammillary 
models.
Vdss. Clearance in which the central compartment is left 
for the outside is the central, or metabolic, clearance. 
Clearances between the central compartment and the 
peripheral compartments are the intercompartmental 
clearances.

Multicompartment Models
Plasma concentrations over time after an intravenous 
bolus resemble the curve in Figure 24-13. This curve has 
the characteristics common to most drugs when given by 
intravenous bolus. First, the concentrations continuously 
decrease over time. Second, the rate of decline is initially 
steep but continuously becomes less steep, until we get to 
a portion that is log-linear.

For many drugs, three distinct phases can be distin-
guished, as illustrated in Figure 24-13. A rapid-distribution 
phase (blue line) begins immediately after injection of the 
bolus. Very rapid movement of the drug from plasma to 
the rapidly equilibrating tissues characterizes this phase. 
Frequently, there is a second, slow-distribution, phase 
(red line), which is characterized by movement of drug 
into more slowly equilibrating tissues and return of drug 
to plasma from the most rapidly equilibrating tissues. The 
terminal phase (green line) is a straight line when plot-
ted on a semilogarithmic graph. The terminal phase is 
often called the elimination phase because the primary 
mechanism for decreasing drug concentration during the 
terminal phase is elimination of drug from the body. The 
distinguishing characteristic of the terminal elimination 
phase is that the plasma concentration is lower than tis-
sue concentrations and the relative proportion of drug in 
plasma and peripheral volumes of distribution remains 
constant. During this terminal phase, drug returns from 
the rapid- and slow-distribution volumes to plasma and 
is permanently removed from plasma by metabolism or 
excretion.

The presence of three distinct phases after bolus injec-
tion is a defining characteristic of a mammillary model 
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with three compartments.5 In this model, there are three 
tanks, corresponding (from left to right) to the slowly 
equilibrating peripheral compartment, the central com-
partment (the plasma, into which drug is injected), and 
the rapidly equilibrating peripheral compartment. The 
horizontal pipes represent intercompartmental clear-
ance or (for the pipe draining onto the page) metabolic 
clearance. The volumes of each tank correspond to the 
volumes of the compartments for fentanyl. The cross- 
sectional areas of the pipes correlate with fentanyl sys-
temic and intercompartmental clearance. The height of 
water in each tank corresponds to drug concentration. By 
using this hydraulic model, we can follow the processes 
that decrease drug concentration over time after bolus 
injection. Initially, drug flows from the central compart-
ment to both peripheral compartments via intercom-
partmental clearance and completely out of the model 
via metabolic clearance. Because there are three places 
for drug to go, the concentration in the central compart-
ment decreases very rapidly. At the transition between 
the blue line and the red line, a change occurs in the role 
of the most rapidly equilibrating compartment. At this 
transition, the concentration in the central compartment 
falls below the concentration in the rapidly equilibrating 
compartment, and the direction of flow between them is 
reversed. After this transition (red line), drug in plasma 
has only two places to go: into the slowly equilibrating 
compartment or out the drain pipe. These processes are 
partly offset by the return of drug to plasma from the 
rapidly equilibrating compartment. The net effect is that 
once the rapidly equilibrating compartment has come to 
equilibration, the concentration in the central compart-
ment falls far more slowly than before.

Once the concentration in the central compartment 
falls below both the rapidly and slowly equilibrating 
compartments (green line), the only method of decreas-
ing the plasma concentration is metabolic clearance, the 
drain pipe. Return of drug from both peripheral compart-
ments to the central compartment greatly slows the rate 
of decrease in plasma drug concentration.

Curves that continuously decrease over time, with a 
continuously increasing slope (i.e., curves that look like 
Fig. 24-13), can be described by a sum of negative expo-
nentials. In pharmacokinetics, one way of denoting this 
sum of exponentials is to say that the plasma concentra-
tion over time is

 C (t) = Ae − αt + Be − βt + Ce − γt [9]

where t is the time since the bolus, C(t) is the drug con-
centration after a bolus dose, and A, α, B, β, C, and γ 
are parameters of a pharmacokinetic model. A, B, and 
C are called coefficients, whereas α, β, and γ are called 
exponents. After a bolus injection, all six of the param-
eters in Equation 9 will be greater than 0. The main 
reason that polyexponential equations are used is that 
they describe the plasma concentrations observed after 
bolus injection, except for the misspecification in the 
first few minutes mentioned previously. Compartmen-
tal pharmacokinetic models are strictly empirical. The 
models have no anatomic correlates. They are solely 
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based on fitting equations to measured plasma concen-
trations following a known dose. Kinetic models are 
transformed into models that characterize concentra-
tion changes over time in terms of volumes and clear-
ances. Although more intuitive, these models have no 
physiologic correlates.

Special significance is often ascribed to the smallest 
exponent. This exponent determines the slope of the 
final log-linear portion of the curve. When the medical 
literature refers to the half-life of a drug, unless otherwise 
stated, the half-life will be the terminal half-life. How-
ever, the terminal half-life for drugs with more than one 
exponential term is nearly uninterpretable. The terminal 
half-life sets an upper limit on the time required for the 
concentrations to decrease by 50% after drug administra-
tion. Usually, the time needed for a 50% decrease will be 
much faster than that upper limit.

Part of the continuing popularity of pharmacokinetic 
compartmental models is that they can be transformed 
from an unintuitive exponential form to a more intuitive 
compartmental form, as shown in Figure 24-12. Micro rate 
constants, expressed as kij, define the rate of drug transfer 
from compartment i to compartment j. Compartment 0 
is the compartment outside the model, so k10 is the micro 
rate constant for processes acting through metabolism or 
elimination that irreversibly remove drug from the cen-
tral compartment (analogous to k for a one-compartment 
model). The intercompartmental micro rate constants 
(k12, k21, etc.) describe movement of drug between the 
central and peripheral compartments. Each peripheral 
compartment has at least two micro rate constants, one 
for drug entry and one for drug exit. The micro rate con-
stants for the two- and three-compartment models can be 
seen in Figure 24-12.

Back-End Kinetics
Using estimates of distribution volume and clearance, 
back-end kinetics is a useful tool to describe the behav-
ior of intravenous agents when administered as contin-
uous infusions. Back-end kinetics provides descriptors 
of how plasma drug concentrations decrease once a 
continuous infusion is terminated. An example is dec-
rement time, which predicts the time required to reach 
a certain plasma concentration once an infusion is ter-
minated. Decrement times are a function of infusion 
duration. Consider the example of decrement times 
for a set of continuous target controlled infusions (Fig. 
24-14). In this simulation, target-controlled infusion of 
propofol is set to maintain a concentration of 4 μg/mL  
for 30, 60, and 120 minutes. Once the infusion is 
stopped, the time to reach 0.5 μg/mL is estimated. As 
illustrated, the longer the infusion, the longer the time 
required to reach 0.5 μg/mL. This example demon-
strates how drugs accumulate in peripheral tissues with 
prolonged infusions. This accumulation prolongs the 
decrement time.

Another use of decrement times is as a tool to compare 
drugs within a drug class (e.g., opioids). As a comparator, 
plots of decrement times are presented as a function of 
infusion duration. When used this way, decrement times 
are determined as the time required to reach a target 



PART III: Anesthetic Pharmacology598

Time (min)

65 min
40
min

30
min

2

3

4

1

0
300 60 90 120 150 240210180

C
on

ce
nt

ra
tio

n 
(µ

g/
m

L)

Figure 24-14. Simulation of decrement times for a target-controlled 
infusion set to maintain a target propofol concentration of 4 μg/mL for 
30, 60, and 120 minutes. Once terminated, the time required to reach 
0.5 μg/mL was 30, 40, and 65 minutes for each infusion, respectively. 
Simulations of the decrement times used a published pharmacokinetic 
model.1
percentage of the concentration just before the termina-
tion of a continuous infusion. Examples of 50% and 80% 
decrement times for selected opioids and sedatives are 
presented in Figure 24-15. Of note, for shorter infusions, 
the decrement times are similar for both classes of anes-
thetic drugs. Once infusion duration exceeds two hours, 
the decrement times vary substantially. A popular dec-
rement time is the 50% decrement time, also known as 
the context-sensitive half-time.6 The term context-sensitive 
refers to infusion duration. The term half-time refers to 
the 50% decrement time.

Biophase
Biophase refers to the time delay between changes in 
plasma concentration and drug effect. Biophase accounts 
for the time required for drug to diffuse from the plasma 
to the site of action plus the time required (once drug 
is at the site of action) to illicit a drug effect. A simula-
tion of various propofol bolus doses and their predicted 
effect on bispectral index are presented in Figure 24-16. 
Of note, the time to peak effect for each dose is identical 
(approximately 1.5 minutes following the peak plasma 
concentration). The difference between each dose is the 
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magnitude and duration of effect. A key principle here is 
that when drug concentrations are in flux (e.g., during 
induction and emergence), changes in drug effect will lag 
behind changes in drug concentration. This lag between 
the plasma concentration and effect usually result in the 
phenomenon called hysteresis, in which two different 
plasma concentrations correspond to one drug effect or 
one plasma concentrations correspond to two drug effect. 
Figure 24-16 shows that different concentrations, C and c, 
correspond to the same bispectral image scale (BIS) score.

To collapse the hysteresis between plasma concen-
tration and effect and to match one plasma concentra-
tion to one drug effect, this lag is often modeled with 
an effect-site compartment added to the central com-
partment. Kinetic micro rate constants used to describe 
biophase include k1e and ke0. The k1e describes drug 
movement from the central compartment to the effect 
site, and ke0 describes the elimination of drug from the 
effect-site compartment. Two important assumptions 
must be understood with the effect-site compartment:  
(1) the amount of drug that moves from the central com-
partment to the effect-site compartment is negligible and 
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Figure 24-16. Illustration of biophase. The top plot presents a simula-
tion of three propofol doses and the resultant plasma concentrations. 
The bottom plot presents a simulation of the predicted effect on the 
bispectral index scale (BIS). These simulations assume linear kinetics: 
regardless of the dose, effects peak at the same time (line A), as do the 
plasma concentration. The time to peak effect is 1.5 minutes. Even 
the plasma concentrations of points C and c are different; the BIS of 
those two points are same. It shows the hysteresis between plasma 
concentration and BIS. Simulations used published pharmacokinetic 
and pharmacodynamic models.1,11
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vice versa, and (2) there is no volume estimate to the 
effect-site compartment.

Typically, the relationship between plasma and the 
site of drug effect is modeled with an effect-site model, 
as shown in Figure 24-17. The site of drug effect is con-
nected to plasma by a first-order process. The equation 
that relates effect-site concentration to plasma concentra-
tion is

 
dCe
dt

= ke0 × (Cp − Ce) [10]

where Ce is the effect-site concentration, Cp is the plasma 
drug concentration, and ke0 is the rate constant for elimi-
nation of drug. The constant ke0 describes the rate of rise 
and off set of drug effect (Fig. 24-18).

In summary, although of interest to many clini-
cians, the conventional pharmacokinetic term half-life 
has limited meaning to anesthetic practice since the 
clinical behavior of drugs used in anesthesia is not well 
described by half-life. Instead, the pharmacokinetic 
principles discussed in this section (such as volume of  
distribution, clearance, elimination, front-end kinet -
ics, back-end kinetics, context-sensitive half-time, and 
biophase) describe how drugs used in anesthesia will 
behave.
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Figure 24-17. A three-compartment model with an added effect site 
to account for the delay in equilibration between the rise and fall in 
arterial drug concentrations and the onset and offset of drug effect. 
The effect site is assumed to have a negligible volume.
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PHARMACODYNAMIC PRINCIPLES

Simply stated, pharmacokinetics describes what the body
does to the drug, whereas pharmacodynamics describes
what the drug does to the body. In particular, pharmaco-
dynamics describes the relationship between drug con-
centration and pharmacologic effect.

Models used to describe the concentration-effect rela-
tionships are created in much the same way as pharma-
cokinetic models; they are based on observations and
used to create a mathematical model. To create a phar-
macodynamic model, plasma drug levels and a selected
drug effect are measured simultaneously. For example,
consider the measured plasma concentrations of a drug
following a bolus dose and the associated changes in the
spectral edge from one individual presented in Figure
24-19. Spectral edge is an easily captured metric used to
quantify the electroencephalogram (EEG). Shortly after
the plasma concentration peaks, the spectral edge starts
to drop, reaches a nadir, and then returns back to baseline
as the plasma concentrations drop to near 0.

Combining data from several individuals and plot-
ting the measured concentrations versus the observed
effect (modified to be a percentage of the maximal effect
across all individuals), the data create a hysteresis loop
(Fig. 24-20). The ascending portion of the loop represents
rising drug concentrations (see arrow). While rising, the
increase in drug effect lags behind the increase in drug
concentration. For the descending loop, the decrease in
drug effect lags behind the decrease in drug concentration.

To create a pharmacodynamic model, the hysteresis
loop is collapsed using modeling techniques that account
for the lag time between plasma concentrations and the
observed effect.13 These modeling techniques provide an
estimate of the lag time, known as the t1/2ke0, and an
estimate of the effect-site concentration (Ce) associated
with a 50% probability of drug effect (C50). Most concen-
tration effect relationships in anesthesia are described
with a sigmoid curve. The standard equation for this rela-
tionship is the "Hill equation" also known as the sigmoid
Emax relationship:

 Effect = E0 +
(
Emax − E0) * (C γ /

(
C50

γ + C γ )) [11]
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Figure 24-19. Schematic representation of drug plasma concentra-
tions (blue circles) following a bolus and the associated changes in
the electroencephalogram’s spectral edge (red line) measured in one
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where E0 is the baseline effect, Emax is the maximal effect, 
C is the drug concentration, and γ represents the slope of 
the concentration-effect relationship. Gamma (γ) is also 
known as the "Hill coefficient." For values of γ <1, the 
curve is hyperbolic; for values of γ >1, the curve is sig-
moid. Figure 24-21 presents an example of this relation-
ship: a fentanyl effect-site concentration-effect curve for 
analgesia. This example illustrates how C50 and γ charac-
terize the concentration-effect relationship.

Potency and Efficacy
Two important concepts are relevant to this relationship: 
potency and efficacy. Potency describes the amount of 
drug required to elicit an effect. The C50 is a common 
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from collapsing the hysteresis loop.
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parameter used to describe potency. For drugs that 
have a concentration-versus-effect relationship that is 
shifted to the left (small C50), the drug is considered to 
be more potent; the reverse is true for drugs that have 
a  concentration-versus-effect relationship shifted to the 
right. For example, as illustrated in Figure 24-22, the 
analgesia C50 for some of the fentanyl congeners ranges 
from small for sufentanil (0.04 ng/mL) to large for alfen-
tanil (75 ng/mL). Thus, sufentanil is more potent that 
alfentanil.

Efficacy is a measure of drug effectiveness at produc-
ing an effect once it occupies a receptor. Similar drugs 
that work through the same receptor may have varying 
degrees of effect despite having the same receptor occu-
pancy. For example, with G-protein coupled receptors, 
some drugs may bind the receptor in such a way as to 
produce a more pronounced activation of second mes-
sengers causing more of an effect than others. Drugs that 
achieve maximal effect are known as full agonists, and 
those that have an effect less than maximal are known as 
partial agonists.

Effective Versus Lethal Doses
A single drug can have multiple effects. The C50 concept is 
used to compare various drug effects for a single drug. For 
example, as illustrated in Figure 24-23, fentanyl has a dif-
ferent C50 for analgesia (2 ng/mL), ventilatory depression 
(4 ng/mL), loss of response to laryngoscopy (15 ng/mL), 
and changes in the electroencephalogram (20 ng/mL).14

The concentration range where changes in drug effect 
occur is known at the dynamic range. In Figure 24-21, 
the dynamic range is from 0.6 to 3.9 ng/mL to cover a 
probability of analgesia ranging from 2% to 97%. Con-
centrations outside the dynamic range do not yield much 
change in drug effect. Levels below the dynamic range are 
ineffective, and those above the dynamic range do not 
provide additional effect.

Like other effects, the concentration-relationship for 
death is also described with a sigmoid Emax curve. The 
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Figure 24-22. Pharmacodynamic models for fentanyl congeners. 
The C50 for each drug is different, but the slope and maximal effect 
are similar.14
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relationship between drug and effect is expressed dif-
ferently in that the horizontal axis uses dose in place of 
concentration. Similar to the C50, the ED50 is the dose at 
which there is a 50% probability of effect, and the LD50 is 
the dose with a 50% probability of death. The therapeutic 
index of a drug is defined as the ratio between the LD50 
and the ED50 (Fig. 24-24). The larger the ratio, the safer 
the drug is for clinical use.
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Figure 24-23. Pharmacodynamic models for various fentanyl 
effects.14
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Anesthetic Drug Interactions
Anesthetics rarely consist of only one drug, but rather a 
combination of drugs to achieve desired levels of hypno-
sis, analgesia, and muscle relaxation. Hypnotics, analge-
sics, and muscle relaxants all interact with one another 
such that rarely does one drug, when administered in the 
presence of other drugs, behave as if it were administered 
alone. For example, when administering an analgesic in 
the presence of a hypnotic, analgesia is more profound 
with the hypnotic than by itself and hypnosis is more 
profound with the analgesic than by itself. Thus, anes-
thesia is the practice of applied drug interactions. This 
phenomenon is likely a function of each class of drug 
exerting an effect on different receptors.

Early work by McEwan and associates described inter-
actions between two drugs and is illustrated in Figure 
24-25.15 It presents the interaction between isoflurane, 
a likely GABA agonist, and fentanyl, an opioid receptor 
agonist. This plot illustrates two key points: First, with a 
relatively low fentanyl concentration (<2 ng/mL), there 
is a substantial decrease (>50%) in the end tidal isoflu-
rane concentration necessary to achieve minimum alveo-
lar concentration (MAC) necessary to avoid movement 
with skin incision. Second, with fentanyl concentrations 
above 3 ng/mL, the end tidal concentration of isoflurane 
to maintain the MAC, although low, does not change 
much. Thus, a ceiling effect exists, indicating that some 
isoflurane is necessary regardless of the fentanyl concen-
tration to maintain a MAC of anesthesia.

Work has been done to explore how anesthetic drugs 
interact with one another. As illustrated in Figure 24-26, 
interactions have been characterized as antagonistic, addi-
tive, and synergistic. When drugs that have an additive 
interaction are coadministered, their overall effect is the 
sum of the two individual effects. With antagonistic inter-
actions, the overall effect is less than if the drug combina-
tion were additive; with synergistic interactions, the overall 
effect is greater than if the drug combination were additive.
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Figure 24-25. The influence of fentanyl on the isoflurane minimum 
alveolar concentration (MAC) associated with a 50% probability of 
movement with skin incision. (Modified from McEwan AI, Smith C, Dyar O,  
et al: Isoflurane minimum alveolar concentration reduction by fentanyl, 
Anesthesiology 78:864-869, 1993.)
A term used to characterize the continuum of drug 
concentrations across various combinations of drug pairs 
(X in combination with Y) is the isobole. The isobole is an 
isoeffect line for a selected probability of effect. A com-
mon isobole is the 50% isobole line. It represents all pos-
sible combinations of two-drug effect-site concentrations 
that would lead to a 50% probability of a given effect. 
Other isoboles are of more clinical interest. For example, 
the 95% isobole for loss of responsiveness represents the 
concentration pairs necessary to ensure a 95% probability 
of unresponsiveness. Similarly, the 5% isobole represents 
the concentration pairs in which the likelihood of that 
effect is low (i.e., most patients would be responsive). 
When formulating an anesthetic dosing regimen, dosing 
an anesthetic to achieve a probability of effect just above, 
but not far beyond, the 95% isobole is ideal (Fig. 24-27).

Work in both humans and animal models have 
described anesthetic drug interactions for opioids, seda-
tive hypnotics, and inhalation agents for two anesthetic 
effects: (1) loss of responsiveness (humans) and loss of the 
righting reflex (animals) and (2) immobility defied as loss 
of movement response to noxious stimulus in a nonpara-
lyzed subject.16 First, based on these findings, inhalation 
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agents, when combined, are strictly additive, suggest-
ing a common mechanism of action—except for nitrous 
oxide, which has an infra-additive interaction with other 
inhalation agents. Second, interactions between various 
intravenous drugs and inhalation agents are synergistic, 
except for nitrous oxide and GABA sedative hypnotics. 
Third, interactions between different classes of intrave-
nous agents (e.g., opioids and sedative hypnotics) are also 
primarily synergistic, except for ketamine and benzodiaz-
epines (Fig. 24-28).

Several researchers have developed mathematical 
models that characterize anesthetic drug interactions in 
three dimensions. These models are known as response 
surface models and include effect-site concentrations 
for each drug, as well as a probability estimate of the 
overall effect. As an example, Figure 24-29 presents the 
propofol-remifentanil interaction for loss of respon-
siveness as published by Bouillon and associates.17 The 
response surface presents the full range of remifentanil-
propofol isoboles (0% to 100%) for loss of responsiveness. 
There are two common representations of the response 
surface model: the three-dimensional plot and the topo-
graphical plot. The topographic plot represents a top-down 
view of the response surface with drug concentrations on 
the vertical and horizontal axes. Drug effect is represented 
with selected isobole lines (i.e., 5%, 50%, and 95%).

Response surface models have been developed for a 
variety of anesthetic effects to include responses to ver-
bal and tactile stimuli, painful stimuli, hemodynamic or 
respiratory effects, and changes in electrical brain activ-
ity. For example, with airway instrumentation, response 
surface models have been developed for loss of response 
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the same effect. The inward bow of the isoboles indicates that the interaction is synergistic. The isoboles are in close proximity to one another, 
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to placing a laryngeal mask airway,18 laryngoscopy,19,20 
tracheal intubation,21 and esophageal instrumentation22 
in selected combinations of anesthetic drugs. Although 
many response surface models exist, several gaps exist in 
available models, covering all common combinations of 
anesthetic drugs and various forms of stimuli encoun-
tered in the perioperative environment.

The interaction between sevoflurane and remifent-
anil has been characterized for a variety of drug effects, 
including loss of responsiveness, loss of response to sev-
eral surrogates of surgical pain such as electrical tetany 
(up to 50 mA), pressure algometry (50 PSI pressure on the 
anterior tibial), loss of response to laryngoscopy, and tem-
perature.20 End tidal measurement of sevoflurane were 
inaccurate under non–steady-state conditions (i.e., with a 
change in vaporizer settings) End tidal concentrations did 
not account for the hysteresis (or time lag) between end 
tidal and effect-site concentrations. Improved model pre-
dictions were achieved when using estimated effect-site 
concentrations Overall, for sevoflurane-opioid interac-
tions, analgesic effects are markedly synergistic, whereas 
sedative effects are somewhat synergistic.



Preliminary work has explored the adaptability of the 
sevoflurane-remifentanil interactions to other potent 
inhaled agent opioid combinations using MAC and 
opioid equivalencies.23 Predictions from sevoflurane- 
remifentanil models adapted to isoflurane-fentanyl 
correlated well with observed effects in patients under-
going elective general surgery procedures. Also, models 
have been constructed that characterize the interactions 
between three or more drugs,24 such as a model that 
accounts for nitrous oxide, sevoflurane, and remifent-
anil.25 This is of clinical relevance because most anesthet-
ics consist of more than two anesthetic drugs. In line with 
this, works has explored interactions between sedative 
hypnotics and opioids, primarily propofol with alfent-
anil26 or remifentanil17,19,22,27,28 for a variety of effects. As 
with potent inhaled anesthetics and opioids, the interac-
tions between sedative hypnotics and opioids for anal-
gesic effects are markedly synergistic, whereas sedative 
hypnotic effects are somewhat synergistic.

Interaction studies of different types of sedative hyp-
notics such as midazolam combined with propofol29,30 
and propofol combined with a volatile anesthetic31-33 
reveal that the interactions are primarily additive.

Drug Displays
The major disadvantage of response surface models is that 
they are complex and difficult to use in a clinical setting. 
These models have been adapted to drug displays that allow 
clinicians to use them in real-time patient care settings.

These displays provide estimates of not only drug con-
centrations (both plasma and effect site) but also various 
drug effects over time, such as loss of responsiveness, anal-
gesia, and reduction in response to peripheral "train of four" 
stimulation (i.e., monitoring of muscle relaxant action), 
among others. With manual entry of patient demographics 
(age, gender, height, and weight) and drugs administered 
by syringe, either by bolus or continuous infusion along 
automated data collection from an anesthesia machine 
(end tidal potent inhaled anesthetic concentrations and, 
in some instances, infusion pump information), drug 
displays provide predictions of drug concentration and 
effects. Drug displays are currently available from several 
anesthesia machine manufactures (Navigator Suite from 
GE Healthcare, Wauwatosa, Wis, and SmartPilot View 
from Dräger, Lübeck, Germany). An example of a drug dis-
play is presented in Figure 24-30. All drug display examples 
are based on response surface interaction models.

A unique feature of the displays is that a given dosing 
regimen can be simulated before administration, which 
may be useful in identifying the optimal dose in challeng-
ing patients, especially when more than one drug is used. 
The drug displays use population models that, although 
generalizable, may not provide a good "fit" for every 
patient. For some drug display systems, observed patient 
responses are used to calibrate predictions of drug effect 
(see Fig. 24-30). For example, with older adults or debili-
tated patients, smaller doses are often required to achieve a 
desired effect (also see Chapter 80). Drug displays allow cli-
nicians to identify concentrations that produce a desired 
response and can be used to titrate additional anesthetic.

Use of drug displays provides several other advan-
tages. When titrating an anesthetic, it is often difficult to 
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appreciate when effect-site concentrations are near steady 
state. Clinicians may be tempted to administer additional 
drug, assuming that drug concentrations have peaked 
(with bolus dosing) or are near steady-state conditions 
(with continuous infusions of potent inhaled agents). 
Clinicians may also be impatient, assuming that drug 
concentrations are near zero when in fact they are still 
increased, even after terminating delivery (e.g., the end 
tidal potent inhaled agent concentration is 0 mm Hg but 
there is persistent unresponsiveness).

A second advantage is that drug displays provide a means 
of delivering passive target-controlled infusions (TCI). 
Although widely used throughout the rest of the world, 
TCI is not used in the United States because of regulatory 
barriers.34 TCI uses population pharmacokinetic models to 
drive infusion pumps. After entering the target plasma or 
effect-site concentration, a computer identifies the optimal 
infusion rate to achieve that concentration. With passive 
TCI, population models are used to display predicted effect-
site concentrations and associated effects over time, but 
the models do not deliver information to drive infusion 
pumps as with TCI. With this approach, clinicians can test 
out dosing regimens (bolus doses and infusion rates) before 
administering them, thus allowing confirmation that they 
will achieve a desired effect. These features provide for a 
more consistent approach to drug delivery.

A third advantage of using drug displays is that they 
provide a better approach to dosing anesthetics. Instead 
of considering an anesthetic in terms of MAC, where 
50% of patients may respond to surgical stimulus, drug 
displays provide a more refined characterization of anes-
thetic effect. Clinicians do not titrate an anesthetic to 
achieve a 50% probability of effect but rather aim for a 
95% to 99% probability of effect. With response surfaces, 
anesthetic dosing regimens necessary to achieve this 
level of effect are easily visualized. Second, the concept 
of MAC does not fully embody the three elements of an 
anesthetic: analgesia, sedation and hypnosis, and muscle 
relaxation. Drug displays provide a means of visualizing 
all three effects simultaneously over a full 0% to 100% 
probability range.

SPECIAL POPULATIONS

When formulating an anesthetic, many aspects of patient 
demographics and medical history need to be consid-
ered to find the correct dose: age; body habitus; gender; 
chronic exposure to opioids, benzodiazepines, or alcohol; 
the presence of heart, lung, kidney, or liver disease; and 
the extent of blood loss or dehydration. Any of these fac-
tors can dramatically affect anesthetic drug kinetics and 
dynamics. Unfortunately, most studies characterizing 
anesthetic drug behavior have been conducted in healthy 
volunteers that rarely represent the general population 
presenting for surgery. Extensive work has explored how 
some patient characteristics (e.g., obesity) influence anes-
thetic drug behavior, whereas other patient characteris-
tics remain difficult to assess (chronic opioid exposure). 
In addition, not all anesthetics have been studied. Most 
work has primarily focused on newer anesthetic drugs, 
such as propofol and remifentanil, whereas minimal work 
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Figure 24-30. Example of a drug display. This example presents predictions of effect site concentrations (A) and drug effects (B) for a com-
bined technique using fentanyl (2 μg/kg), propofol (2 mg/kg), and rocuronium (0.6 mg/kg) boluses and maintenance with sevoflurane (2%) and 
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Bolus doses are represented as vertical lines, with the dose labeled adjacent to the line. Past predictions are solid lines and future predictions are 
dashed lines. The vertical black line represents a future prediction of effect-site concentrations at 15:55 PM. Concentrations are reported. (From 
Applied Medical Visualizations, Salt Lake City, Utah.) 
has focused on many older, commonly used drugs, such as 
morphine. This section will briefly summarize work that 
has been done to characterize the pharmacokinetics and 
pharmacodynamics in a few unique special populations.

INFLUENCE OF OBESITY ON ANESTHETIC 
DRUGS

Obesity is a worldwide epidemic, and overweight patients 
frequently undergo anesthesia and surgery (also see 
Chapter 71). Furthermore, pharmacologic alterations of 
anesthetics occur in obese individuals. In general, manu-
facturer dosing recommendations are on a per-kg basis 
according to the actual total body weight (TBW). Anes-
thesia providers rarely use mg/kg dosing in obese patients 
for fear or administering an excessive dose (e.g., a 136-kg 
patient does not require twice as much drug as a patient 
of the same height who weighs 68 kg). To resolve this 
problem, several weight scalars have been developed in 
attempt to avoid excessive dosing or underdosing in this 
patient population. Some of these include lean body mass 
(LBM), ideal body weight (IBW), and fat-free mass (FFM). 
Table 24-1 presents the formulas used to estimate these 
weight scalars. Table 24-2 shows samples of the resultant 
scaled weight for a lean and obese individual. In general, 
the aim of weight scalars is to match dosing regimens 
for obese patients with what is required for normal-size 
patients. These scaled weights are usually smaller than 
TBW in obese patients and thus help prevent excessive 
drug dosing (Fig. 24-31). Scaled weights have been used 
in place of TBW for both bolus (mg/kg) and infusion  
(mg/kg/hr) dosing and also for TCI.
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This section will discuss the pharmacologic (primar-
ily pharmacokinetic) alterations of select intravenous 
anesthetic drugs (propofol, remifentanil, and fentanyl) 
in obese patients, review examples of weight scalars 
and their shortcomings when used in bolus and con-
tinuous infusion dosing, and when data are available, 
briefly describe pharmacologic models used to drive 
TCI.

Propofol
Dosing propofol in obese patients can be a challenge 
(also see Chapter 71). For bolus dosing and continuous 
infusions, the choice of weight scalar is specific to the 
dosing technique being used (i.e., one is best for bolus 
dosing and another for continuous infusions). Further-
more, of the available propofol pharmacokinetic models, 
the one built from observations in obese patients may be 
best for TCI.
The influence of obesity on propofol pharmacokinet-
ics is not entirely clear. Generally, in obese patients, the 
blood distributes more to nonadipose than to adipose tis-
sues. This may result in higher plasma drug concentra-
tions in obese patients with mg/kg dosing than in normal 
patients with less adipose mass. Furthermore, propofol 
clearance increases because of the increased liver vol-
ume and/or liver blood flow associated with obesity (and 
increased cardiac output). Distribution likely influences 
concentration peaks with bolus dosing, and clearance 
likely influences concentrations during and following 
infusions

Dosing scalars for ProPofol. Simulations of an infusion 
using various weight scalars are presented in Figure 24-32. 
The simulations predict propofol effect-site concentra-
tions from a 60-minute infusion (167 μg/kg/minute)  
in 176-cm (6-ft) males, obese (185 kg) and lean (68 kg).  
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If dosed according to TBW, peak plasma concentrations in 
a lean and obese individual are different; their respective 
peak propofol concentrations are approximately 4.4 and 
5.4 μg/mL, respectively. If the obese individual is dosed 
to CBW, the peak concentration is near 3.4 μg/mL. The 
other weight scalars lead to much lower concentrations 
with the infusion.

Of the many available dosing scalars, authors recom-
mend LBM for bolus dosing (i.e., during induction) and 
TBW or corrected body weight (CBW) for infusions.38,39 
For continuous infusions, other weight scalars are likely 
inadequate (the most worrisome is LBM). When dosing to 
CBW, plasma concentrations may be lower than concen-
trations when dosed to TBW.

One concern with using TBW to dose continuous infu-
sions is drug accumulation. Prior work, however, does 
not support this assumption. Servin and colleagues38 

TABLE 24-1 COMMON WEIGHT SCALARS

Name Equations

Ideal body  
weight

Male:
50 kg + 2.3 kg for each 2.54 cm (1 in) over 

152 cm (5 ft)
Female:
45.5 kg + 2.3 kg for each 2.54 cm (1 in) over 

152 cm (5 ft)
Lean body  

mass
Male:
1.1 × TBW − 128 × (TBW ÷ Ht)2

Female:
1.07 × TBW − 148 × (TBW ÷ Ht)2

Fat free  
mass35

Male:
(9.27 × 103 × TBW) ÷ (6.68 × 103 + 216 × BMI)
Female:
(9.27 × 103 × TBW) ÷ (8.78 × 103 + 244 × BMI)

Pharmacokinetic 
mass36,37

52 ÷ [1 + (196.4 × e−0.025 TBW − 53.66)  
÷ 100] (fentanyl only)

Corrected body 
weight38,39

IBW + 0.4* (IBW − FFM)

BMI, Body mass index; FFM, fat-free mass; Ht, height in centimeters; IBW, 
ideal body weight; LBM, lean body mass; MFFM, modified fat-free mass; 
TBW, total body weight in kg.

*The dose/kg using IBW, TBW, or FFM in an obese person are all less than 
the dose/kg using TBW in a nonobese patient.

TABLE 24-2 DOSING WEIGHTS BASED ON 
VARIOUS DOSING SCALARS

176-cm (6-ft) Male

68 kg (BMI = 22) 185 kg (BMI = 66)

Dosing Scalar
Dosing  

Weight (kg)
Dosing  

Weight (kg)

Total body weight 
(TBW)

68 185

Ideal body weight 
(IBW)

71 71

Lean body mass 
(LBM)

55 62

Fat-free mass (FFM) 55 87
Corrrected body 

weight (CBW)
68 115

BMI, Body mass index (kg/m2).
performed pharmacokinetic analyses of propofol adminis-
tration to normal and obese patients using TBW and CBW. 
The CBW was defined as IBW + 0.4 × (TBW − IBW).40 They 
found similar concentrations at eye opening in both groups 
and absence of propofol accumulation in obese patients; 
in fact, obese patients showed earlier awareness after the 
termination of propofol infusions than did the normal 
subjects. Data suggest that dosing infusions according to 
Servin’s CBW may markedly underdose obese patients.41

Total body weight (kg)

100

140

120

80

60

40
40 60 80 100 120 140 160 180 200

S
ca

le
 b

od
y 

w
ei

gh
t (

kg
)

LBM
IBW
CBW
TBW
FFM

Figure 24-31. Scaled weights as a function of total body weight 
(TBW). Key points in this plot: IBW remains the same regardless of 
the TBW, and LBM starts to decline for weight increases above 127 
kg. CBW, Corrected body weight; FFM, fat-free mass; IBW, ideal body 
weight; LBM, lean body mass (for a 40-year-old male, 176 cm tall).
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Figure 24-32. Simulations of propofol effect site concentrations that 
result from a 60-minute infusion (10 mg/kg/hour—167 μg/kg/minute) 
to a 40-year-old male who is 176 cm tall. Simulations include the fol-
lowing dosing weights: total body weights (TBW) of 68 kg and 185 kg 
(body mass indices of 22 and 60, respectively) and scaled weights for 
the 185 kg weight to include Servin’s corrected body weight (CBW), 
lean body mass (LBM), ideal body weight (IBW), and fat-free mass 
(FFM). Key points: At the 185-kg weight, when dosed to TBW, the infu-
sion leads to high propofol concentrations, whereas when dosed to IBW 
or LBM, the infusion leads to low propofol concentrations. When the 
185-kg individual is dosed using CBW, it best approximates the propofol 
concentrations that result from TBW in a lean individual. Predictions of 
propofol effect site concentrations were made using the Cortinez model.



ProPofol Kinetic MoDels for target-controlleD 
 infusions. Of the many available models available, the 
two most widely used propofol kinetic models for TCI are 
those published by Marsh and associates42 and Schnider 
and colleagues1 In addition to model selection, as with 
bolus and continuous infusion dosing, identifying the 
ideal weight scalar to use is important.

The Marsh model, although useful in general, was built 
from data collected in a pediatric population. Researchers 
have explored different dosing weights using this model in 
morbidly obese patients when coadministered with remi-
fentanil with varied results. Albertin and colleagues40 used 
CBW to dose a propofol TCI using the Marsh model. They 
found predicted substantially overestimated measured 
propofol concentrations and expressed concern for intra-
operative awareness when using CBW with the Marsh TCI 
model. The same group43 compared the predictive perfor-
mance of the TCI using CBW versus TBW and found that 
CBW performed worse than TBW. They concluded that 
TBW, not CBW, should be used to administer propofol via 
TCI to morbidly obese patients and then carefully titrate 
to targeted processed electroencephalographic values.

The Schnider model, although built from data col-
lected in adults over a range of weights, heights, and age, 
does not specifically include obese patients. This model 
uses the weight scalar LBM, which has limited application 
in morbidly obese patients.1 For comparison, the Marsh 
or the Schnider model has been applied on morbidly 
obese patients. Echevarria and colleagues44 reported dif-
ferences in effect-site propofol concentrations with a BIS 
of <60 between the two pharmacokinetic models when 
used for induction in morbidly obese patients. To achieve 
a 95% probability of effect, target concentrations of 4.2 
and 5.5 μg/mL were required for the Marsh and Schnider 
models, respectively. This difference occurred because 
of the potential prediction errors in each pharmacoki-
netic model used (the actual drug concentrations in each 
patient are unknown).

Cortinez and colleagues used an international data 
repository called Open TCI (www.opentci.org) to build 
a model using propofol concentrations from a wide 
range of body weights.39 They built a propofol kinetic 
model that scales normal-size to obese individuals using 
an empirically derived formula. In this formula, TBW 
accounts for differences in distribution and clearances in 
obese patients. TBW is divided by a standard patient size 
(70 kg) and raised to the power of 1 for distribution vol-
umes and by the power of 0.75 for clearances. Van Kralin-
gen and colleagues45 further modified this approach and 
reported better model performance with exponents of 
0.72 for clearance.

Figure 24-33 presents a simulation of propofol infu-
sion rates and associated plasma concentrations using the 
Marsh, Schnider, and Cortinez models to drive a TCI to 
achieve a concentration of 3 μg/mL. Key points from this 
simulation include the following: TCI infusions based on 
the Marsh model are linear to TBW such that the infu-
sion rates and plasma concentrations are identical across 
weights. With an increase in body weights, the degree of 
increase in total propofol amounts for TCI administra-
tions is smaller with the Cortinez model than with the 
Marsh and Schnider models.
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For propofol, the Cortinez model may be best suited for 
TCI in obese and morbidly obese patients. Unfortunately, 
this model is not yet available in many commercial TCI 
pumps. One caveat that is important to consider is that 
model differences are likely overshadowed by interindi-
vidual variability. In sum, any one of the three models 
will likely yield similar clinical results if titrated to effect 
in conjunction with processed EEG monitoring. Prospec-
tive external validation is warranted to explore how these 
new models will behave when used in TCIs.

Other Sedative-Hypnotics
Only limited information is available on the behavior 
of other sedatives (i.e. midazolam, ketamine, etomidate, 
and barbiturates) in obese patients.46 In this study by 
Greenblatt and associates, the volume of distribution, 
even when normalized to weight (e.g., L/kg) was larger 
in obese patients, suggesting that lean tissue may take up 
less midazolam than adipose tissue. Thus, midazolam’s 
distribution volume follows the TBW: as patient size 
increases, so does the distribution volume. In addition, 
midazolam elimination was the same in all study sub-
jects (lean or obese). This suggests that regardless of dose, 
hepatic metabolism of midazolam is fixed and elimina-
tion will require more time in obese patients. Another 
interesting finding was that time to peak concentration 
and peak plasma drug concentrations were the same 
when administered in a weight-normalized fashion 
regardless of body habitus (also see Chapter 30).

Although not clinically validated in obese patients, 
bolus doses probably should be scaled to TBW and other 
dosing scalars may lead to inadequate effect. On the other 
hand, with a fixed elimination, continuous infusion rates 
should dosed to IBW.46

Opioids
With the exception of remifentanil, minimal work has 
explored the implication of obesity on the kinetic and 
dynamic behavior of opioids.

reMifentanil. In obese patients, largely because of its 
rapid metabolism by nonspecific esterases, the distribu-
tion volume and clearance of remifentanil are similar in 
lean and obese patients.47 As with propofol, researchers 
have explored several scaled weights in an effort to opti-
mize bolus dosing, continuous infusions, and TCIs.

Dosing scalars. As above with propofol, simulation is 
used to present the predicted remifentanil effect-site con-
centrations and analgesic effect for a variety of scaled 
weights in individuals 176 cm in height, some obese 
(185 kg, BMI of 60) and some lean (68 kg, BMI of 22) 
(Fig. 24-34). Several key points are illustrated in these 
 simulations:

 1.  For an obese patient, dosing scaled to FFM or IBW 
resulted in almost identical remifentanil effect-site 
concentrations as in the lean patient dosed according 
to TBW. Unlike propofol, dosing remifentanil to CBW 
(red line) leads to higher plasma concentrations com-
pared with levels achieved when doing to TBW in a 
lean individual.

http://www.opentci.org
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Figure 24-33. Simulations of a 
90-minute propofol target-controlled 
infusion set to achieve and maintain 
a plasma concentration (Cp) of 3 μg/
mL using three different published 
propofol pharmacokinetic models: 
Marsh and colleagues,42 Schnider 
and associates,1 and Cortinez and 
colleagues.39 Simulations assumed 
40-year-old males who are 176 cm 
tall and weigh 68, 136, or 204 kg. 
A, Propofol infusion rates for each 
model at each weight. B, Propofol 
plasma concentrations predicted by 
each model for each weight.
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 2.  Dosing scaled to LBM in the obese individual resulted 
in lower effect-site concentrations than those in a lean 
individual dosed according to TBW.

 3.  Dosing the obese individual to TBW was excessive.
 4.  All dosing scalars, except LBM, provided effect-site 

concentrations associated with a high probability of 
analgesia.

  

As can be appreciated in Figure 24-34, LBM has substan-
tial shortcomings in morbidly obese patients.43 First, dos-
ing remifentanil to LBM leads to plasma concentrations 
with a low probability of effect compared with the other 
dosing scalars. Second, with excessive weight (BMI over 
40), LBM actually becomes smaller, with increasing TBW 
making it impractical to use (see Fig. 24-31). A modified 
LBM,40 FFM eliminates the extremely small-dosing weight 
problem.48 In this simulation, IBW also provides suitable 
effect-site concentrations, but this may not always be the 
case when using a weight scalar that is based only on 
patient height and not on body habitus, such as the FFM).

reMifentanil Kinetic MoDels for target-controlleD 
infusions. For remifentanil TCI, one pharmacokinetic 
model is currently available, published by Minto and 
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Figure 24-34. Simulations of remifentanil effect-site concentrations (A) and analgesic effect (B) that result from a 1 μg/kg bolus and a 60-minute 
infusion at a rate of 0.15 μg/kg/minute to a 40-year-old male who is 176 cm tall. Simulations include the following dosing weights: total body 
weights (TBW) of 68 kg and 185 kg (body mass indices of 22 and 60, respectively) and scaled weights for the 185-kg weight to include Servin’s 
corrected body weight (CBW), lean body mass (LBM), ideal body weight (IBW), and fat-free mass (FFM). Remifentanil effect-site concentrations 
and estimates of analgesic effect were estimated using published pharmacokinetic models.27,48 Analgesia was defined as loss of response to 30 
PSI of pressure on the anterior tibia.
associates.50 Although built from data collected in adults 
over a range of weights, heights, and age, obese and 
morbidly obese patients were not included. Many of the 
model parameters are scaled to LBM. As previously dis-
cussed, this may limit the application of this model in the 
morbidly obese. La Colla and colleagues propose using a 
weight-adjusted height to enter when programming a TCI 
pump for delivery of remifentanil to morbidly obese.48 
This adjusted height, based on FFM,51 is designed to off-
set the inaccurate influence of LBM on model predictions 
used to drive the infusion pump. The fictitious weight-
adjusted height uses actual height and weight to estimate 
a new (taller) height that will modify the Minto model to 
provide more remifentanil via TCI in overweight patients. 
For example, with a 176-cm 185-kg 40-51 year-old male, 
the adjusted fictitious height is 254 cm.

To illustrate the impact of the La Colla modifica-
tion, Figure 24-35 presents a simulation of the predicted 
remifentanil plasma concentrations based on the Minto 
model and La Colla correction of the Minto model. The 
Minto model overestimates remifentanil concentrations 
with increasing weight. This is likely due to the use of 
LBM when estimating pharmacokinetic parameters.

A more reasonable approach would be to construct a 
new pharmacokinetic model based on data measured in 
obese patients rather than modifying an existing model 
that did not specifically include this patient population 
when it was built. A possible approach to constructing a 
new model is to use allometric body mass scaling as was 
described for propofol.44,46

In summary, available models (Minto or the La Colla 
modified Minto model) are appropriate for TCI in this 
patient group but will administer different amounts of 
remifentanil and require titration to achieve desired yet 
avoid adverse clinical effects.

Fentanyl
Despite widespread use in the clinical arena, relatively lit-
tle work has explored how obesity impacts fentanyl phar-
macokinetics (also see Chapter 31). Published fentanyl 
pharmacokinetic models52 tend to overestimate fentanyl 
concentrations as TBW increases. A fentanyl kinetic 
model based on data collected in obese subjects has not 
(yet) been published. As with La Colla and associates’ work 
with remifentanil, Shibutani and colleagues36,37 explored 
ways to improve predictions using published models 
by modifying demographic data (e.g., either height or 
weight). They characterized a nonlinear relationship 
between fentanyl clearance and TBW and recommended 
the use of a modified weight, called the pharmacokinetic 
mass, to improve the predictive performance of one of 
the many available fentanyl kinetic models, a model pub-
lished by Shafer and colleagues. Shibutani and associates 
then explored the use of pharmacokinetic mass when 
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Figure 24-35. Simulations of remifentanil plasma concentrations 
that result from a 60-minute infusion (0.5 μg/kg/minute) in a 40-year-
old male, 176 cm tall. The simulations include three total body 
weights: 68, 136, and 204 kg with body mass indices of 22, 44, and 
66, respectively. Simulations were performed using pharmacokinetic 
parameters published by Minto and associates39 (dashed lines) and 
with the La Colla’s modification of Minto’s model38 (solid lines). In an 
extremely obese (204-kg) individual, Minto’s model predicts very high 
remifentanil concentrations.
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dosing obese patients with fentanyl in a postoperative 
setting. They found that dosing based on TBW may be 
excessive.39

Other Opioids
Even less information regarding the impact of obesity on 
drug behavior is available for opioids other than remifen-
tanil and fentanyl. Sufentanil has been studied in obese 
patients, where its volume of distribution increases lin-
early with TBW53 and clearance was similar between lean 
and obese individuals. It was recommended that bolus 
dosing use TBW and "prudently reduced" dosing for con-
tinuous infusions. For TCI, Slepchenko and colleagues 
found model estimates of sufentanil concentrations accu-
rately predicted measured concentrations in morbidly 
obese patients54 using a previously published mode of 
sufentanil kinetics by Gepts and associates.55 This is likely 
due to the fact that the kinetic model was built from mea-
sured concentrations in patients with a weight range of 
47 to 94 kg.

Inhaled Anesthetics
The perception of volatile anesthetics is that they accu-
mulate more in obese than in lean patients and that this 
leads to prolonged emergence. Studies on inhaled anes-
thetics in obese individuals, however, has not confirmed 
this perception.56 Two phenomena contribute to this 
observation: first, blood flow to adipose tissue decreases 
with increasing obesity,57 and second, the time required 
to fill adipose tissue with volatile anesthetics is long. The 
times required to achieve 63% of the final equilibrium 
within adipose tissue for desflurane and isoflurane are 
longer than 22 and 35 hours, respectively.58,59

INFLUENCE OF INCREASING AGE ON 
ANESTHETIC DRUG PHARMACOLOGY

Clinicians are often faced with anesthetizing older adult 
patients adults and have long recognized that these 
patients usually require a smaller dosage of most anes-
thetics to produce the desired therapeutic effect while 
minimizing adverse effects. Age is one of the most valu-
able covariates to consider when developing an anes-
thetic plan (also see Chapter 80). The influence of age 
on pharmacokinetics and pharmacodynamics of many 
anesthetics has been well described. As with obesity, 
both remifentanil and propofol can serve as prototypes 
to understand how age influences anesthetic drug behav-
ior. Studies specifically designed to assess the influence of 
age on remifentanil and propofol have characterized the 
influence of age in quantitative terms.1,11,49,50

With remifentanil, older patients require less drug to 
produce an opioid effect. Reduced doses are primarily a 
function of changes in pharmacodynamics but may also 
involve pharmacokinetic changes.50 The concentration 
required to produce electroencephalographic changes is 
decreased. Based on previously published pharmacoki-
netic and pharmacodynamic models built from measure-
ments over a wide age range,1,11,49,50 simulations can be 
performed to explore how age may influence dosing. For 
example, to achieve equipotent doses in 20- and 80-year-
olds, the dose for the 80-year-old should be reduced by 
55%. A similar analysis for propofol recommends that 
the dose for an 80-year-old be reduced by 65% compared 
with that of a 20-year-old.

The mechanisms for these changes are not clear, espe-
cially for pharmacodynamic changes. One possible source 
of change in pharmacokinetic behavior may be decreased 
cardiac output. Lower cardiac output in older adults60 
results in slower circulation with subsequent changes in 
drug distribution and redistribution. This may lead to 
high peak concentrations60,61 and decreased drug delivery 
to metabolic organs and reduced clearance. This is consis-
tent with what has been described for many intravenous 
anesthetics (propofol, thiopental, and etomidate), which 
have slower clearance and a smaller volume of distribu-
tion.1,62-64 Beyond age-related changes in cardiac output, 
other comorbidities may also reduce cardiovascular func-
tion.65 Taking this into account, anesthesiologists often 
consider a patient’s "physiologic" age instead of solely 
relying on actual age.60,67 For some older adult patients, 
such as those with no significant coexisting disease, nor-
mal body habitus, and good exercise tolerance, a substan-
tial reduction in dose may not be warranted.

SUMMARY

This chapter has reviewed the basic principles of clinical 
pharmacology used to describe anesthetic drug behavior: 
pharmacokinetics, pharmacodynamics, and anesthetic 
drug interactions. These principles provide the informa-
tion needed to make rational decisions about the selec-
tion and administration of anesthetics. From a practical 
aspect, these principles characterize the magnitude and 
time course of drug effect, but because of complex math 
requirements, they have had limited clinical use in every-
day practice. Advances in computer simulation, however, 
have brought this capability to the point of real-time 
patient care. Perhaps one of the most important advances 
in our understanding of clinical pharmacology is the 
development of interaction models that describe how dif-
ferent classes of anesthetic drugs influence one another. 
This is especially relevant to anesthesiologists, given that 
they rarely use just one drug when providing anesthesia.
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Inhaled Anesthetics: Mechanisms  
of Action
MISHA PEROUANSKY • ROBERT A. PEARCE • HUGH C. HEMMINGS, JR.
K e y  P o i n t s

 •  Anesthesia consists of separable and independent components or physiologic 
substates, each of which involves distinct, but possibly overlapping, mechanisms at 
different sites in the central nervous system.

 •  The potency of general anesthetics correlates with their solubility in oil, indicating 
the importance of interactions with hydrophobic targets.

 •  General anesthetics act by binding directly to amphiphilic cavities in proteins. 
Binding sites can be identified by a combination of site-directed mutagenesis and 
high-resolution structural analysis of anesthetic binding. Mutations rendering 
putative effector proteins insensitive to inhaled anesthetics have been constructed 
and expressed in mice but have not generated breakthroughs analogous to the 
success of this strategy with intravenous anesthetics.

 •  The effects of inhaled anesthetics cannot be explained by a single molecular 
mechanism. Rather, multiple targets contribute to the component actions 
comprising the anesthetic effects of each anesthetic. However, these effects do 
converge on a limited number of states underlying the behavioral effects.

 •  The immobilizing effect of inhaled anesthetics involves actions in the spinal 
cord, whereas sedation/hypnosis and amnesia involve supraspinal mechanisms 
that interact with endogenous memory, sleep, and consciousness pathways and 
networks.

 •  Volatile inhaled anesthetics enhance inhibitory synaptic transmission 
postsynaptically by potentiating ligand-gated ion channels activated by 
γ-aminobutyric acid (GABA) and glycine, extrasynaptically by enhancing GABA 
receptors and leak currents, and presynaptically by enhancing basal GABA release.

 •  Inhaled anesthetics suppress excitatory synaptic transmission presynaptically by 
reducing glutamate release (volatile anesthetics) and postsynaptically by inhibiting 
excitatory ionotropic receptors activated by glutamate (gaseous, and to some 
extent volatile, anesthetics).

 •  No comprehensive theory of anesthesia yet describes the sequence of events 
leading from the interaction between an anesthetic molecule and its targets to the 
behavioral effects.
614

Despite the widespread clinical use of general anesthetics, 
our current understanding of their molecular, cellular, 
and network mechanisms is incomplete. This critical gap 
in the pharmacology of one of medicine’s most important 
drug classes not only impedes rational use of available 
anesthetics but also hinders the development of newer 
anesthetics that might selectively achieve the desirable 
end points of anesthesia with fewer adverse cardiovascu-
lar, respiratory, and possibly neuropathologic side effects. 
Although major progress has been made in understand-
ing the pharmacology of the intravenous anesthetics 
by molecular genetic approaches (see Chapter 30), the 
actions of the inhaled anesthetics at the molecular and 
cellular levels are more enigmatic. It is still not possible 
to trace precisely the sequence of events that leads from 
inhaled anesthetic–target interactions, through ascending 
levels of biologic complexity, to the various behavioral 
effects that characterize the composite state of clinical 
anesthesia in humans. Nevertheless, investigations con-
tinue to reveal fundamental principles of action and have 
led to a framework for understanding anesthetic effects at 
different organizational levels. The focus of this chapter is 
on the mechanisms involved in the principal therapeutic 
effects (anesthesia) and on the side effects of the inhaled 
anesthetics (Fig. 25-1), a chemically and pharmacologi-
cally diverse group that includes the potent halogenated 
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Figure 25-1. Structure of representative general anes-
thetics and a nonimmobilizer (F6) shown as space-filling 
models.

Halothane Isoflurane Sevoflurane

Nitrous oxide Xenon

Desflurane 1-chloro-1,2,
2-trifluorocyclobutane

(F3)

1,2-dichlorohexafluorocyclobutane
(F6)

TABLE 25-1 OVERVIEW OF CANDIDATE SITES OF ANESTHETIC ACTION

Site Effect Targets

Proteins Amphiphilic binding sites Conformational flexibility, ligand 
binding

Ion channels, receptors, signaling 
proteins

Action potential Nervous system Small reduction in amplitude Na+ channels
Cardiovascular system Reduced amplitude, duration Ca2+ channels, K+ channels

Synaptic transmission
Inhibitory Presynaptic terminal Enhanced transmitter release ?

Postsynaptic receptors Enhanced transmitter effects Glycine, GABAA receptors
Excitatory Presynaptic terminal Reduced transmitter release Na+ channels, K2P channels

Postsynaptic receptors Reduced transmitter effects NMDA receptors, nicotinic 
acetylcholine receptors

Neuronal networks Neuronal circuit
Neuronal integration

Altered long-term potentiation (LTP)/
long-term depression (LTD)

Altered rhythmicity, coherence

Synaptic plasticity
HCN channels, K2P channels, 

extrasynaptic GABAA receptors, etc.
Central nervous 

system
Neocortex, hippocampus, 

amygdala
Sedation, amnesia Slow 1-Slow 4, δ-, α-, θ-, γ-rhythms, 

cross-frequency coupling
Diencephalon (thalamus), 

brainstem (reticular 
formation)

Unconsciousness γ-band transfer entropy?, cross-
frequency coupling? cortical 
integration capability?

Spinal cord Immobility Thalamic deafferentation?
Nocifensive reflex

Cardiovascular 
system

Myocardium Negative inotropy Excitation-contraction coupling

Conduction system Dysrhythmias Action potential
Vasculature Vasodilation Direct and indirect vasoregulation

HCN, Hyperpolarization-activated cyclic nucleotide; NMDA, N-methyl-d-aspartate.
ether (isoflurane, sevoflurane, desflurane, enflurane) and 
alkane (halothane) volatile anesthetics and the gaseous 
anesthetics (nitrous oxide and xenon). This critical sum-
mary of the current state of knowledge begins with an 
historical overview and a review of the behavioral end 
points of anesthesia. We then trace, where possible, 
inhaled anesthetic effects through ascending levels of 
organization from molecules, cells, circuits, networks, and 
organs to mammalian behavior; an overview is provided 
in Table 25-1. We also briefly address studies of anesthetic 
effects in model organisms, with anesthetic end points 
being identified that bear unclear relationships to those 
in mammals.1

HISTORY

THE UNIFIED PARADIGM OF ANESTHETIC 
THEORIES

The first monograph reporting experimental work 
on anesthetic mechanisms, proposing a soon-to-be 
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discredited lipid-elution theory of anesthetic action, was 
published only 6 months after Morton’s Ether Dome dem-
onstration. For decades thereafter, the phenomenon of 
anesthesia puzzled, inspired, and awed those who tried to 
understand it. A most influential paradigm of anesthetic 
action formulated by Claude Bernard in the 1870s posited 
that anesthesia was a “unified” phenomenon: a unitary 
mechanism applicable to all forms of life. Although the 
anesthetized state could be brought about by a variety of 
agents, its essence was the same in all living creatures. In 
fact, Bernard thought that life itself was defined by sus-
ceptibility to anesthesia. Bernard also proposed a more 
specific theory of anesthesia, coagulation of protoplasm, 
which competed with a number of coexisting theories 
entertained by the scientific community. In a major 
work published in 1919, Hans Winterstein summarized 
the perplexing diversity of anesthetic theories by listing 
more than 600 references, the majority to original labora-
tory work—a convincing testimony to the interest of the 
scientific world in this phenomenon. Of note, the work 
of Meyer and Overton at the end of the nineteenth cen-
tury had only a limited effect on the trajectory of research 
until the 1960s.1 Only then was the striking simplicity 
of the Meyer-Overton correlation (Fig. 25-2, A) of anes-
thetic potency with solubility in olive oil interpreted by 
the majority of researchers as an indicator that lipids are 
likely the anesthetic target. This interpretation focused 
attention on anesthetic effects on the bulk physical prop-
erties of cell membranes, which were known at that time 
to consist primarily of lipid molecules. Such nonspecific 
or “lipoid-based” anesthetic theories dominated the field 
from the 1960s to the 1980s.

MINIMUM ALVEOLAR CONCENTRATION:  
A BRIDGE BETWEEN PAST AND PRESENT

The potencies of inhaled anesthetics for immobilization 
were established in the classic studies in the 1960s of Eger 
and colleagues,2,3 who defined the minimum alveolar con-
centration (MAC) as the inhaled anesthetic atmospheric 
pressure required to prevent movement in response to a 
defined noxious stimulus in 50% of subjects. The concept 
of MAC evolved within a unitary paradigm of anesthetic 
action and reflected the priorities of clinical practice. As 
a result, prevention of movement (immobility) became 
a universal yardstick for anesthetic effects, presumed to 
occur in the brain. Moreover, the simple elegance of the 
relationship between MAC and lipid solubility (see Fig. 
25-2, A) graphically illustrated Meyer and Overton’s con-
clusion that “All chemically indifferent substances that 
are soluble in fat are anesthetics … their relative potency 
as anesthetics will depend on their affinity to fat on the 
one hand and water on the other hand, that is, on the 
fat/water partition coefficient.”1 This was interpreted as 
favoring lipids as the primary targets of anesthetics and 
a single nonspecific theory to explain anesthesia. The 
appeal of a single unified mechanism to explain anes-
thesia was (and remains) intellectually appealing. This 
focused the bulk of research efforts on delineating how 
anesthetic interactions with lipid membranes might lead 
to the behavioral changes observed under anesthesia, the 
nonspecific lipoid theory.
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Figure 25-2. General anesthetics act by binding directly to pro-
teins. A, The iconic Meyer-Overton correlation (ca. 1900) between 
anesthetic potency and the lipid-water partition coefficient was ini-
tially interpreted as evidence that lipids of nerve membranes were the 
principal anesthetic target sites. B, Progress in the twentieth century 
showed that general anesthetic potencies correlate equally well with 
their ability to inhibit activity of the soluble firefly enzyme luciferase, 
which is not a physiologically relevant anesthetic target itself but 
serves as a lipid-free model protein for anesthetic binding. Inset, The 
crystal structure of luciferase with bound anesthetic (red). (Reprinted 
with permission from Franks NP, Lieb WR: Molecular and cellular mecha-
nisms of general anesthesia, Nature 367:607-614, 1994.)



C

Because inhaled anesthetic concentrations reflect con-
centrations in the tissues after equilibration, which is 
most rapidly achieved for well-perfused organs such as 
the brain and heart, MAC is analogous to the plasma con-
centration for 50% effect (EC50) for intravenous anesthet-
ics. In clinical applications, MAC is usually expressed as 
volume percent (vol%), which varies considerably with 
temperature and atmospheric pressure caused by changes 
in aqueous solubility, whereas the equivalent liquid-
phase molar concentration is temperature- and pressure- 
independent.4 The MAC concept provided researchers 
and clinicians with a universal standard to measure 
a defined anesthetic end point (immobility), making 
meaningful comparisons of experimental results possible 
and accelerating clinical and laboratory research into 
anesthetic mechanisms. Today, a more nuanced under-
standing of MAC takes into account the structural and 
functional diversity of the physiologic targets for the dif-
ferent components of the anesthetic state.

SHIFT FROM LIPID- TO PROTEIN-CENTERED 
MECHANISMS

Lipid-centered mechanisms of anesthesia prevailed in the 
2 decades after definition of the MAC concept. Alternative 
targets were repeatedly proposed but largely neglected by 
the scientific mainstream. Experimental inconsistencies 
of lipid targets,5,6 as well as evidence compatible with 
proteins as primary sites of action,7,8 remained largely 
unnoticed. A shift from lipid- to protein-centered mecha-
nisms occurred in the 1980s, owing largely to the land-
mark discoveries by Franks and Lieb,9,10 who in a classic 
series of publications demonstrated that protein targets 
were also compatible with the Meyer-Overton correlation 
(see Fig. 25-2, B)—a proof of concept that, within a cou-
ple of years, redirected the bulk of research efforts toward 
proteins. As a corollary of this reorientation, evidence 
against lipid-based theories was recognized. Examples 
include the cutoff in anesthetic potency in homologous 
series of long-chain anesthetic alcohols, and the identifi-
cation of hydrophobic drugs that do not obey the Meyer-
Overton correlation.1,11 The enantiomeric selectivity 
of several anesthetics further strengthened the case for 
specific binding sites on proteins because stereoselectiv-
ity is difficult to reconcile with lipid targets.12 Today, 
there is widespread (but not universal) acceptance of the 
notion that critical signaling proteins (e.g., ion channels 
or ligand-gated receptors) are the relevant molecular 
targets of anesthetic action, even though the submo-
lecular mechanisms of their modulation by anesthetics 
are debated. The exact identity of proteins contributing 
to specific anesthetic end points continues to be sought, 
with research addressing not only the “where” (target) 
but also the “how” (process) of anesthetic mechanisms.

DIVERSITY OF POTENTIAL ANESTHETIC 
TARGETS

At high concentrations in vitro, most inhaled anesthetics 
affect the functions of multiple proteins, many of which 
can be plausibly connected to the components of the 
anesthetic state or anesthetic side effects. However, when 
hapter 25: Inhaled Anesthetics: Mechanisms of Action 617

considering a specific anesthetic end point, anesthetics 
are effective in vivo over quite a narrow concentration 
range. This makes the concentration at which a relevant 
anesthetic effect is observed a critical consideration for 
deciding potential relevance. The mechanistic relevance 
of small effects observed in vitro at relevant concentra-
tions is less clear; that is, what effect is too small to be 
considered relevant to anesthesia?13-15 Whether anesthe-
sia results from the sum of minor perturbations at mul-
tiple sites that are amplified in cascades across multiple 
levels of integration to produce the macroscopic effect, or 
from strong effects on a small number of targets should 
be resolved as results of reductionist molecular studies are 
integrated into more complex molecular and cellular net-
works, and as genetic studies are extended to encompass 
inhaled anesthetics. The picture that is emerging includes 
multiple cellular and molecular targets in distinct brain 
regions that are involved in both the desired and adverse 
effects of general anesthetics.

ANESTHESIA: A COMPOSITE 
NEUROPHARMACOLOGIC STATE

Along with progress in identifying the molecular mecha-
nisms of anesthesia, our understanding of the nature of 
the anesthetic state has evolved. Whereas a drug-induced 
comalike state of general anesthesia can be induced by 
inhaled anesthetics administered at appropriate concen-
trations (approximately 1.3 times MAC, equivalent to 
the EC95 of a volatile anesthetic), the use of such high 
concentrations can lead to short-, and possibly long-
term, side effects. It is now clear that anesthesia consists 
of separable and at least partially independent compo-
nents or substates, each of which involves distinct, but 
possibly overlapping, mechanisms in different regions of 
the central nervous system (CNS) and with variations in 
relative potencies between specific agents.16 Immobiliza-
tion, the core measure of MAC, is mediated largely at the 
level of the spinal cord by inhaled anesthetics17,18 but not  
by barbiturates.19 On the other hand, the spinal cord is 
unlikely to be the major site of such phenomena as amne-
sia, sedation, and unconsciousness, which rather are 
produced by anesthetic effects on cerebral cortical func-
tion (Fig. 25-3). A functional separation between amne-
sia and sedation has been demonstrated for intravenous 
anesthetics,20 and it seems likely that this will apply to 
inhaled anesthetics as well. The state commonly referred 
to as “unconsciousness” is in itself heterogeneous, with 
evidence for distinct states of unresponsiveness and 
unconsciousness.21 These and similar findings have led to 
the concept that general anesthesia consists of multiple 
independent components that can be resolved experi-
mentally and clinically.

In principle, each component of anesthesia can be  
preferentially induced in a concentration- and agent-
specific manner using individual cellular/molecular 
pathways in various regions of the CNS. For example, 
injections of pentobarbital into discrete sites in the meso-
pontine tegmentum induce a comatose state,22 whereas 
sedation induced by systemic administration of propofol 
can be reversed by microinjections of γ-aminobutyric acid 
(GABA)A receptor antagonists into the tuberomammillary 
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nucleus, a sleep-regulating nucleus in the hypothala-
mus.23 Thus, general anesthetics produce separate iden-
tifiable anesthetic substates via agent-specific actions 
at discrete anatomic sites in the CNS through different 
molecular targets. An important consequence of this 
complexity is that MAC, which is based exclusively on a 
motor response, might not proportionately reflect other 
components of anesthesia. Although this heterogeneity 
of anesthetic actions complicates a mechanistic under-
standing, it does open the possibility of developing sub-
state-specific drugs.

INTEGRATED EFFECTS ON CENTRAL 
NERVOUS SYSTEM FUNCTION

IMMOBILITY

Electroencephalography as a monitor of brain activity 
has been applied both to the study of anesthetic mecha-
nisms and as a monitor of the anesthetic state (also see 
Chapter 44). Failure to find a correlation between quan-
titative electroencephalographic activity and immobility 
in response to noxious stimulation led to the somewhat 
radical (at the time) hypothesis that immobility was not 
a cerebral cortex–mediated phenomenon.24 Experimental 
demonstration that volatile anesthetics act on the spinal 
cord to suppress movement17,18 supported this hypoth-
esis and was a major factor leading to the contemporary 
separation of anesthetic substates, of which immobility 
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Figure 25-3. Multiple behavioral end points and sites of action 
underlie inhaled anesthetic action. Amnesia, the most sensitive anes-
thetic end point, probably involves the hippocampus, amygdala, 
mediotemporal lobe, and other cortical structures. Unconsciousness 
likely involves the cerebral cortex, thalamus, and reticular forma-
tion. Sedation and hypnosis (loss of responsiveness) are part of the 
 consciousness-unconsciousness continuum and are not shown. Immo-
bility occurs by anesthetic action in the spinal cord, although supra-
spinal effects (dotted arrow) are likely important for some anesthetics. 
Anesthetic action in the spinal cord blunts ascending impulses arising 
from noxious stimulation and might indirectly contribute to anes-
thetic-induced unconsciousness and amnesia (dashed arrow). Cardio-
vascular responses occur at even greater MAC fractions (not shown). 
(Courtesy Joseph Antognini, University of California, Davis.)
requires the highest drug concentrations (see Fig. 25-3). 
Taking advantage of the unusual blood supply of goat 
CNS, which allows separate perfusion of brain and spinal 
cord, Antognini and associates17,25 showed that immobi-
lity involves anesthetic effects at the spinal level because 
selective delivery of isoflurane or halothane only to the 
brain required 2.5-fold to 4-fold higher concentrations. 
At the same time, experiments by Rampil and co-workers18 
that used surgical separation of the forebrain and midbrain 
from the spinal cord in rats led to the conclusion that 
immobilization involves primarily suppression of the 
nocifensive withdrawal reflex arc at the level of the spinal 
cord (Fig. 25-4).

In the 20 years since the identification of the spi-
nal cord as the site of anesthetic-induced immobil-
ity, research has centered on pharmacologic, genetic, 
and complex network approaches. The pharmacologic 
approach to identify receptor-level contributions to iso-
flurane-induced immobility (isoflurane being the stan-
dard potent ether for experimental purposes) yielded the 
surprising insight that actions at GABAA receptors appear 
to be unimportant.26 Perhaps less surprisingly, inhibition 
of central nicotinic acetylcholine receptors also plays no 
role in immobilization.27 A role for voltage-gated sodium 
(Na+) channels was suggested by the finding that intra-
thecal administration of a selective inhibitor of Na+ chan-
nels potentiates anesthetic immobility (reduces MAC), 
whereas a Na+ channel activator does the opposite.28 
Anesthetic-resistant transgenic mice confirmed that 
GABAA receptors containing α1- or α3-subunits do not 
contribute to the immobilizing action of isoflurane.29,30 
In contrast, mutant mice lacking the TASK-1, TASK-3, or 
TREK-1 K2P channels have higher MAC values for volatile 
anesthetics but not intravenous anesthetics,31-33 indicat-
ing a role for these channels, possibly by a presynaptic 
mechanism.34

Cerebral
cortex

A

B

Noxious
stimulation

Spinothalamic
tract

Figure 25-4. Inhaled anesthetics produce immobility at the spi-
nal level. A, Decerebration by removal of the forebrain rostral to 
the black line does not alter the MAC of isoflurane in rats, indicat-
ing that volatile anesthetic immobilization does not depend on the 
cerebral cortex.17,18 B, Anesthetics suppress the nocifensive with-
drawal reflex response to noxious stimulation transmitted to the 
dorsal horn by sensory nerves at the spinal level. Current efforts 
are focused on identifying the molecular, cellular, and anatomic 
substrates for this effect.
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Work with physiologic preparations that attempt to 
preserve parts of the complex spinal cord circuitry sug-
gests that anesthetic inhibition of afferent (noxious sen-
sory) input to the dorsal horn plays a subordinate role to 
the suppression of the efferent (motor) output from the 
ventral horn, although this may vary by specific agent. 
This motor output is coordinated by neuronal networks 
organized in so-called central pattern generators that con-
trol the activity of cholinergic motoneurons.35 Not unlike 
understanding the anesthetic effects on higher cognitive 
function, the key to understanding immobility will likely 
lie in resolving the effect of anesthetics on integrated spi-
nal network activity.

UNCONSCIOUSNESS

Consciousness, as a quality of the mind, is easy to rec-
ognize but difficult to define (see Chapters 13 and 14). 
It has been described as “what abandons us every night 
when we fall into dreamless sleep and returns the next 
morning when we wake up or when we dream.” This 
intuitive description applies equally as well to general 
anesthesia as it does to sleep; however, it does not pro-
vide a concrete definition that is useful for scientific 
studies. Consciousness consists of inner qualitative 
subjective states of sentience or awareness.36 A recent 
suggestion that seeks to provide a quantitative measure 
of consciousness, and that may serve as a definition, is 
that consciousness is the capacity of a system to inte-
grate information.37 Loss of consciousness (or hypnosis) 
is a hallmark of the onset of anesthesia, and anesthetic 
drugs are being used as tools for understanding the 
neural correlates of consciousness (NCC).38 However, 
what is commonly referred to as unconsciousness under 
anesthesia might be better described as unresponsiveness, 
which could obscure states of self- and environmental 
awareness lacking explicit memory traces.21

Although it is a relatively new field, particularly 
within the field of anesthesiology, the “science of con-
sciousness” has generated considerable interest and has 
led to a number of specific hypotheses that are experi-
mentally tractable. The “thalamic theory” of anesthesia 
proposes a somatosensory deafferentation by anesthetic 
action in the thalamus as a mechanism of unconscious-
ness.39 In support of this hypothesis, isoflurane hyper-
polarizes and shunts thalamic neurons,40 an action 
consistent with impaired thalamic transfer of sensory 
information.41 Functional human brain imaging shows 
preferential suppression of thalamic activity by some, 
but not all, anesthetics, and this has led to the “tha-
lamic switch” hypothesis.39 However, loss of conscious-
ness occurs within a very narrow range of anesthetic 
concentrations,42 typically up to 0.5 MAC,43,44 whereas 
quantifiable effects in the thalamus occur above this 
concentration range and are typically incremental (dim-
merlike) rather than sudden (switchlike). A comprehen-
sive theory of anesthetic-induced unconsciousness must 
be more inclusive than a simple block of information 
transfer through the thalamus to be compatible with 
existing evidence45,46 and must also explain the suppres-
sion of endogenous cortical activity that is generated 
without external stimulation.
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Contemporary neuroscience has replaced the Car-
tesian view of an anatomically discrete brain struc-
ture as the center of consciousness with the concept 
that consciousness requires integration of information 
between multiple brain regions across large-scale cere-
bral networks.45,47 The rich connectivity of the cerebral 
cortex and its hierarchical organization are especially 
suited to enable high levels of information integration 
in the human brain. Some brain areas present a “rich-
club” organization (i.e., highly connected nodes tend 
to be preferentially connected to other highly con-
nected nodes), which has been suggested to be optimal 
for information integration.48,49 These hubs might be 
promising targets for the hypnotic action of general 
anesthetic drugs.

Anesthetics might act by interfering with the opera-
tional synchronicity and coherence of these networks. 
Consequent disruption of cortical functional and effec-
tive connectivity has been observed during natural slow 
wave sleep50 and midazolam-induced loss of respon-
siveness.51 This breakdown of cortical connectivity, 
rather than pharmacologic deafferentation from the 
environment, could underlie loss of consciousness.45 
Unconsciousness would then be characterized not by 
the absence but by the fragmentation of cortical pro-
cessing. Although the mechanism of “binding” (i.e., 
creating the unity of perception) is uncertain, syn-
chronicity of neuronal activity in the 40- to 90-Hz range 
across functionally connected cortical areas (commonly 
referred to as 40 Hz- or γ-rhythm) is a viable candidate. 
Animal52,53 and human42 data implicate activity in the 
γ-band throughout the cortex as a network-level target 
of general anesthetics. Anesthetic actions on cortical 
information processing probably consist not merely of 
suppression of responses but of reduced complexity and 
variability reflected counterintuitively in increased reli-
ability and precision of evoked responses.54,55

LEARNING AND MEMORY

Anterograde amnesia, one of the core desirable anesthetic 
end points, is achieved at lower anesthetic concentra-
tions (∼0.25 MAC) than those required for unconscious-
ness (∼0.5 MAC). Perhaps the closest analogue in rodents 
to explicit memory in humans is medial temporal lobe–
dependent learning of temporal and spatial sequences 
known as hippocampus-dependent spatial learning. This can 
be tested by a variety of experimental paradigms, includ-
ing fear conditioning to context (Fig. 25-5). Other learn-
ing paradigms, such as fear conditioning to tone, are by 
contrast independent of the hippocampus. Isoflurane 
and the nonimmobilizer F6 both inhibit hippocampus-
dependent learning at about one-half the concentra-
tion necessary for disrupting hippocampus-independent 
learning.56 Similarly, anesthetic concentrations that 
inhibit explicit memory in humans (memory that can 
be explicitly recalled as opposed to motor learning, clas-
sical conditioning, and so on) are similarly lower than 
concentrations that impair implicit memory (not subject 
to willful recollection).46 Taken together, these findings 
implicate effects on function of the medial temporal lobe, 
including the hippocampus, in the suppression of explicit  
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Figure 25-5. Differential sensitivity of different types of learning to anesthetics and nonimmobilizers. Freezing in anticipation of a noxious 
stimulus is a measure of learning in rats; less freezing indicates less learning. Left, The learning protocol involves pre-equilibration of rats in the 
equilibration chamber to isoflurane or the nonimmobilizer F6 at the desired concentration before placement into the training chamber. For test-
ing of memory to context, the training and test chamber are identical. For testing of memory to tone, training and testing take place in differ-
ent chambers. Right, Hippocampus-dependent learning (fear conditioning to context, closed symbols) is inhibited by isoflurane (circles) at lower 
concentrations than hippocampus-independent learning (fear conditioning to tone, purple squares). This differential sensitivity is mirrored by the 
nonimmobilizer F6 (blue circles and blue squares for context and tone, respectively). (Left panel adapted with permission from Eger EI 2nd, et al: 
Isoflurane antagonizes the capacity of flurothyl or 1,2-dichlorohexafluorocyclobutane to impair fear conditioning to context and tone, Anesth Analg 96: 
1010-1018, 2003; right panel data points reconstructed from Dutton RC, et al: Short-term memory resists the depressant effect of the nonimmobilizer 
1-2-dichlorohexafluorocyclobutane (2N) more than long-term memory, Anesth Analg 94:631-639, 2002, and Dutton RC, et al: The concentration of 
isoflurane required to suppress learning depends on the type of learning, Anesthesiology 94:514-519, 2001.)
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memory by anesthetics. Effects on other structures, such 
as the amygdala, may be relevant to anesthetic impair-
ment of implicit or other types of memory.57

Comparison of the amnesic potency of five inhaled 
anesthetics using an inhibitory avoidance paradigm 
revealed that nitrous oxide was the most and halothane 
the least potent amnestic (expressed in MAC fractions), 
with the halogenated ethers of intermediate potency.58 
Because inhaled anesthetics affect multiple cellular tar-
gets at amnesic concentrations, it is difficult to attri-
bute amnesia to specific cellular mechanisms. It is also 
unclear whether inhibition of learning and memory by 
drugs known to have different receptor affinities shares 
common mechanisms at some level of integration. 
Comparison with more selective drugs provides some 
insight. Yet, θ-rhythms (4-12/Hz) are clearly important 
for hippocampus-dependent learning and memory.59 
Benzodiazepines60 and cannabinoids61 slow and suppress 
hippocampal θ-rhythms in proportion to their ability to 
impair hippocampus-dependent learning (also see Chap-
ters 13 and 30). Isoflurane and the nonimmobilizer F6 
have comparable effects on θ-rhythms at amnesic con-
centrations while having different receptor-level profiles 
and opposite effects on sedation.62 Thus alterations in 
neuronal synchrony provide a common network-level 
substrate for memory impairment. The synchronization 
between amygdalar and hippocampal θ-rhythms that 
occurs during fear memory retrieval indicates that this 
principle might also apply to other forms of memory and 
their impairment by anesthetics.63 As with other com-
ponents of the anesthetic state, the precise mechanisms 
of memory impairment by anesthetics, and of memory 
itself, remain to be fully elucidated.

SEDATION

Sedation (defined as a decrease in activity, alertness, 
arousal, and/or vigilance), which is on a behavioral 
continuum leading to hypnosis, is achieved at anes-
thetic doses similar to those that produce amnesia (<0.5 
MAC). There is no clear mechanistic or clinical separa-
tion between sedation and hypnosis. By contrast, even 
though sedation can be difficult to separate from amne-
sia, for intravenous anesthetics (see Chapter 30) there 
may be separate but overlapping substrates for these 
two end points.20,64 The mechanisms involved in these 
behavioral effects are likely to resemble those of less pro-
miscuous drugs, for which genetic approaches have been 
informative. An amino acid knock-in mutation (H101R) 
in mice that renders the α1 GABAA receptor subunit 
insensitive to modulation by benzodiazepines produces 
resistance to the sedative and amnesic effects of benzo-
diazepines while maintaining other behavioral effects, 
among them anxiolysis.65 The α1 subunit is abundantly 
expressed in the CNS, mainly in the cortical areas and 
thalamus. Volatile anesthetics have qualitatively similar 
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effects on α1-containing GABAA receptors (but also those 
containing other subunits) at low concentrations. The 
observation that the nonimmobilizer F6, which is devoid 
of sedative properties,62 is amnesic66 but does not mod-
ulate benzodiazepine-sensitive α1-containing GABAA 
receptors,67,68 is compatible with a role for α1-containing 
receptors in volatile anesthetic-induced sedation, because 
few other targets are affected at purely sedative concen-
trations. Possible targets for the sedative effects of the 
gaseous anesthetics nitrous oxide and xenon, which do 
not affect GABAA receptors, include N-methyl-d-aspartate 
(NMDA) receptor antagonism69 and K2P channel activa-
tion.70 Consistent with this distinct pharmacologic pro-
file, nitrous oxide has strikingly different effects from 
benzodiazepines in behavioral tests aimed at evaluating 
sedation in mice.71

Recognizing that there may be more than a super-
ficial similarity between natural sleep and anesthetic-
induced sedation and hypnosis, the effects of some 
anesthetics apparently share natural sleep mechanisms 
by directly activating discrete sleep-promoting nuclei 
in the hypothalamus.23 Electroencephalographic pat-
terns during natural slow-wave sleep and anesthesia 
show similarities,72 and recovery from sleep depriva-
tion can occur under propofol73 and inhalational anes-
thesia,74 supporting this concept (also see Chapter 14). 
Anesthetic effects on other cortical75 and subcortical 
structures21 may also contribute to anesthetic-induced 
sedation and hypnosis.

ANESTHETIC NEUROTOXICITY  
AND NEUROPROTECTION

Early Postnatal Neurotoxicity
General anesthetics can cause persistent neurologic 
effects beyond their classic reversible production of anes-
thesia. Yet its clinical significance remains unknown.76-78 
Since the discovery that postnatal exposure of the devel-
oping rodent brain to high doses of commonly used 
anesthetic drugs, in isolation or in combination, for a 
period of several hours, can induce apoptotic cell death 
with potentially long-term functional consequences,78 
the neonate rodent model has been extensively studied 
and discussed. Similar effects have been reproduced with 
all commonly used general anesthetic drugs. How the 
results translate quantitatively and qualitatively from 
short-lived altricial (such as rodents) to long-lived, more 
precocial (such as Homo sapiens) species remains to be 
defined. Interestingly, postexposure environmental fac-
tors appear to play a substantial role in the expression of 
neurotoxicity.79

Ischemic Neuroprotection
Pharmacologic neuroprotection from cerebral ischemia 
and reperfusion is a rapidly evolving area of research 
that is characterized by great potential, but comparable 
disappointments, because results from promising ani-
mal studies have failed to translate into clinical benefits. 
Despite considerable research, clinical evidence for isch-
emic brain protection by inhaled anesthe tics remains 
controversial.80 Ischemic neuronal injury results from 
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early excitotoxic cell death mediated by excessive 
release of excitatory amino acid transmitters such as glu-
tamate and oxidative stress caused by reperfusion injury 
together with delayed cell death as a result of apopto-
sis.81,82 Volatile anesthetics (e.g., isoflurane) and xenon 
exhibit early neuroprotection in animal models that is 
sustained only for mild insults. This is consistent with 
a beneficial effect on excitotoxicity but minimal effects 
on delayed cell death caused by apoptosis. A therapeu-
tic strategy to extend this early neuroprotection is sug-
gested by the finding that isoflurane combined with 
caspase inhibitors to prevent apoptosis results in more 
sustained neuroprotection.83 In contrast, xenon appears 
to have an intrinsic antiapoptotic action that contrib-
utes to its neuroprotective properties, consistent with 
its distinct molecular mechanisms.84 Interestingly, “pre-
conditioning” with ketamine appears to protect against 
ketamine-induced neurotoxicity.85 In addition, volatile 
anesthetics probably protect by suppression of brain 
energy requirements owing to inhibition of excitatory 
transmission and potentiation of inhibitory recep-
tors and ion channels.81 The potential for beneficial 
effects from anesthetic-induced preconditioning has 
also received considerable recent attention. Similar to 
the protective effects of anesthetics administered before 
cardiac ischemia (anesthetic preconditioning; see later), 
protective effects have also been observed in animal 
models of focal cerebral ischemia (see also Chapters 67, 
69, and 70).86

Postoperative Cognitive Effects
Adverse postoperative cognitive effects persisting beyond 
a duration explainable by pharmacokinetic factors have 
been attributed to anesthetics since the nineteenth 
century. Three clinical entities must be distinguished: 
delirium, dementia, and postoperative cognitive dys-
function (POCD). Contrary to delirium and dementia, 
POCD is not a clinical diagnosis but a result of compari-
son of pre- and postoperative scores on neuropsycho-
logical test batteries among patients undergoing surgery 
and matched control populations that did not undergo 
surgery. This is a highly complex experimental para-
digm that is prone to artifacts. For example, as a result 
of these analyses, postoperative cognitive improvement 
coexists with POCD,87 and whether either or both of 
these entities exists as pathologic entities and are clini-
cally relevant remains an open question. The situation 
is fundamentally different with respect to delirium and 
neurodegeneration, which can be diagnosed by estab-
lished criteria and standardized tools.

Although direct effects of inhalational anesthet-
ics have been linked to memory deficits persisting for 
days in young adult mice, specifically via interaction 
with the α5 subunit of the GABAA receptor,88 postan-
esthesia changes in exploratory behaviour are depen-
dent on interaction with central cholinergic signaling 
pathways.89 Accumulating evidence, however, points 
to immune- and/or inflammation-mediated changes 
triggered by surgical trauma and anesthesia as poten-
tial mechanisms for delirium-like, short- or intermedi-
ate-term postoperative cognitive dysfunction (also see 
Chapter 99).90,91
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Experimental evidence obtained using mice rendered 
genetically susceptible to Alzheimer disease–like neuro-
degeneration does not support a role of anesthetic agents 
per se in promoting neurodegenerative disease.92 It pro-
vides experimental support for observational studies in 
humans that cognitive decline after surgery is caused by 
neither accelerated neurodegeneration nor anesthetic 
agents.93

Rather than an anesthetic-mediated effect, a determin-
ing role for the underlying disease trajectory (as opposed 
to the surgical/anesthetic intervention) in determining 
the long-term cognitive course of most patients is likely.94 
Short-term effects on cognition appear to be related to 
physiologic perturbations resulting from invasive inter-
ventions with either aggravating and/or mitigating roles 
of anesthetics.

INTEGRATED EFFECTS  
ON THE CARDIOVASCULAR  
AND RESPIRATORY SYSTEMS

Mechanisms of Cardiovascular Effects
The classic cardiovascular effects of the volatile anes-
thetics are usually undesired deleterious side effects that 
limit their safe use in the critically ill, but recent stud-
ies have shown that there are also direct cardioprotec-
tive effects.95 All volatile anesthetics produce agent- and 
dose-dependent reductions in myocardial contractil-
ity, systemic vascular resistance, and cardiac preload, 
with consequent reduction in mean arterial pressure. 
However, significant differences do exist in the relative 
potencies of these effects between anesthetics (see Chapter 
28).96 Volatile anesthetics depress contractility by reduc-
ing Ca2+ availability and/or Ca2+ sensitivity of the con-
tractile apparatus.97 The major targets responsible for 
the negative inotropic effects of volatile anesthetics are 
cardiac Ca2+ channels, sarcoplasmic Ca2+ handling, and 
the contractile apparatus. Inhibition of depolarization-
induced increases in myoplasmic Ca2+ concentration 
occur primarily via inhibition of cardiac L-type voltage-
gated Ca2+ currents and shortening of action potential 
duration.98 Volatile anesthetics also inhibit the sarco-
endoplasmic Ca2+ adenosine triphosphatase (SERCA), 
whereas halothane, but not isoflurane or sevoflurane, 
opens sarcoplasmic reticulum (SR) Ca2+ release chan-
nels (ryanodine receptors), depleting SR Ca2+ content 
and reducing excitation-evoked SR Ca2+ release.97 The 
resulting negative inotropic effect of this reduced Ca2+ 
availability is enhanced by reductions in the Ca2+ sen-
sitivity of myofibrils. In contrast, xenon has no effect 
on ventricular contractility, conduction, or major cation 
currents.98,99 consistent with its lack of significant car-
diovascular effects. Nitrous oxide causes mild reductions 
in ventricular function99 by poorly characterized effects 
on Ca2+ availability. This is usually accompanied by 
sympathetic nervous system stimulation that increases 
vascular resistance and counteracts the myocardial 
depression.100,101

Volatile anesthetics can produce vasodilation at 
clinical concentrations.102 (Also see Chapter 28.) The 
vascular effects of volatile anesthetics are multifactorial 
and tissue specific, and the precise cellular mechanisms 
are poorly understood.103,104 Peripheral vasodilation 
is mediated by both direct endothelium-independent 
vasodilating effects on vascular smooth muscle cells 
and indirect effects involving the sympathetic nervous 
system and the vascular endothelium. The mechanisms 
of these effects involve agent-specific effects on presyn-
aptic norepinephrine release, inhibition of smooth mus-
cle Ca2+ influx via L-type Ca2+ channels, activation of 
hyperpolarizing adenosine triphosphate (ATP)-sensitive  
K+ (KATP) and K-Ca channels, and endothelium-dependent 
factors, including nitric oxide production.105 As with  
the CNS, cardiovascular function depends on the 
integrated function of multiple ion channels, many of 
which are expressed in both of these excitable tissues. 
Volatile anesthetics have agent-specific effects on heart 
rate and induction of arrhythmias caused by actions 
on cardiac ion channels. Because multiple cardiac ion 
channels are sensitive to volatile anesthetics at clinical  
concentrations, and because most manipulations of car-
diac ion channel function are potentially proarrhythmic, 
it is difficult to link anesthetic arrhythmogenicity to 
actions on specific channels.106 Electrophysiologic 
studies indicate that cardiac L-type Ca2+ channels, 
which are critical to the plateau phase of the cardiac 
action potential and electromechanical coupling, are 
inhibited by volatile anesthetics, leading to shorten-
ing of the refractory period. Multiple voltage-gated K+ 
channels are also inhibited and might predispose to 
arrhythmias by delaying repolarization. Alternatively, 
inhaled anesthetics can protect the heart against isch-
emia and reperfusion injury, possibly involving anti-
oxidant, antiinflammatory, and/or preconditioning 
mechanisms.107,108 Volatile anesthetics109 and xenon110 
can mimic the strong cardioprotective effects produced 
by ischemic preconditioning (termed anesthetic pre-
conditioning by analogy) through activation of vari-
ous cytoprotective G-protein–coupled receptors and 
protein kinases, including protein kinase C (PKC), 
mitogen-activated protein kinases (MAP kinases), 
extracellular signal–regulated kinases (ERK), Akt (pro-
tein kinase B), and tyrosine kinases.95,111 Although not 
entirely clarified, sarcolemmal and putative mitochon-
drial KATP channel activation, involving PKC activa-
tion and increased formation of free radicals and nitric 
oxide, are the likely end effectors of anesthetic precon-
ditioning in the heart.

Mechanisms of Respiratory Effects
Inhaled anesthetics also have important effects on the 
respiratory system. All volatile anesthetics cause signifi-
cant respiratory depression at concentrations necessary 
for surgical anesthesia. The peripheral chemo-reflexes 
and upper airway patency are particularly sensitive to 
subanesthetic concentrations of volatile anesthetics.112 
The mechanisms involved in these potentially serious 
effects involve depression of central respiratory networks 
mediated by depression of excitatory and facilitation of 
inhibitory transmission. The precise molecular targets 
responsible for the exquisite sensitivity of these networks 
to low concentrations of volatile anesthetics remain to be 
elucidated (see Chapters 19 and 27).



IDENTIFICATION OF MOLECULAR SITES  
OF ANESTHETIC ACTION

CRITERIA FOR IDENTIFYING SITES 
RELEVANT TO ANESTHESIA

Specific criteria have been proposed to evaluate the rel-
evance of the many potential molecular targets of anes-
thetics.113 These criteria include:
  

 1.  Reversible alteration of target function at clinically rel-
evant concentrations. This criterion requires comparable 
in vivo and in vitro sensitivity and depends on the 
anesthetic end point under consideration. For exam-
ple, targets involved in immobility must be sensitive 
to anesthetics near MAC, whereas targets mediating 
amnesia must be affected at a fraction of MAC. Recent 
evidence for persistent effects of inhaled anesthetics 
demonstrable in the absence of continued anesthetic 
exposure is challenging the notion of reversibility for 
certain effects.

 2.  Expression of the target in appropriate anatomic locations 
to mediate the specific anesthetic end point. For example, 
immobilization by inhaled agents appears to involve 
primarily actions in the spinal cord independent of 
actions in the brain.

 3.  Concordant stereoselectivity of anesthetic effects in vivo and 
on the target in vitro. Without a specific pharmacologic 
antagonist of anesthesia, correlation between the ste-
reoselective actions of general anesthetics in vivo and 
in vitro is a useful test of pharmacologic relevance of 
putative molecular targets. Stereoselectivity data cor-
relating in vivo potency and in vitro receptor actions 
implicate GABAA receptors as a target for the anesthetic 
actions of etomidate, pentobarbital, neurosteroid anes-
thetics, and possibly isoflurane.

 4.  Appropriate sensitivity or insensitivity to model anes-
thetic and nonanesthetic compounds. Anesthetic halo-
genated cyclobutanes together with structural analogs 
that do not produce anesthesia at concentrations pre-
dicted to be anesthetic by the Meyer-Overton corre-
lation (nonimmobilizers) can be used to discriminate 
relevant volatile anesthetic targets in vitro. For example, 
the anesthetic F3  (1-chloro-1,2,2-trifluorocyclobutane), 
but not the structurally similar nonanesthetic F6 
(1,2-dichlorohexafluorocyclobutane), affect GABAA, 
glycine, AMPA, kainite, and 5-HT3 receptors, and Na+ 
channels, consistent with possible roles in immobility, 
whereas both F3 and F6 affect neuronal nicotinic, M1 
muscarinic, 5-HT2C, and mGluR5 receptors, indicat-
ing that these targets are not involved in immobility. 
F6 is interesting in that it lacks sedative and immobiliz-
ing effects but does possess amnesic effects, hence the 
more accurate term nonimmobilizer, making it a useful 
pharmacologic tool for discriminating targets for these 
actions.

 5.  Predictable effects of genetic manipulations targeted to 
putative molecular targets. The effects of targeted dele-
tion of specific molecules implicated as anesthetic tar-
gets (knockout mutations) or genetic engineering to 
introduce specific mutations that modify anesthetic 
sensitivity (knock-in mutations) in model organisms 
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provide powerful approaches to test the roles of 
putative molecular targets of anesthetic action. This 
approach has been particularly successful in implicat-
ing specific GABAA receptor subtypes in the effects of 
the GABAergic intravenous anesthetics propofol and 
etomidate, where single amino acid substitutions in 
specific receptor subtypes eliminates anesthetic effects 
both in vitro and in vivo.114 Targeted mutations of 
putative anesthetic targets provide a bridge between 
in vitro observations and whole-animal experiments 
essential for demonstrating anesthetic end points. The 
existence of multiple targets and redundancy among 
ion channel subtypes make this a more challenging 
experimental approach for inhaled anesthetics com-
pared with intravenous anesthetics (discussed later).

PHYSICOCHEMICAL PROPERTIES  
OF ANESTHETIC BINDING SITES

A convergence of x-ray crystallography, molecular model-
ing, and structure-function studies indicate that inhaled 
anesthetics bind in hydrophobic cavities formed within 
proteins.14,115 The lipophilic (or hydrophobic) nature of 
these binding sites explains their adherence to the Meyer-
Overton correlation. An element of amphiphilicity (pos-
sessing both polar and nonpolar characteristics) is also 
required for effective interaction with these cavities, as 
indicated by improvements in the Meyer-Overton corre-
lation with more amphipathic solvents (possessing both 
hydrophobic and hydrophilic properties).

FROM MODEL PROTEINS TO RECEPTORS

Identifying inhaled anesthetic binding sites on plausible 
target proteins is difficult because of their low-affinity 
interactions, the paucity of atomic resolution structures 
of pharmacologically relevant target proteins, and the 
lack of specific antagonists. Consequently, most anes-
thetic binding sites have been identified in well-char-
acterized model proteins for which three-dimensional 
atomic resolution structures are available, but which are 
not themselves relevant to anesthesia, such as luciferase 
and albumin.14,115 These studies indicate that anesthetics 
bind in pockets with both nonpolar and polar noncova-
lent chemical interactions. Binding involves weak hydro-
gen bond interactions with polar amino acid residues and 
water molecules, nonpolar van der Waals interactions, 
and a polarizing effect of the amphiphilic binding cavity 
on the relatively hydrophobic anesthetic molecules. Inter-
nal cavities are important for the conformational flexibil-
ity required for ion channel gating and ligand-induced 
signal transduction of receptor proteins. Occupation of a 
critical volume within these cavities by anesthetics pro-
vides a plausible mechanism for alteration of receptor 
and ion channel function by selective stabilization of a 
particular confirmation (e.g., an open or inactivated state 
of an ion channel). Anesthetics also gain binding energy 
from the entropy generated by displacing bound water 
from these relatively promiscuous binding sites. Studies 
of glycine, GABAA, and NMDA receptors provide con-
vincing evidence for the existence of anesthetic binding 
sites in critical neuronal signaling proteins.14 Amino acid 
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Figure 25-6. X-ray structures of propofol and desflurane bound to a pentameric ligand-gated ion channel. A, Cartoon of membrane-plane view 
of the bacterial homologue of mammalian pentameric ligand-gated ion channels (Gloebacter violaceus [GLIC]) with a bound general anesthetic 
molecule. B, Molecular surface of the general anesthetic intrasubunit cavities (yellow) and neighboring intersubunit cavities (pink) of the whole 
pentameric channel. (Modified from Nury H, et al: X-ray structure of general anaesthetics bound to a pentameric ligand-gated ion channel, Nature 
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residues critical for volatile anesthetic actions, and, by 
inference, binding, have been identified in the α-subunit 
of the GABAA receptor.14

Structural studies using the more accessible prokaryotic 
homologues of eukaryotic ion channels have provided a 
powerful tool for the study of anesthetic binding sites in 
biologically plausible proteins. For example, both propo-
fol and desflurane have been co-crystalized with GLIC, 
a bacterial homologue of eukaryotic inhibitory ligand-
gated ion channels (glycine and GABAA receptors). Both 
anesthetics bind a common preexisting site in the upper 
part of the transmembrane domain between the trans-
membrane segments of a single subunit (Fig. 25-6).116 
Molecular modeling based on structurally homologous 
proteins has also been used to identify putative anes-
thetic binding sites in the transmembrane domains of 
vertebrate GABAA and glycine receptors (Fig. 25-7). These 
models suggest that different drugs may either bind in 
different orientations within a single amphiphilic cavity 
or occupy different cavities within the protein, causing 
similar functional effects. Refinement of these molecu-
lar models will continue to provide new insights in the 
molecular basis for general anesthetic action that can 
be experimentally tested. For example, potential sites 
of interaction of xenon and isoflurane with the NMDA 
receptor have also been identified using this approach. 
One site, which can contain up to three xenon atoms or 
one molecule of isoflurane, overlaps the known binding 
site for the co-agonist glycine in the NR1 subunit.117 This 
suggests that two chemically dissimilar inhaled anesthet-
ics inhibit NMDA receptors by direct competitive inhibi-
tion of co-agonist binding.

Molecular Targets of Inhaled Anesthetics
Ion channels have emerged as the most promising molec-
ular targets for inhaled anesthetics. Neurotransmitter-
gated ion channels, in particular GABAA, glycine, and 
NMDA-type glutamate receptors, are leading candidates 
owing to their appropriate CNS distributions, essential 
physiologic roles in inhibitory and excitatory synap-
tic transmission, and sensitivities to clinically relevant 

469:428-433, 2011.)
concentrations of anesthetics.16,118 Other ion channels 
that are sensitive to inhaled anesthetics include the 
hyperpolarization-activated cyclic nucleotide (HCN)-
gated family of channels that give rise to pacemaker 
currents118 and regulate dendritic excitability, two-pore  
domain (K2P) “leak” K+ channels that maintain resting 
membrane potential in many cells,119 and voltage-gated 
Na+ and Ca2+ channels.118

Inhaled anesthetics can be divided into two classes 
based on their distinct pharmacologic properties. The first 
class is the potent inhaled (volatile) anesthetics, which 
exhibit positive modulation of GABAA receptors and 
also produce significant, anesthesia-compatible effects 
on a number of other receptors/channels, including 
enhancement of inhibitory glycine receptors, inhibition 
of excitatory NMDA and neuronal nicotinic acetylcholine 
receptors, activation of K2P channels, and inhibition of 
presynaptic Na+ channels. Intravenous anesthetics such 
as propofol and etomidate represent more potent and 
specific positive modulators of GABAA receptors. The 
second class is the gaseous inhaled anesthetics, which 
include cyclopropane, nitrous oxide, and xenon. These 
anesthetics are inactive at GABAA receptors but block 
NMDA receptors and activate certain K2P channels at 
clinical concentrations.

LIGAND-GATED ION CHANNELS

Potentiation of Inhibitory GABAA  
and Glycine Receptors
The ether anesthetics (including isoflurane, sevoflurane, 
and desflurane), the alkane anesthetic halothane, most 
intravenous anesthetics (including propofol, etomidate, 
barbiturates), and the neurosteroid anesthetics enhance 
GABAA and glycine receptor (GlyR) function. GABAA and 
GlyRs are members of the same cys-loop ligand-gated 
ion channel superfamily that also includes the cation-
permeable nicotinic acetylcholine and 5HT3 receptors. 
GABAA receptors are the principal transmitter-gated Cl– 
channels in the neocortex and allocortex, whereas GlyRs 
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Figure 25-7. Putative anesthetic binding sites on GABAA receptors identified by molecular modeling. A, Molecular model of the mouse GABAA 
receptor built using homology modeling techniques with computational chemistry optimizations and molecular dockings. The amino acid back-
bone is displayed in ribbon format and outlined by the transparent solvent-accessible molecular surface. Each of the five subunits is colored 
uniquely. The GABA binding site is noted in the extracellular domain, whereas the putative anesthetic binding pocket (ABP) for potentiation is 
noted in the outer third of the transmembrane domain between the α and β subunits. Two binding sites are shown but only one has computation-
ally docked desflurane. B, Cross-section at the dotted line level in A showing orientation of subunits with pentameric symmetry about a central ion 
pore. C, Magnified region of intersubunit anesthetic binding site derived from region in B showing relevant amino acid positions (in space-filling 
format) interacting with desflurane (in ball-and-stick format at the same scale). (Courtesy the Bertaccini laboratory, Stanford University.)
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fulfill this function in the spinal cord, with some overlap 
in the diencephalon and brainstem. Activated receptors 
conduct chloride ions, driving the membrane potential 
toward the Cl– equilibrium potential. Both receptors are 
inhibitory because the Cl– equilibrium potential is usu-
ally more negative than the normal resting potential. 
Channel opening also reduces membrane resistance and 
“shunts” excitatory responses. Most functional GABAA 
and GlyRs are heteropentamers, typically consisting of 
three different GABAA subunits (e.g., two α, two β, and 
one γ or ∂) or two different GlyR subunits (three α and 
two β).120 The subunit composition of GABAA receptors 
determines their physiologic and pharmacologic proper-
ties and varies between and within brain areas, as well 
as between different compartments of individual neu-
rons. Examples are the preferential expression of the α5-
subunit in the dendritic field of the hippocampal CA1 
area (a region important for memory formation), of the 
α4-subunit in the thalamus, and of the α6-subunit in the 
cerebellum. Presence of a γ-subunit is required for benzo-
diazepine modulation of GABAA receptors and can also 
influence modulation by inhaled anesthetics. Although 
the molecular mechanisms of receptor modulation by 
inhaled anesthetics are not clear, these receptors have 
been key to our understanding of anesthetic-receptor 
interactions. Using chimeric receptor constructs between 
anesthetic-sensitive GABAA and insensitive GlyR sub-
units, specific amino acid residues in transmembrane  
domains 2 and 3 critical to the action of inhaled anesthet-
ics have been identified.121 This laid the groundwork for 
the construction of anesthetic-resistant GABAA receptors 
and the generation of transgenic mice with altered anes-
thetic sensitivity (discussed later).

The related cation-permeable 5-hydroxytryptamine 
(serotonin)-3 (5HT3) receptors are similarly potentiated  
by volatile anesthetics.122 5HT3 receptors are involved 
with autonomic reflexes and also probably contribute 
to the emetogenic properties of volatile anesthetics (see 
Chapter 97).

Inhibition of Excitatory Acetylcholine  
and Glutamate Receptors
Neuronal nicotinic acetylcholine receptors (nnAChRs), 
like the other members of the cys-loop family, are het-
eropentameric ligand-gated ion channels, but are cation 
selective. They are composed of α- and β-subunits, but  
functional homomeric receptors can be formed by cer-
tain α-subunits. In the CNS, nnAChRs are localized pri-
marily presynaptically.123 Homomeric α7-receptors have 
high permeability to Ca2+ that can exceed that of NMDA 
receptors.123 In contrast to GABAA and GlyRs, nnAChRs 
pass cations when activated and therefore depolarize 
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the membrane potential. Receptors containing α4β2 sub-
units are very sensitive to block by isoflurane and propo-
fol.124,125 Relevance of nnAChR block to immobilization, 
sedation, and unconsciousness by inhaled anesthetics is 
unlikely because nnAChRs are also blocked by nonimmo-
bilizers, although it is possible that they do contribute to 
amnesia.

NMDA receptors are a major postsynaptic receptor 
subtype of inotropic receptors for glutamate, the prin-
cipal excitatory neurotransmitter in the mammalian  
CNS.126 Typical NMDA receptors, defined pharmacologi-
cally by their selective activation by the exogenous agonist 
NMDA, are heteromers consisting of an obligatory GluN1 
subunit and modulatory GluN2 subunits. Channel open-
ing requires glutamate (or another synthetic agonist such 
as NMDA) binding to the GluN2 subunit while the endog-
enous co-agonist glycine binds to the GluN1 subunit. 
NMDA receptors also require membrane depolarization 
to relieve voltage-dependent block by Mg2+. Depolariza-
tion is typically provided by binding of glutamate to non-
NMDA glutamate receptors (discussed later). Because of 
this requirement for both presynaptic transmitter release 
and postsynaptic depolarization, synaptic NMDA recep-
tors function as coincidence detectors, and this charac-
teristic is thought to be central to their role in learning 
and memory. NMDA receptors are also involved in the 
development of chronic pain, perhaps because of mech-
anisms similar to those underlying synaptic plasticity, 
and in ischemia-induced excitotoxicity by virtue of their 
capacity to allow entry of the ubiquitous intracellular sig-
nal Ca2+. The nonhalogenated inhaled anesthetics xenon, 
nitrous oxide, and cyclopropane have minimal effects on 
GABAA receptors but depress excitatory glutamatergic syn-
aptic transmission postsynaptically via NMDA glutamate 
receptor blockade (see Fig. 25-8).70,127 Volatile anesthetics 
can also inhibit isolated NMDA receptors at higher con-
centrations.128 Along with presynaptic inhibition of gluta-
mate release, this might contribute to their depression of 
NMDA receptor–mediated excitatory transmission.

A second class of inotropic glutamate receptors 
includes the non-NMDA receptors, which are subdivided 
into α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and kainate receptors based again on their 
sensitivities to selective exogenous agonists.126 Inhaled 
anesthetics only weakly inhibit AMPA receptors, hence 
this action is unlikely to be important in their actions.129 
Interestingly, kainate receptors are enhanced by inhaled 
anesthetics, but this is unlikely to be involved in immo-
bility because MAC is not altered in mice deficient in the 
GluR6 receptor subunit.130 Most evidence suggests that 
the principal mechanism for depression of glutamatergic 
transmission by volatile anesthetics is presynaptic, with 
minor contributions from postsynaptic receptor block-
ade131-133 (see “Cellular Mechanisms”).

VOLTAGE-GATED AND OTHER ION 
CHANNELS

Inhibition of Excitatory Na+ Channels
Voltage-gated Na+ channels are critical to axonal con-
duction, synaptic integration, and neuronal excitability. 
In contrast to findings in invertebrate giant axons,134 
axonal conduction in small (0.1 to 0.2 μm) unmyelin-
ated hippocampal axons is depressed by volatile anes-
thetics,135,136 and small reductions in preterminal action 
potential amplitude significantly depress transmitter  
release and hence postsynaptic responses at a mam-
malian synapse.137 Heterologously expressed mam-
malian voltage-gated Na+ channels are sensitive to 
clinically relevant concentrations of volatile anesthet-
ics. The Na+ channel family consists of nine homolo-
gous pore-forming α-subunits with distinct cellular and  
subcellular distributions.138 Isoflurane and other vola-
tile anesthetics inhibit the major mammalian Na+ 
channel isoforms, including neuronal (Nav1.2), skeletal 
muscle (Nav1.4), cardiac (Nav1.5), and peripheral (Nav1.8)  
isoforms.139 Volatile anesthetics, but not nonimmobiliz-
ers, also inhibit native neuronal and nerve terminal Na+ 
channels,140-143 lending support to the notion that Na+ 
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Figure 25-8. The actions of xenon on inhibitory GABAergic and excit-
atory glutamatergic synapses in cultured rat hippocampal neurons. 
Xenon (3.4 mM, ˜1 MAC) has no significant effect on the inhibitory 
postsynaptic current (A) but depresses the excitatory glutamatergic 
synaptic current, almost exclusively the slow NMDA receptor-medi-
ated component of the current (B). In contrast, the principal effects of 
˜1 MAC isoflurane are a prolongation in the inhibitory current decay 
and a reduction in excitatory current peak height, with little change 
in time course (not shown, see Fig. 25-10). (Reprinted in modified form 
by permission from de Sousa SLM, et al: Contrasting synaptic activity of 
the inhalational general anesthetics isoflurane and xenon, Anesthesiol-
ogy 92:1055-1066, 2000.)
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channel blockade contributes to the depression of synap-
tic neurotransmitter release.143 In contrast, xenon has no 
detectable effect on Na+, Ca2+, or K+ channels in isolated 
cardiomyocytes.92 The demonstration that NaChBac, a 
prokaryotic homologue of voltage-gated Na+ channels, is 
also inhibited by volatile anesthetics opens the way for 
structure-function studies of these channels.141

Inhibition of Ca2+ Channels
Multiple cellular functions depend on the tightly con-
trolled concentration of intracellular free Ca2+ ([Ca2+]i), 
which is determined by the integrated activities of volt-
age-gated Ca2+ channels, capacitative Ca2+ channels, 
plasma membrane and sarcoplasmic/endoplasmic reticu-
lum Ca2+-adenosine triphosphatases (pumps), Na+/Ca2+ 
exchangers, and mitochondrial Ca2+ sequestration. Alter-
ation of any of these mechanisms by anesthetics can affect 
the many cellular processes regulated by the second mes-
senger actions of Ca2+, including synaptic transmission, 
gene expression, cytotoxicity, and muscle excitation–con-
traction coupling. Excitable cells translate their electrical 
activity into action by Ca2+ fluxes mediated primarily by 
voltage-gated Ca2+ channels in the plasma membrane. 
Distinct Ca2+ channel subtypes are expressed in various 
cells and tissues and are classified pharmacologically and 
functionally by the degree of depolarization required to 
gate the channel, such as low voltage–activated (LVA; 
T-type) and high voltage–activated (HVA; L-, N-, R-, and 
P/Q-type) channels. More recently, the molecular iden-
tity of their pore-forming α-subunits has been used for  
classification.144 There is convincing evidence that vola-
tile anesthetics inhibit certain Ca2+ channel isoforms but 
not others.145

Inhibition of presynaptic voltage-gated Ca2+ chan-
nels coupled to transmitter release has been proposed as  
a mechanism by which volatile anesthetics reduce excit-
atory transmission.146 Indeed, N-type (Cav2.2) and P-type 
(Cav2.1) channels, which mediate Ca2+ entry coupled 
to neurotransmitter release, are modestly sensitive to 
volatile anesthetics,147,148 but not in all neuron types,149 
suggesting the importance of auxiliary subunits, post-
translational modification, or other potential modulators 
of anesthetic sensitivity. A modest contribution of R-type 
Ca2+ channels (Cav2.3) to anesthesia is suggested by their 
sensitivity to volatile anesthetics and a small increase in  
MAC produced by genetic deletion in mice.150 T-type Ca2+  
channels are particularly sensitive to volatile anesthet-
ics151 and nitrous oxide.152 However, mutant mice lacking 
a major neuronal T-type Ca2+ channel isoform (Cav3.1) 
have normal volatile anesthetic sensitivity, although the  
onset of anesthesia is delayed.153 Thus the role that inhi-
bition of these or other Ca2+ channels play in the CNS 
effects of inhaled anesthetics is unclear.

By contrast, a role for Ca2+ channel inhibition in the 
negative inotropic effects of volatile anesthetics, promi-
nent at higher doses, is well established. The force of 
myocardial contraction is determined by the magnitude 
of cytosolic Ca2+ increase after electrical excitation, the 
responsiveness of the contractile proteins to Ca2+, and 
sarcomere length. Negative inotropic effects of volatile 
anesthetics are mediated by reductions in Ca2+ availabil-
ity, Ca2+ sensitivity of the contractile proteins, and rate of 
hapter 25: Inhaled Anesthetics: Mechanisms of Action 627

cytosolic Ca2+ clearance. Volatile anesthetics reduce the 
Ca2+ transient and shorten action potential duration in 
cardiomyocytes primarily by inhibiting L-type (Cav1.2) 
Ca2+ currents, resulting in a negative inotropic effect and 
arrhythmogenicity.97,106,154 In contrast, xenon does not 
depress myocardial function or inhibit L-type Ca2+, Na+, 
or K+ currents in isolated cardiomyocytes.98,99 Inhibition 
of trans-sarcolemmal Ca2+ influx through cardiac L-type 
Ca2+ channels plays a major role in the negative inotropic 
effects of volatile anesthetics—greatest for halothane—
along with contributions from effects on myofilament 
Ca2+ sensitivity and sarcolemmal Ca2+ release.106,155

In contrast to voltage-gated Ca2+ channels that regu-
late the influx of extracellular Ca2+, intracellular Ca2+ 
channels regulate Ca2+ release from intracellular stores, 
particularly the endoplasmic reticulum (ER) and sarco-
plasmic reticulum (SR). These include 1,4,5-trisphosphate 
receptors (IP3Rs), regulated by the second messenger IP3, 
and ryanodine receptors (RyRs), which mediate the rapid 
release of intracellular Ca2+ critical to excitation-contrac-
tion coupling in muscle. Volatile anesthetic–induced 
Ca2+ leak occurs via both IP3R and RyR channels, which 
leads to depletion of intracellular Ca2+ stores from the 
SR and ER. This blunts changes in intracellular Ca2+ in 
response to stimulation and contributes to the smooth 
muscle–relaxing properties of volatile anesthetics that 
underlie bronchodilation and vasodilation.156 Malignant 
hyperthermia susceptibility is a pharmacogenetic disor-
der that manifests as a potentially fatal hypermetabolic 
crisis triggered by volatile anesthetics, particularly halo-
thane. It is often associated with mutations in RyR1 and 
the physically associated L-type Ca2+ channel (Cav1.1) 
that functions as the voltage sensor.157 Volatile anesthet-
ics activate the abnormal RyRs, resulting in uncontrolled 
intracellular Ca2+ release, muscle contraction, and meta-
bolic activity158 (see Chapter 43).

K+ Channels and HCN Channels
Potassium (K+) channels are an extremely diverse ion 
channel family noted for their varied modes of activa-
tion. They regulate electrical excitability, muscle contrac-
tility, and neurotransmitter release. They are important 
in determining input resistance and in driving repolar-
ization, and thus they determine excitability and action 
potential duration. Given the large diversity in K+ chan-
nel structure, function, and anesthetic sensitivity, it is 
not surprising that there is considerable diversity in their 
sensitivity and response to inhaled anesthetics159: from 
relatively insensitive (voltage-gated K+ channels Kv1.1, 
Kv3)160 to sensitive (some members of the 2-pore domain 
K+ channels [K2P] family), resulting in either inhibition, 
activation, or no effect on K+ currents.

Volatile anesthetic activation of certain “leak” K+ 
channels was first observed in the snail Lymnaea,161 
although the molecular identity of the affected ion chan-
nels was unknown. Activation of K2P channels by volatile 
and gaseous anesthetics, including xenon, nitrous oxide, 
and cyclopropane, was subsequently observed in mam-
mals.162 Increased K+ conductance can hyperpolarize 
neurons, reducing responsiveness to excitatory synaptic 
input and possibly altering network synchrony. Targeted 
deletion of the TASK-1, TASK-3, and TREK-1 K2P channels 
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in mice reduces sensitivity to immobilization by volatile 
anesthetics in an agent-specific manner, implicating these 
channels as contributory anesthetic targets in vivo.32-34 
Other members of this large family of K+ channels are also 
sensitive to volatile anesthetics.163

The recognition that inherited channelopathies are 
arrhythmogenic and constitute an important contribu-
tor to sudden cardiac death,164 particularly in young 
children,165 highlights the importance of analyzing 
anesthetic modulation of cardiac ion channels. Recom-
binant hERG (human ether-a-go-go related) channels are 
moderately inhibited by halothane, and their depres-
sion likely contributes to arrhythmogenic effects of vola-
tile anesthetics106,166; they are also involved in acquired 
(drug-induced) and inherited long QT syndrome. Car-
diac inward-rectifying (KIR), voltage-gated (Kv), and Ca2+-
activated K+ channels are generally relatively insensitive 
to clinical concentrations of volatile anesthetics and 
xenon.98,106,167 In contrast, there is considerable evidence 
that volatile anesthetics and xenon activate cardiac mito-
chondrial and sarcolemmal KATP channels,107 an effect 
that plays a critical role in anesthetic preconditioning. 
Direct electrophysiologic effects of anesthetics with pre-
conditioning properties have been demonstrated on both 
mitochondrial and sarcolemmal KATP channels, although 
the precise mechanisms remain to be clarified.

Volatile anesthetics also inhibit HCN pacemaker 
channels, reducing the rate of rise of pacemaker poten-
tials and the bursting frequency of certain neurons that 
show autorhythmicity. They decrease the Ih conduc-
tance in neurons168 and modulate recombinant HCN1 
and HCN2 channel isoforms at clinically relevant  
concentrations.169 Because HCN channels contribute to 
resting membrane potential; control action potential fir-
ing, dendritic integration, neuronal automaticity, and 
temporal summation; and determine periodicity and 
synchronization of oscillations in many neuronal net-
works,170 the anesthetic modulation of these channels 
could play an important role in anesthetic effects on neu-
ronal integrative functions.

INTRACELLULAR SIGNALING MECHANISMS

Cell signaling mechanisms are critical to all phases of 
organ function and have been attractive targets for 
explaining the broad effects of general anesthetics. Anes-
thetics have poorly understood actions on intracellular 
cell signaling pathways, which include processes down-
stream from cell surface receptors and ion channels, such 
as effects of second messengers, protein phosphorylation 
pathways, and other regulatory mechanisms.171

G Protein–Coupled Receptors
A variety of signals, including hormones, neurotrans-
mitters, cytokines, pheromones, odorants, and photons, 
produce their intracellular actions by interactions with 
metabotropic receptors that activate heterotrimeric gua-
nine nucleotide–binding proteins (G proteins). In con-
trast to the inotropic receptors that directly couple to 
ion-selective channels, G proteins act as indirect molecu-
lar switches to relay information from activated plasma 
membrane receptors to appropriate intracellular targets. 
Heterotrimeric G proteins consist of a large α-subunit and 
a smaller β/γ-subunit dimer, each expressed as multiple 
isoforms with distinct properties and downstream targets. 
G proteins regulate a plethora of downstream effectors to 
control the levels of cytosolic second messengers such as 
Ca2+, cyclic adenosine monophosphate, and inositol tri-
phosphate. These in turn regulate effector proteins such 
as ion channels and enzymes, either directly or via sec-
ond messenger–regulated protein phosphorylation path-
ways. Drugs that act through G protein–coupled receptors 
(GPCRs), such as agonists for μ-opioid and α2-adrenergic 
receptors, can affect anesthetic sensitivity (reduce MAC). 
Inhaled anesthetics can also directly affect signaling via 
GPCRs.172 For example, volatile anesthetics activate mul-
tiple olfactory GPCRs in the rat in vivo in a receptor- and 
agent-selective manner.173 Analogous effects on related 
GPCRs more relevant to critical anesthetic end points 
are possible but remain to be demonstrated. The observa-
tion that both volatile anesthetics and nonimmobilizers 
inhibit mGluR5 glutamate receptors, 5-HT2A serotonin 
receptors, and muscarinic acetylcholine receptors sug-
gests that these GPCR effects do not contribute to anes-
thetic immobilization.174-176

Protein Phosphorylation
Phosphorylation of proteins on specific serine, threo-
nine, or tyrosine hydroxyl groups, a posttranslational 
modification involved in the regulation of many anes-
thetic-sensitive receptors and ion channels, is pivotal to 
synaptic plasticity (e.g., long-term potentiation [LTP]). 
Phosphorylation is controlled by the balance of activ-
ity between protein kinases and phosphatases, several of 
which are plausible anesthetic targets. The protein kinase 
C (PKC) family of multifunctional protein kinases is acti-
vated by the lipid-signaling molecule diacylglycerol and 
is involved in the regulation of many ion channels and 
receptors. Halothane177 and sevoflurane178 enhance the 
activity of some PKC isoforms and stimulate phosphory-
lation of specific PKC substrates. Structural studies have 
identified a potential binding site in the diacylglycerol 
binding domain of PKCδ, consistent with the ability of 
certain anesthetics to mimic this natural regulator by 
binding to the activating site.179 A specific role for a direct 
pharmacologically relevant effect mediated by anesthetic 
activation of PKC or of any other kinase has yet to be 
demonstrated. Intrathecal injection of isoform-specific 
inhibitors of PKC does not affect sensitivity to halothane 
in vivo.180 Knock-out mice lacking the PKCγ isoform show 
normal sensitivity to halothane and desflurane while iso-
flurane MAC was increased,181 suggesting that PKC is not 
critical to volatile anesthetic immobilization.

An important role for effects of volatile anesthetics 
and xenon on cell signaling mechanisms has been dis-
covered for anesthetic-induced preconditioning in the 
heart (see Chapter 28) and brain against ischemic dam-
age.83,87,81,85,109 Anesthetic-induced and ischemic cardiac 
preconditioning share critical signaling mechanisms, 
including activation of multiple GPCRs (e.g., adenosine, 
opioid, adrenergic) and protein kinases (e.g., src kinase, 
PKCδ, PKCɛ, Akt, mitogen-activated protein kinases 
[MAPKs]) and their downstream targets, particularly sar-
colemmal and/or mitochondrial KATP channels, possibly 
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initiated by changes in reactive oxygen species as the crit-
ical second messenger.95 Volatile anesthetics and xenon 
share cardioprotective and neuroprotective effects involv-
ing these signaling pathways.109

The effects of anesthetics on the phosphorylation of 
individual residues in specific substrates can be studied 
using phosphorylation state–specific antibodies that are 
able to detect the phosphorylated forms of kinase sub-
strates. A comparison of the effects of three mechanis-
tically diverse anesthetics (isoflurane, propofol, and 
ketamine) on critical intracellular protein phosphory-
lation signaling pathways that are known to integrate 
multiple second messenger systems reveals both shared 
and agent-specific actions in vivo.182 All three anesthet-
ics reduce phosphorylation of activating sites on NMDA 
and AMPA glutamate receptors and of the downstream 
extracellular signal-regulated kinase ERK2, which are 
known to be involved in synaptic plasticity, consistent 
with depression of normal glutamatergic synaptic trans-
mission in the anesthetized mouse cerebral cortex. These 
effects are somewhat selective in that several other PKA 
substrates examined are not affected, indicating sub-
strate-specific effects rather than a general inhibition  
of PKA activity.183 Additional studies will be required to 
determine which anesthetic effects on kinase pathways 
represent direct effects, as occurs with PKC, and which 
are indirect because of anesthetic-induced alterations in 
signaling molecules known to regulate protein kinase 
and phosphatase activity such as Ca2+ and other second 
messengers.

Gene Expression
The ability of general anesthetics to alter gene expres-
sion in the brain was first observed for the highly reac-
tive immediate early genes c-fos and c-jun.184 Anesthetic 
effects on gene expression have since been observed for 
multiple anesthetics and organs.185 In the hippocampus 
of aged rats, changes in gene expression persisted for up to 
2 days in rats exposed to isoflurane and nitrous oxide,186 
and changes in protein expression have been observed 
3 days after exposure to desflurane.187 The significance of 
these changes in gene and protein expression persisting 
after recovery from the classic signs of anesthesia remains 
to be established (see review77).

CELLULAR MECHANISMS

NEURONAL EXCITABILITY

Neuronal excitability is determined by resting membrane 
potential, threshold for action potential initiation, and 
input resistance (an indication of overall channel activ-
ity), which can differ between compartments within an 
individual neuron owing to subcellular specializations 
(e.g., soma versus dendrite). Neurons show considerable 
diversity, and therefore anesthetic effects vary between 
neuronal populations with the state of the individual 
neuron and its network—that is, whether it is hyperpo-
larized or depolarized, stimulated by synaptic inputs, or 
quiescent. Therefore it should be recognized that results 
obtained even from traditional acute slice preparations 
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only incompletely reflect anesthetic effects on neurons 
in vivo.

The intrinsic excitability of lumbar spinal motoneu-
rons in vivo appears to be little affected by halothane.188 
Anesthetic effects on the firing properties of hippocampal 
pyramidal neurons are complex: increased or decreased 
thresholds and regional differences and dose-dependent 
effects on firing patterns have been reported.189,190 By 
contrast, neurons in the ventral-posterior nucleus of 
the thalamus (possibly thalamic relay neurons) hyper-
polarize in the presence of isoflurane and are less likely 
to fire action potentials because of a decrease in input 
resistance (increased shunting), attributed to increased  
K+ conductance.191 Similar effects are observed in hypo-
glossal motoneurons and neurons from the locus coeru-
leus, where a TASK-type K2P channel has been causally 
implicated.192

A role for GABAA receptors located at extrasynaptic 
sites may include volatile anesthetic effects (Fig. 25-9). 
Extrasynaptic GABAA receptors, which differ from synap-
tic receptors in their subunit composition, mediate tonic 
inhibition (as opposed to phasic inhibition mediated by 
synaptic GABAA receptors) and are remarkably sensitive 
to many general anesthetics. Extrasynaptic GABAA recep-
tors have a high affinity for GABA, desensitize slowly, and 
are tonically exposed to low ambient GABA concentra-
tions,193 at which the potentiating effect of anesthetics is 
most significant. The effects of anesthetics on tonic inhibi-
tion have been characterized in the hippocampus, which 
is critically involved in learning and memory. Hippocam-
pal neurons generate a robust tonic current via activation 
of α5-subunit–containing GABAA receptors194-197 that are 
highly sensitive to etomidate, propofol, midazolam, and 
isoflurane. GABAA receptors containing the α5-subunit are 
highly sensitive to low concentrations of propofol and 
isoflurane that produce amnesia but not unconscious-
ness, and may also be involved in their longer-lasting 
cognitive effects (discussed earlier). (Also see Chapters 26, 
30, and 99.) Receptors containing α5-subunits also con-
tribute to slow phasic (synaptic) currents that have been 
discovered in many brain regions.198 In the hippocam-
pus, these currents termed GABAAslow are substantially 
modulated by both etomidate and isoflurane at amnesic 
concentrations. The slow time course and the location 
of GABAAslow matches that of synaptic NMDA receptor–
mediated inputs in hippocampal pyramidal cells, placing 
them therefore in an ideal position to modulate synaptic 
plasticity. Thus these receptors provide a potential sub-
strate for the amnesic properties of anesthetics.

PRESYNAPTIC VERSUS POSTSYNAPTIC 
EFFECTS ON SYNAPTIC TRANSMISSION

General anesthetics have potent and specific effects on 
synaptic transmission, including presynaptic actions (by 
altering transmitter release) and postsynaptic actions (by 
altering the postsynaptic responses of neurons to specific 
transmitters). The relative contributions of presynaptic 
compared with postsynaptic anesthetic effects on synap-
tic transmission have been difficult to resolve, probably 
because the effects are transmitter and synapse specific. 
The net effect of anesthetics on synaptic transmission is 
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Figure 25-9. Synaptic and extrasyn-
aptic GABAA receptors are targets for 
inhaled anesthetics. A, On binding 
of GABA (γ-aminobutyric acid) to the 
GABAA receptor, its chloride-permeable 
channel opens, leading to hyperpolar-
ization. Volatile anesthetics have a rela-
tively low potency but high efficacy at 
synaptic GABAA receptors and a high 
potency and low efficacy at extrasyn-
aptic GABAA receptors. B, General 
anesthetics prolong channel opening 
and increase postsynaptic inhibition. 
The cartoon illustrates the prolongation 
of miniature inhibitory postsynaptic 
currents (mIPSCs) by the slowing of 
current decay. C, A pentameric GABAA 
receptor complex in the lipid bilayer 
membrane (left), with a blow-up of a 
single subunit showing the location of 
residues critical to anesthetic efficacy in 
the second and third transmembrane 
domains (right). D, A tonic inhibitory 
conductance is revealed by the appli-
cation of a GABAA receptor antagonist 
(bicuculline or picrotoxin), as shown 
by the upward shift in the baseline cur-
rent. Anesthetics and benzodiazepines 
increase the tonic conductance as indi-
cated by the inward shift in the current. 
(Modified from Hemmings HC Jr, Akabas 
MH, Goldstein PA, et al: Emerging molec-
ular mechanisms of general anesthetic 
action, Trends Pharmacol Sci 26:503-
510, 2005.)
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determined by the relative magnitude and direction of 
both their presynaptic and postsynaptic effects.

Synaptic excitation is decreased by volatile anesthet-
ics (Fig. 25-10). Experiments in various slice prepara-
tions indicate that reduced excitation is primarily caused 
by presynaptic mechanisms.131,188,199-202 A postsynap-
tic mechanism is also involved because the response to 
directly applied glutamate is reduced to some degree.202-204 
Volatile anesthetics have inconsistent effects on cloned 
AMPA or NMDA glutamate receptors, but they potenti-
ate kainite receptors,117,205-207 which is consistent with 
a predominantly presynaptic mechanism for inhibition 
of glutamatergic synapses. By contrast, the effects of the 
nonhalogenated inhaled anesthetics (xenon, nitrous 
oxide, cyclopropane) appear to be mediated primar-
ily by inhibition of postsynaptic NMDA receptors (dis-
cussed earlier). Augmentation of GABAergic inhibition 
by most general anesthetics is mediated by both presyn-
aptic and postsynaptic mechanisms. Enhancement of 
postsynaptic and extrasynaptic GABAA receptors is well  
recognized.118 Remarkably, however, volatile anesthet-
ics also increase spontaneous GABA release and inhibi-
tory postsynaptic current (IPSC) frequency208-212—that is, 
their presynaptic effects at GABAergic terminals are dis-
tinct from those at glutamatergic synapses.

The mechanisms for the presynaptic effects of inhaled 
anesthetics, like those for their postsynaptic effects, are 
complex and involve multiple targets. Although a syn-
apse-specific contribution of presynaptic Ca2+ channels is 
likely, presynaptic Na+ channels are more sensitive than 
the Ca2+ channels coupled to glutamate release. This is 
consistent with observations that the predominant Ca2+ 
channel coupled to neurotransmitter release at hippo-
campal glutamatergic synapses (P/Q-type) is insensitive  
to isoflurane.149 Other presynaptic mechanisms have 
been proposed, including actions on the vesicle fusion 
process as demonstrated in the model organism Cae-
norhabditis elegans.213,214 However, isoflurane effects on 
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Figure 25-10. Halogenated anesthetics enhance inhibitory and depress excitatory synaptic transmission. Halothane slows the decay of GABAA 
receptor–mediated postsynaptic inhibitory currents (IPSCs) (A) and depresses the amplitude of glutamatergic excitatory postsynaptic currents 
(EPSCs) without affecting the decay (B) in hippocampal interneurons. (A, Redrawn with permission from Nishikawa K, MacIver MB: Membrane and 
synaptic actions of halothane on rat hippocampal pyramidal neurons and inhibitory interneurons, J Neurosci 20:5915-5923, 2000. B, Redrawn from 
Perouansky M, et al: Effects of halothane on glutamate receptor-mediated excitatory postsynaptic currents: a patch-clamp study in adult mouse hippo-
campal slices, Anesthesiology 83:109-119, 1995.)
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exocytosis in rat hippocampal neurons occur primarily 
upstream of vesicle fusion.137,215 (See review117.)

The general effects of inhaled anesthetics are to 
increase inhibitory synaptic transmission and to inhibit 
excitatory synaptic transmission (Fig. 25-11). The rela-
tive importance of anesthetic effects on excitatory versus 
inhibitory synaptic transmission, and the mechanisms 
of these effects, is likely to differ for different anesthetics 
and for specific synapses and networks.105,216 This con-
cept extends to other putative targets and mechanisms 
and is incorporated in an “agent-specific multiple-site” 
hypothesis of anesthesia.216,217

SIMPLE CIRCUITS AND COMPLEX 
NETWORKS

SIMPLE CIRCUIT PHENOMENA

The development of a mechanistic understanding of 
phenomena involving complex circuits has been greatly 
facilitated by the study of anatomically reduced (in vitro) 
or physiologically simplified (in vivo) preparations, com-
plemented by computer simulations (in silico). These 
approaches are essential for integrating reductionist 
observations of the multiple molecular effects of anes-
thetics into functional models relevant to behavioral 
end points. Anesthetic effects have been studied in acute 
brain slice preparations from various regions of the CNS 
(hippocampus, amygdala, cortex, thalamus, brainstem, 
and spinal cord—most often from rodents). Brain slices 
preserve native connections but usually lack natural 
inputs and outputs. Slices from developing mammalian 
brain can be cultured in vitro. These “organotypic slice 
cultures” preserve a high degree of synaptic connectiv-
ity and display spontaneous network activity, typically 
absent from “acute slices.” Simplified in vivo preparations 
involve phenomena (typically evoked responses) with 
relatively well-understood circuitry. Computer models 
and simulations can assist in generating hypotheses for 
experimental testing and developing hypotheses based 
on experimental data.

Synaptic Plasticity
Paired-pulse depression and paired-pulse facilitation are 
examples of short-term plasticity in response to external 
stimulation. Synaptic inhibition is prolonged by volatile 
anesthetics in vivo218 and in vitro,219 in general agreement 
with the notion that anesthetics enhance functional inhi-
bition in the CNS. Enhancement of paired-pulse facilita-
tion has been attributed to the presynaptic depressant 
effect of volatile agents (see Fig. 25-11).131,201

Long-term potentiation, a cellular model of learning 
and memory, consists of use-dependent strengthening 
of glutamatergic excitatory synaptic connections (see 
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Figure 25-11. Anesthetics affect excitation and inhibition simulta-
neously in opposite directions. Halothane depresses the excitatory 
depolarization and augments the inhibitory hyperpolarization in both 
hippocampal pyramidal cells and interneurons. The net result will 
depend on the underlying neuronal state, the neuronal network, and 
its function. (Redrawn form Nishikawa K, MacIver MB: Membrane and 
synaptic actions of halothane on rat hippocampal pyramidal neurons and 
inhibitory interneurons, J Neurosci 20:5915-5923, 2000.)
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Figure 25-12. Isoflurane blocks the induction of synaptic plasticity in vitro (a model of learning and memory). Long-term potentiation (an 
increase in synaptic strength), indicated by the increase in normalized excitatory postsynaptic potential (EPSP) slope, in hippocampal slices evoked 
by tetanic stimulation of excitatory synapses, is blocked by 0.2 to 0.3 mM isoflurane. (Redrawn from Simon W, et al: Isoflurane blocks synaptic plastic-
ity in the mouse hippocampus, Anesthesiology 94:1058-1065, 2001.)
Chapter 13). Reported volatile anesthetic effects on LTP 
have been inconsistent: halothane, enflurane, and isoflu-
rane do not block LTP induction in vivo, whereas ket-
amine does.218 By contrast, isoflurane blocks LTP in the 
hippocampal slice by enhancing GABAA receptor–medi-
ated inhibition (Fig. 25-12).220 Long-term depression, a 
use-dependent weakening of excitatory connections that 
is effectively a homeostatic counterpart of LTP, is also 
blocked by isoflurane.220 The discrepancy between these 
findings in vivo and in vitro remains unexplained.

Spontaneously Active Circuits
Spontaneous neuronal activity is decreased by volatile 
anesthetics both in vivo and in cortical brain slices. This 
effect is largely GABAA receptor dependent and marked 
even at low sedative concentrations.76 Because the corti-
cal brain slices lack subcortical input, these results sug-
gest that volatile anesthetics can cause some effects (e.g., 
sedation) via direct cortical action. However, changes in 
raw neuronal firing rates do not provide a precise quan-
titative measure of higher cognitive function, which is 
better reflected by the relationship of firing patterns to 
strength and phase of cortical rhythms (see next sec-
tion). Anesthetic effects have also been tested on the 
circuitry underlying locomotion, a well-studied central 
pattern generator. Effects of isoflurane on in vitro lam-
prey and rat spinal cord preparations support the spinal 
cord as the primary target for volatile anesthetic–induced 
immobility.221,222

RHYTHMS AND SIMULATIONS

The brain perpetually generates complex electrical 
rhythms (oscillations in extracellular field potentials) that 
range in frequency from fractions to hundreds of Hertz 
(Hz; cycles per second), as recorded on the surface of the 
scalp as the electroencephalogram (EEG; the higher fre-
quency oscillations cannot be resolved in surface record-
ings). All oscillations are behavioral state dependent, and  
multiple oscillations coexist throughout the sleep-wake 
cycle. Lower frequency rhythms allow for integration 
over longer time periods and typically engage larger areas 
of the brain. By contrast, higher frequency rhythms allow 
for higher temporal resolution on local scales. Cross- 
frequency modulation allows for integration of both 
aspects of information processing. Although their physi-
ologic roles are not clear, brain rhythms reflect, subserve, 
and/or constitute fundamental higher-order processing, 
such that their modulation by anesthetics is of great 
interest. The current nomenclature of brain rhythms 
reflects historical conventions and is not based on under-
lying mechanisms.

δ-Rhythms and Other Slow Rhythms
Oscillations with EEG frequencies from 1.5 to 4 Hz are gen-
erally referred to as δ-rhythms. Slower frequency rhythms 
are termed Slow-1 to Slow-4, with the higher numbers 
referring to slower rhythms.223 Slow rhythms are promi-
nent during non–rapid eye movement sleep (i.e., slow-
wave sleep) and appear at loss of consciousness induced by 
propofol.224 δ-Frequency rhythms are commonly observed 
under general anesthesia. During natural slow-wave sleep 
(SWS), δ-rhythms and sleep spindles are phase related to 
a slower oscillation, suggesting functional interaction.225 
Paroxysmal spindlelike waxing and waning oscillations 
overriding slower rhythms are also present in the cortical 
EEG under anesthesia, but the underlying physiology and 
functional significance are unknown.

θ-Rhythms
θ-Rhythms, present in various cortical structures but most 
prominent in the hippocampus, are thought to signal the 
“online state.” They are associated with sensorimotor  
and mnemonic functions during waking behavior.226 
One component of the θ-rhythm (type I or atropine resis-
tant) can be affected by amnestic concentrations of iso-
flurane as well as by the amnestic nonimmobilizer F6,63 
indicating a potential network-level signature effect for 



anesthetic-induced amnesia. Type II θ-rhythm (atropine 
sensitive) can be evoked under anesthesia and is slowed 
and potentiated by halothane.227

γ-Rhythms
This designation includes an extremely broad and proba-
bly functionally and mechanistically heterogeneous spec-
trum of rhythms. It is frequently subdivided into slow γ 
(30 to 50 Hz; i.e., the spectrum above β-rhythms); γ (50 to 
90 Hz), and fast-, ultra-γ, or ε-rhythms (>90 and up to hun-
dreds of Hz).224 Fast GABAA-ergic synaptic inhibition and 
intrinsic resonant properties of neurons play important 
roles in γ-physiology, making these obvious candidates for 
anesthetic modulation. Isoflurane slows the frequency of 
evoked γ-oscillations (30 to 90 Hz, also known as “40- Hz  
rhythms”) in humans.228,229 Studies of γ-oscillations 
in vitro suggest that their frequency depends on the time 
constant of decay of GABAA receptor–mediated synap-
tic currents in inhibitory networks.230 Isoflurane slows 
γ-rhythms in hippocampal231 and neocortical slices232 to 
a comparable degree as it does in humans,229 providing a 
tentative link between receptor and circuit-level effects. 
However, the interaction between anesthetics and behav-
iorally relevant network effects is likely to be complex 
because flash-evoked γ-oscillations in the primary visual 
cortex are not affected by inhaled agents,54 whereas feed-
back information transfer at γ-frequencies between the 
visual and frontal cortices is disrupted.53,54 Moreover, 
brain rhythms are interlinked (e.g., θ-rhythms modulate 
γ-oscillations (θ−γ nesting). The nature of their modula-
tion by anesthetics as well as relevance is far from clear.

Models and Simulations
On the atomic scale, modeling the interaction of anes-
thetic molecules with targets and model proteins has 
defined binding motifs that characterize the amphiphilic 
binding cavities for anesthetic molecules (see “Identifica-
tion of Molecular Sites of Anesthetic Action,” discussed 
earlier).115 Modeling anesthetic interaction with firefly 
luciferase suggests that anesthetics act by disrupting the 
modes of motion essential for protein function.233

On the macroscopic scale, computer simulations can 
provide an integrated picture of modulation of dynamic 
neuronal and network activity. “Bottom-up” neuron-by-
neuron approaches are based on computational models 
of individual neurons, known anesthetic effects on intrin-
sic and synaptic membrane conductances, and simple 
network models. Computer simulations of anesthetic 
effects on integrated outputs can thereby be generated 
(e.g., the firing of pacemaker neurons).234 These models 
obviously rely on the accuracy of the derived characteris-
tics of real neurons and networks as well as knowledge of 
the effects of anesthetics; the scale of simulations is lim-
ited by the complexity of its elements.235 An alternative is 
a “top-down” approach, such as mean-field modeling, in 
which molecular and cellular individual accuracy detail 
is sacrificed in favor of global dynamics. Global cortical 
phenomena, such as anesthetic-induced seizures,236 are 
modeled as phase transitions based on mean interactions 
between populations of averaged neurons (analogous to 
the EEG signal that also averages the signals of neuro-
nal populations). This approach can be extended to other 
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global cortical phenomena such as consciousness.237 Neu-
ronal modeling and computer simulations will likely gain 
importance in the future as bridges between theoretical 
and experimental studies of anesthesia.

RESEARCH STRATEGIES FOR THE FUTURE

The search for anesthetic mechanisms is driven by 
advances in the basic sciences. Some strategies that should 
facilitate understanding of anesthetic mechanisms include 
use of agonists or antagonists in vivo, nonanesthetics or 
nonimmobilizers, transgenic animals, and high-resolution 
imaging of the functioning brain.

PHARMACOLOGIC APPROACHES

Agonists, Antagonists, and Experimental 
Anesthetics
Use of receptor-specific agonists and antagonists provides 
a pharmacologic method for bridging in vitro with in vivo 
studies. In this approach, a receptor may be tested for its 
contribution to a specific end point (e.g., immobility) 
according to the criteria presented earlier. This approach 
was used to exclude an important role for NMDA receptor 
block in the immobilizing action of volatile anesthetics 
but did not yield conclusive results for the roles of GABAA 
and GlyR for immobilization,238,239 probably owing to 
the intricacies of drug-receptor interactions on different 
levels of integration in complex networks like the spinal 
cord. A complementary pharmacologic approach using 
experimental anesthetics that inhibit NMDA receptors 
in vitro with different potencies supports the conclu-
sion that NMDA receptor blockade does not contribute 
significantly to immobility by conventional volatile  
anesthetics.240 Refinement of this strategy involves the 
anatomically discrete application of drugs to nuclei with 
known function. For example, the tuberomammillary 
nucleus (part of the endogenous sleep pathway) medi-
ates the sedative component of anesthesia for some 
intravenous anesthetics (e.g., propofol).23 A discrete site 
of general anesthetic action for GABAergic drugs in the 
mesopontine tegmentum has also been proposed based 
on this strategy.22,241

Nonimmobilizers
Nonimmobilizers are compounds with physicochemi-
cal characteristics similar to those of conventional 
inhaled anesthetics, but their predicted anesthetizing 
concentrations (based on their lipid solubility and the 
Meyer-Overton correlation [MACpred]) do not induce 
immobility.11 Initially termed nonanesthetics, the termi-
nology was revised when it was discovered that at least 
some of them cause amnesia at similar MACpred fractions 
as classic volatile anesthetics.67 If a molecular or cellular 
process is affected in similar ways by an anesthetic and 
a nonimmobilizer, that process is not relevant for the 
anesthetic state, with the notable exception of amne-
sia. Despite this elegant rationale, only a limited num-
ber of receptors have been excluded because, compared 
with volatile anesthetics, nonimmobilizers are relatively 
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target selective. These compounds have the potential to 
provide insights beyond the initially envisaged receptor-
level studies by allowing the separation of sedation from 
amnesia for the study of underlying network activity 
in vivo.63

Photoreactive Anesthetics
Recently, azi-isoflurane, a photoreactive analogue of isoflu-
rane, was synthesized. This agent has similar (although 
not identical) physicochemical properties as isoflurane. 
When irradiated at a wavelength of 300 nm,  azi-isoflurane 
reacts with amino acid residues surrounding putative 
isoflurane-binding sites. Use of azi-isoflurane and similar 
agents could help identify binding sites of inhaled agents 
on anesthesia-relevant molecular targets.242

GENETIC APPROACHES

Genetic strategies take two forms: forward and reverse.243 
The reverse genetic approach focuses on a particular 
gene, chosen because there are reasons to hypothesize 
that its product may be important to anesthesia. Exam-
ples of this strategy are targeted mutations that alter 
the sensitivity of specific neurotransmitter receptors to  
anesthetics.121 Initially, these mutations were used to 
identify anesthetic binding sites. Subsequently, trans-
genic animals rendered resistant to anesthetics, either by 
deletion of a putative target protein from the genome or 
by expressing a target receptor engineered to be insen-
sitive to an anesthetic, were used to test behavioral rel-
evance of the altered gene product for the production of 
anesthesia. Forward genetics, by contrast, is a discovery 
process that involves the study of randomly generated 
mutations (either experimentally induced or naturally 
occurring polymorphisms) in a population that affect the 
phenotype of interest (i.e., anesthetic end points).

Knockout and Knock-in Animals
In the knockout approach, expression of the gene encod-
ing a protein of interest is disrupted by a specific deletion 
or insertion. Nearly all such studies have been carried 
out in mice. A well-recognized problem with the global 
knockout approach is that extensive compensatory 
changes can be induced, from anomalies that are lethal 
in utero to insidious (but experimentally confounding) 
influences that might be expressed only at maturity. A 
complementary strategy is the conditional knockout, in 
which the genetic deletion is restricted—either anatomi-
cally (limited to certain brain regions) or temporally (at 
a known point in time). These strategies can minimize 
developmental anomalies and reduce the likelihood of 
compensatory changes. In the knock-in approach, a muta-
tion, usually of a single amino acid residue, is targeted 
to produce a protein with altered sensitivity to a drug of 
interest. Ideally, this mutation remains completely silent 
in the absence of the drug—that is, it does not perturb the 
normal expression and function of the protein of interest 
or alter the expression of other genes.

GABAA ReceptoRs. Results from transgenic animals illus-
trate both the utility and the difficulties of the genetic 
approach with respect to inhaled agents. The conditional 
forebrain-restricted GABAA receptor α1-subunit knock-
out mouse was found to be less sensitive to isoflurane-
induced amnesia than wild-type mice, and this led to the 
conclusion that action at these receptors contributes to its  
amnesic effects.244 By contrast, a mouse harboring a muta-
tion of the GABAA receptor α1-subunit that renders the 
receptor insensitive to isoflurane in vitro did not show 
reduced sensitivity to either the amnesic or the immobi-
lizing effects of isoflurane, leading to the conclusion that 
this subunit does not mediate the impairment of learning 
and memory by isoflurane.31 Similar experiments indi-
cate that action at the GABAA receptor β3-subunit does 
not mediate immobility or amnesia by isoflurane.30 This 
“bottom-up” genetic approach is a work-intensive but 
powerful tool that has yielded clear results with the recep-
tor-specific intravenous anesthetics,16 but it has proved 
more challenging to apply it to the more promiscuous 
inhaled agents.

Glycine α1–contAininG ReceptoRs. Pharmacologic stud-
ies supported the notion that glycinergic neurotransmis-
sion might be the effector for the immobilizing action 
of inhaled anesthetics in the spinal cord, where glycine 
replaces GABA as the principal inhibitory transmit-
ter. However, mice harboring mutations that render α1 
subunit–containing glycine receptors largely insensitive 
to alcohol and inhaled ether anesthetics did not demon-
strate a concordant change in MAC values. Because α1 is 
the most widely expressed subunit in adult animals, it is 
unlikely that action at glycine receptors plays an impor-
tant part in the immobilizing action of inhaled agents.245

two-poRe DomAin K chAnnels. Use of mice harboring 
knockout mutations of several two-pore domain K+ chan-
nel (K2P) family members (TASK-1, TASK-3, TREK-1) has 
demonstrated a role for these channels in volatile anesthe-
sia.32-34 For example, TREK-1 knockout mice are partially 
resistant to all volatile anesthetics tested with respect 
to both loss of righting reflex (a measure of conscious-
ness) and immobility, but anesthesia can still be induced, 
albeit at higher anesthetic concentrations. Interestingly, 
responses to pentobarbital are unaffected, indicating that 
the mutation does not cause a generalized resistance to 
anesthesia.

FORWARD AND POPULATION GENETICS

The nematode Caenorhabditis elegans and the fruit fly 
Drosophila melanogaster, with 302 and 100,000 neu-
rons, respectively, have also been used as model organ-
isms in anesthesia research. Mutations in a number of  
C. elegans genes affect sensitivity to volatile anesthetics, 
such as unc64,214 stomatin,246 and gas1. Mutation of the 
latter gene confers hypersensitivity to enflurane. This 
gene encodes the worm homologue of a subunit of NADH 
hydrogenase expressed in neurons.247 Yeasts have also 
been used as model organisms, with even more obvious 
limitations with respect to identification of appropriate 
anesthetic end points.

Sensitivity to anesthetics is a quantitative trait (vary-
ing continuously in a population). Quantitative genetics 
is the study of the heritability of continuous traits. These 



C

traits are controlled by genes represented in quantitative 
trait loci (QTLs). A top-down population-based approach 
has been used to localize QTLs that govern susceptibil-
ity of individuals to anesthetics, in higher and lower 
organisms. Starting from the observation that inbred 
mouse strains vary in their sensitivity to isoflurane, mic-
rosatellite-based linkage analysis and, alternatively, sin-
gle-nucleotide polymorphism–based analysis of genetic 
variation localized a QTL for isoflurane immobilization 
to the proximal part of mouse chromosome 7.248 This 
type of analysis promises to assist in defining the genetic 
basis for variability in the susceptibility to both primary 
anesthetic end points and side effects.

HIGH-DENSITY EEG AND FUNCTIONAL 
IMAGING

Identification of the anatomic and functional substrates 
for anesthetic effects on consciousness, memory, and 
immobility is now approachable with improved imaging 
techniques. Imaging is based on mapping of either meta-
bolic or hemodynamic changes as surrogate measures of 
neuronal activity, as in positron emission tomography 
(PET) and functional magnetic resonance imaging, or on 
mapping electrical activity with high-density EEG, mag-
netoencephalography, and low-resolution brain electro-
magnetic tomography (see also Chapters 15, 17, and 49). 
Properties of receptors can also be probed with radioac-
tive ligands (PET). These techniques have the capacity to 
identify neuroanatomic substrates of drug action, with 
method-specific limitations. Results from functional 
PET imaging suggest that propofol suppresses episodic 
memory by targeting the prefrontal and posterior pari-
etal cortex as opposed to the medial temporal lobe,249 and 
that suppression of consciousness is caused by anesthetic 
action in the thalamus, parts of the medial and posterior 
parietal cortex, and/or the posterior cingulate and medial 
parietal cortex.250 Although observations of regionally 
specific and global suppressive effects of anesthetics on 
metabolic activity are unlikely to provide a definitive 
mechanistic understanding, such information can facili-
tate hypotheses and experimentally testable predictions.

Advanced analytical approaches based on theories from 
mathematical and statistical sciences are being increas-
ingly applied to enhance the power of existing technolo-
gies. Magnetic resonance images and high-density EEG 
recordings of the brain reveal strong interregional connec-
tions, but the considerable potential of this connectivity 
information to better understand the brain’s response to 
anesthesia has only recently begun to be tapped. The grow-
ing use of invasive recording techniques (e.g., brain surface 
electrode grids and microelectrodes implanted deep into 
the brain for functional neurosurgical therapies) is also 
advancing the frontiers of neuroscience in general and the 
understanding of anesthetic mechanisms in particular.

SUMMARY

The mechanisms of inhaled anesthetics have proved more 
difficult to explain than was envisaged a generation ago, 
when the paradigm shifted from lipids to amphiphilic 
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cavities in proteins as targets for anesthetics. Despite a 
remarkable accumulation of information, a comprehen-
sive theory of general anesthetic action has yet to be for-
mulated. Progress toward this goal has been difficult for 
several reasons. Important pharmacologic characteristics 
of inhaled anesthetics that have impeded identification of 
their relevant molecular targets are their low potency (mil-
limolar), promiscuous activity at multiple targets, lack of 
specific antagonists, and limitations in the neuroscience of 
memory and consciousness. This contrasts with the situa-
tion for intravenous anesthetics that exhibit more conven-
tional receptor pharmacology. Moreover, accumulating 
evidence indicates that no universal target exists to explain 
the actions of every general anesthetic, or even of a single 
anesthetic agent. It is now clear that the composite state 
of anesthesia and its core components (amnesia, sedation/
unconsciousness, immobility) are separable behavioral 
states in vivo that have limited reproducibility in vitro. 
Resolution of these phenomena at the molecular and cel-
lular levels represents the cutting edge of contemporary 
neuroscience. Of the multiple molecular and cellular anes-
thetic effects identified, it is unclear which are critical for 
the desired behavioral end points, which are harmless or 
beneficial side effects (e.g., preconditioning), and which, if 
any, could have long-lasting or delayed undesirable conse-
quences (e.g., cell death, cognitive dysfunction). Progress 
in identifying the molecular targets of general anesthet-
ics provides a foundation for identification of the network 
and systems level effects relevant to their behavioral and 
peripheral end points. As the biologic foundations of 
 behaviors once thought to be exclusively the realm of 
psychology are unraveled, for which anesthetics provide 
a valuable investigative tool, a comprehensive theory of 
anesthesia will also develop.
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K e y  P o i n t s

 •  The alveolar inhaled anesthetic concentration (FA) or partial pressure (Palv) is 
important, because it is the driving force determining anesthetic uptake into blood 
and target tissues in the central nervous system and it can be monitored as a readout 
of anesthetic dosage. Palv is influenced by both delivery and uptake of anesthetic gas.

 •  Inhaled anesthetic delivery to patients can be augmented by increased fresh gas 
flows, vaporizer output settings, and minute ventilation.

 •  Initial anesthetic uptake into blood increases with increased pulmonary blood flow 
(cardiac output) and high blood solubility of anesthetic gas. Increased uptake (as 
with a highly blood-soluble drug or high cardiac output) slows the rate by which 
anesthesia is induced by slowing the rate of rise of Palv. Conversely, low anesthetic 
solubility in blood is associated with rapid onset and offset of anesthesia.

 •  Uptake of anesthetic into blood slows as blood and tissue partial pressures 
increase, resulting in higher anesthetic partial pressure in mixed venous blood.

 •  The higher the inspired anesthetic concentration, the less it then diminishes 
because of uptake (the concentration effect). At 100% inspired concentration, 
uptake does not cause Palv to change. Changes in alveolar volume result in a rapid 
initial uptake of N2O, which sustains or increases concentrations of other alveolar 
gases (the second gas effect).

 •  Factors that affect anesthetic uptake similarly affect pulmonary clearance of 
anesthetics. The rate of clearance is also context sensitive; that is, equivalent decreases 
in alveolar and brain anesthetic concentrations are slower after a long exposure to 
inhaled anesthetics compared with a short period of exposure of equal depth.

 •  Toxicities of inhaled anesthetics are primarily related to their biotransformation 
(metabolism). Significant toxic effects are usually produced in the tissues, such 
as liver and kidney, in which metabolism occurs. Modern inhaled anesthetics 
undergo less metabolism than older drugs do, resulting in fewer toxicities.

 •  Halothane hepatitis is a potentially fatal syndrome of fulminant liver damage after 
exposure to reactive metabolites produced by oxidation of volatile anesthetics. 
These metabolites covalently modify liver proteins, creating neohaptens that elicit 
an immune response against hepatocytes. The incidence of the syndrome varies 
with different anesthetics, paralleling the extent of drug metabolism: halothane >> 
enflurane > isoflurane > desflurane.

 •  Defluorination of inhaled anesthetics occurs in both the liver and kidney. Free 
fluoride in blood can damage kidneys, resulting in high-output renal failure. Renal 
toxicity is almost exclusively associated with prolonged exposure to methoxyflurane. 
Sevoflurane metabolism also results in high fluoride levels in blood, but it does not 
damage kidneys. Factors that enhance the toxicity of methoxyflurane relative to 
sevoflurane include its high tissue solubility, slow clearance, and high degree of 
renal metabolism, resulting in high intrarenal fluoride levels for an extended time.
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K e y  P o i n t s — c o n t ’ d

 •  Anesthetics react with strong bases, particularly potassium hydroxide (KOH), in 
carbon dioxide (CO2) absorbents, resulting in production of several potentially 
toxic substances. Sevoflurane degrades to form compound A, which is associated 
with renal damage in rodents, but not in humans. This differential toxicity is 
associated with differential renal metabolism in rodents versus humans. Dry 
CO2 absorbents in the anesthetic machine (see Chapter 29) react with inhaled 
anesthetics, releasing carbon monoxide and heat. New CO2 absorbent materials 
that lack strong base chemicals prevent these reactions and subsequent potential 
harm to patients.

 •  Nitrous oxide (N2O) is unique among anesthetics in its ability to inhibit methionine 
synthase oxidation by oxidizing a cofactor, vitamin B12. In certain susceptible 
patients and in patients receiving many anesthetics that include N2O, methionine 
synthase inhibition can lead to hematologic and neurologic dysfunction. 
After prolonged N2O exposure, methionine synthase inhibition also increases 
blood homocysteine, which can increase vascular inflammation and the risk of 
thrombosis. Definitive clinical trials assessing the effects of N2O on morbidity in 
vasculopathic patients are lacking.

 •  Inhaled anesthetics, when scavenged and ejected into the atmosphere, contribute 
to both global warming and ozone depletion. The environmental impact of 
anesthetics can be lessened by reducing waste through the routine use of low 
fresh gas flows or with the use of new technologies that trap scavenged anesthetic 
gases. Reprocessing and reusing trapped anesthetic gases further reduces the 
environmental impact of drug production.

 •  In experimental models of the developing brain, including nonhuman primates, 
general anesthetics produce signs of neurotoxicity that are associated with later 
neurocognitive deficits. Results from clinical cohort studies in children within the 
United States and Europe remain inconclusive about an association between early 
anesthetic exposures and learning or behavioral problems later in life (see Chapter 
93). Regarding long-term effects of anesthesia and surgery on the adult brain, see 
Chapter 99.
INTRODUCTION

Modern inhaled anesthetics are important pharmaco-
logic tools for reversibly altering central nervous system 
functions in patients. Because inhaled anesthetics are 
both taken up and eliminated through alveolar blood–gas 
exchange, drug dosage can be monitored in expired alve-
olar gases, and tissue-dependent metabolism is unnec-
essary for drug clearance. Optimal delivery of systemic 
drugs via inhalation requires a full understanding of the 
factors influencing how gas-phase compounds move into 
and out of various body tissues and how they are metab-
olized (pharmacokinetics) together with where and how 
these drugs and their metabolism affect tissue functions. 
Reversible anesthetic effects on the nervous, respiratory, 
and cardiovascular systems (pharmacodynamics) are 
covered elsewhere in this textbook (see Chapters 25, 27, 
and 28).

UPTAKE AND DISTRIBUTION OF  
INHALED ANESTHETICS

In the first part of this chapter, some of the basic con-
cepts of chemical equilibria are reviewed and are 
applied to illuminate major factors influencing inhaled 
anesthetic uptake and distribution in patients. For this 
review, a physiologic model is used that closely simu-
lates clinical observations. The model, an elaboration 
of that introduced in 1973 by Mapleson,1 is described 
both qualitatively and quantitatively (using mathemati-
cal expressions) to convey important concepts to readers 
with different learning styles.

BIOPHYSICAL PROPERTIES OF INHALED 
ANESTHETICS: PARTIAL PRESSURE, 
HYDROPHOBICITY AND PARTITION 
COEFFICIENTS

Inhaled anesthetics are administered as a component of a 
gas mixture. The biophysical properties of inhaled anes-
thetics are summarized in Table 26-1. Partial pressure is 
the portion of total pressure contributed by one compo-
nent of a gas mixture, where each component contrib-
utes pressure in direct proportion to its molar fraction. 
For example, 1.5% isoflurane in air (21% O2 and 79% N2) 
at 1 atm (760 mm Hg) is a mixture of O2 at 157.2 mm 
Hg, N2 at 591.4 mm Hg, and isoflurane at 11.4 mm Hg. 
The partial pressure of an anesthetic gas is a measure of 
thermodynamic activity of the gas and determines its 
pharmacologic effect. The partial pressure of an anes-
thetic is usually reported as the percentage (or fraction) 
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oefficient at 37° C

1.3 197 950 98.5 90.8

od/gas partition 
oefficient at 37° C

0.47 2.5 12 1.9 1.4

C-immobility  
% atm/mm Hg)†

104/800 0.75/5.7 0.2/1.52 1.58/12.0 1.28/9.7

C-awake† 71/540 0.41/3.21 0.081/0.62 0.51/3.88 0.43/3.27

ion coefficients are from References 2-6.
-immobility and MAC-awake values are from References 2, 8-11, 38.
erties are measured at standard temperature (20° C) and pressure (1 atm) unless otherwise specified.
 is minimum alveolar concentration for subjects approximately age 40 years.
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=
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Brain

   Isoflurane
λblood/gas = 1.4
λbrain/blood = 2.2

Figure 26-1. Partitioning of anesthetic gases between different biophases. Left, Depicts the partitioning of isoflurane between gas phase (blue), 
blood (red), and brain (yellow). The blood/gas partition coefficient (λb/g) for isoflurane is 1.4. The brain/blood partition coefficient (λCNS/blood) is 2.2 
(see Table 26-2). At equilibrium, defined as equal isoflurane partial pressure in all compartments, a volume of blood contains 1.4-fold the quantity 
of isoflurane as the same volume of alveolar gas, whereas a volume of brain tissue contains 2.2-fold the quantity of isoflurane as the same volume 
of blood. Right, We also Depicts partition coefficients as effective (equivalent) volumes of another biophase. For example, one volume of blood 
contains the same amount of isoflurane as 1.4 volumes of alveolar gas, whereas 1 volume of brain contains the same amount of isoflurane as 2.2 
volumes of blood or 3.1 volumes of gas.
of the delivered gas mixture, where atmospheric pressure 
is near 1 atm (760 mm Hg). Correcting these values to 
absolute partial pressure is important under conditions 
when local atmospheric pressure differs significantly 
from standard, such as at high altitude, underwater, or 
in a hyperbaric chamber. The same inhaled concentra-
tion of an anesthetic gas results in a reduced pharmaco-
logic effect at higher altitudes because the partial pressure 
of the anesthetic is lower. Because partial pressure is the 
thermodynamic force for gas movement in a system, 
anesthetics move from regions of high partial pressure to 
low partial pressure, unaffected by the other components 
of the gas mixture, and equilibrium is achieved when the 
partial pressure of an anesthetic is equal in the different 
compartments.

The maximal partial pressure of a volatile compound 
is its vapor pressure; this is the partial pressure of volatile 
anesthetic within the drug reservoir of a vaporizer. Vapor 
pressure is unique to each anesthetic and increases with 
increasing temperature. Volatile anesthetics are defined 
by a vapor pressure less than 1 atm at 20° C and a boil-
ing point above 20° C (see Table 26-1). Gaseous anesthet-
ics are defined by a vapor pressure greater than 1 atm at 
20° C and a boiling point below 20° C (see Table 26-1). 
Volatile anesthetics typically account for a small fraction 
of the gas mixture delivered to patients. In contrast, gas-
eous anesthetics such as nitrous oxide (N2O) and xenon, 
because of their relative lack of potency, typically com-
pose a large fraction of an inhaled gas mixture and thus 
produce additional effects (e.g., concentration effect, sec-
ond gas effect, and airspace expansion) that are negligible 
with potent volatile anesthetics.

Hydrophobicity is a molecular property of certain chemi-
cals, including most general anesthetics that do not readily 
form hydrogen bonds and therefore display low water solu-
bility. Hydrophobic compounds are also usually lipophilic, 
demonstrating high solubility in low polarity solvents such 
as oils. Common measures of hydrophobicity are partition 
coefficients between water and olive oil (which is mostly 
oleic acid, an 18-carbon fatty acid) or between water and n- 
octanol. Usually represented by the Greek letter lambda (λ),  
a partition coefficient is the ratio of two solute concentra-
tions at equilibrium (i.e., at equal partial pressure) in two 
separate but adjacent solvents or compartments such that 
the solute moves freely between the compartments (Fig. 
26-1). Another useful way to conceptualize a partition 
coefficient is that it represents the relative volume of two 
compartments that contain equal concentrations of the 
solute at equilibrium (see Fig. 26-1).

Anesthetic partition coefficients between blood 
and gas (λb/g) and between tissue and blood (λt/b) are 
important factors in uptake and distribution of inhaled 
anesthetics as they move from pulmonary airspace to 
pulmonary blood, then from blood to various tissues 
(Table 26-2). Blood solubility of anesthetic gases (and 
other gases such as O2, N2, and CO2) increases as tem-
perature decreases.16,17 Because most anesthetics are 
hydrophobic, they tend to display high solubility in tis-
sues with high lipid content (e.g., fat), and they bind 
to many proteins that form hydrophobic or amphiphi-
lic pockets.12 Anesthetic partitioning into blood (blood 
solubility) increases after ingestion of fatty foods18 
and may decrease in anemic or malnourished patients. 
Methoxyflurane (no longer in clinical use) and halo-
thane are notable for high blood solubility. N2O, sevo-
flurane, and desflurane are characterized by low blood 
solubility.

ANESTHETIC DELIVERY, UPTAKE, AND 
DISTRIBUTION: A MULTICOMPARTMENTAL 
MODEL

Delivering an inhaled anesthetic drug to patients is anal-
ogous to an intravenous drug infusion with two obvious 



TABLE 26-2 UP

Tissue S Muscle Fat VRG

Volume 
(L)

Blood 
Flow  
(L/min)

Volume 
(L)

Blood 
Flow  
(L/min) Volume (L)

Blood 
Flow  
(L/min)

Volume 
(L)

1.43 0.75 30 13 0.5 7 0.35

Anesthetic 
Agent

f τ 
(min)

λTissue/ 

blood

Veff 
(L)

τ 
(min)

λTissue/ 

blood Veff (L)
τ 
(min)

λTissue/ 

blood

Veff 
(L)

τ 
(min)

Nitrous oxide 2.6 1.2 36 48 2.3 30 60 1.4 9.9 29
Halothane 3.3 2.5 75 100 65 840 1700 2.3 16 47
Methoxyflurane 4.7 1.6 48 64 76 980 1960 1.2 8.5 25
Enflurane 3.3 1.7 51 68 36 464 930 2 14 41
Isoflurane 3.5 2.9 87 116 45 580 1160 2 14 41
Desflurane 3.0 2.0 60 80 27 350 670 2 14 41
Sevoflurane 4.0 3.1 93 120 48 620 1240 2 14 41

*Based on a 70-kg pa ow values are approximate (Levitt,12 Kennedy and colleagues15). Effective volumes 
are calculated as T

CNS, Central nervous
TAKE AND DISTRIBUTION MODEL PARAMETERS FOR INHALED ANESTHETICS*

Blood Heart Kidney Liver CN

Blood 
Flow 
(L/min)

Volume 
(L)

Blood 
Flow  
(L/min)

Volume 
(L)

Blood 
Flow  
(L/min)

Volume 
(L)

Blood 
Flow  
(L/min)

Volume 
(L)

Blood 
Flow  
(L/min)

5 5 0.2 0.28 1.07 0.32 1.2 3.9 0.62

Veff (L)
λTissue/ 

blood

Veff 
(L)

τ 
(min)

λTissue/ 

blood Veff (L)
τ 
(min)

λTissue/ 

blood

Veff 
(L)

τ 
(min)

λTissue/ 

blood

Vef
(L)

2.35 0.87 0.24 1.2 0.93 0.3 0.3 1.1 4.1 3.4 1.1 1.6
12.5 2.9 0.8 4.0 1.5 0.5 0.4 2.5 9.8 8.0 2.7 3.9
60 1.2 0.34 1.7 2.3 0.74 .69 2.5 9.8 8 2 2.9
9 1.3 0.36 1.8 2.0 0.64 0.6 2.1 8.2 6.7 1.4 2.0
7 1.3 0.36 1.8 2.3 0.74 0.69 2.4 9.4 7.6 1.5 2.1

2.25 1.3 0.36 1.8 1.0 0.32 0.3 1.4 5.5 4.5 1.3 1.9
3.25 1.3 0.36 1.8 2.3 0.74 0.69 2.4 9.4 7.7 1.7 2.4

tient at rest. Blood and tissue partition coefficients are from References 6, 12-14. Tissue volumes and blood fl
issue volume × λTissue / Blood, and exchange time constant (τ) for each compartment is Veff / Blood flow.
 system; VRG, vessel-rich group.
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major differences: (1) entry of drug into the body is via 
transalveolar exchange from gas to blood and (2) clear-
ance is mostly via the same route. Thus, inhaled anes-
thetic delivery is dependent on pulmonary ventilation, 
whereas uptake and clearance of inhaled anesthetics are 
dependent on pulmonary perfusion.

Upstream and Downstream Compartments 
and Anesthetic Transfer: Bulk Flow and 
Pressure Gradients
Uptake and distribution of inhaled anesthetic can be 
readily understood as a series of transfer steps from 
upstream compartments with high partial pressure to 
downstream compartments with low partial pressure 
kinetics: Uptake, Distribution, Metabolism, and Toxicity 643

as depicted in Figure 26-2. First, the drug is transferred 
from an anesthesia delivery device, typically an anes-
thesia machine with a vaporizer designed to deliver 
specified concentrations (in percent atm) of volatile 
anesthetic, into a fresh gas mixture flowing in a breath-
ing circuit. Second, ventilation transfers gases from the 
circuit to the alveolar airspace in the lung. Third, the 
anesthetic moves by transcapillary diffusion into pul-
monary venous blood. Fourth, arterial blood distributes 
the anesthetic to various tissues including the primary 
target tissue, the central nervous system (CNS). Fifth, 
venous outflow from tissues converges in the pulmo-
nary artery, and sixth, the mixed venous blood passes 
through alveolar capillaries where it again equilibrates 
with alveolar gases.
Systemic shunt
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Figure 26-2. Flow diagram for uptake and distribution of inhaled anesthetics. Major compartments for anesthetic flow are depicted, including 
the breathing circuit, alveolar gas space, and three major tissue compartments: vessel-rich group (VRG), muscle, and fat. The physiologic volumes 
of the tissue compartments are approximately in proportion to the labeled face of the compartment, while the blood-tissue partition coefficients 
are depicted as the depth of the compartment. Thus, the effective volume of the VRG is much smaller than that of muscle, which in turn is much 
smaller than that of fat. Carrier flows and exchange in different parts of the model are depicted by arrows. Fresh gas flow (FGF) moves anesthetic 
from the vaporizer to the circuit; ventilation drives exchange of anesthetic between the circuit and alveoli; pulmonary blood flow transfers anes-
thetic from alveoli into the circulation, which then distributes drug to different compartments depending on blood flow to various tissues. Rela-
tive blood flow is approximately proportional to the width of the arrows into and out of tissue compartments, as well as for shunts. The diagram 
depicts an early phase of anesthetic uptake when organs of the VRG, including the brain, are approaching equilibrium with alveolar and arterial 
anesthetic partial pressure, while anesthetic partial pressures in muscle and fat remain relatively low. Quantitative modeling of anesthetic gas 
movement in this system was performed using numerical integration of equations describing anesthetic flow into and out of each compartment 
(Equations 5, 8, 9, 10, and 11). Figures 26-4, 26-5, 26-6, 26-7, 26-9, 26-10, and 26-12 were all generated using this model. Standardized param-
eters used in the model are summarized in Table 26-2. Pcirc, Partial pressure in the circuit; Pdel, delivered anesthetic partial pressure.
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Gas flow from the machine into the breathing circuit 
is unidirectional. Blood circulation is also largely unidi-
rectional. In transfers from machine (the fresh gas out-
let) to breathing circuit and then to alveolar airspace, 
anesthetic flow can simply be understood as an exchange 
from upstream compartments into downstream gas phase 
compartments. In later steps, such as exchange between 
alveolar gases and pulmonary capillary blood, the flow of 
anesthetic molecules occurs via diffusion between adja-
cent compartments separated by a permeable membrane. 
For simplicity, we have not treated blood as a separate 
compartment in our model. Distribution of anesthetic 
to and from various tissues involves both bulk transfer 
via blood flow and diffusive equilibration across capillary 
membranes. Note that when anesthetic transfer occurs 
between gas and blood or between blood and tissue, the 
effective volume of the downstream compartment must 
be adjusted with the appropriate partition coefficient (see 
Table 26-2).

Rate of Wash-in of the Circuit: Equilibration 
between Vaporizer and Circuit
Equipment for controlled delivery of inhaled anesthetic 
drugs is described in Chapter 29. Wash-in of the ventila-
tor breathing circuit represents an example of bulk trans-
fer exchange, wherein the gas in the circuit components 
is replaced by fresh gases emerging from the gas outlet of 
the anesthesia machine.

Anesthetic Delivery from the vAporizer. Volatile anes-
thetic delivery from a vaporizer is simply the product of 
the delivered anesthetic concentration (Fraction = Fdel or 
Partial pressure = Pdel) of the anesthetic gas and fresh gas 
flow (FGF).

 dVdel/dt = Pdel × FGF (1)

Thus, we can readily calculate the volume of delivered 
gas-phase anesthetic by simply integrating this function 
over time. In the simplest case where Pdel and FGF remain 
constant:

 Vdel (t) = Pdel × FGF × t (2)

fresh GAs WAsh-in to the BreAthinG circuit. The fac-
tors that affect the speed at which the gas mixture deliv-
ered from the anesthesia machine replaces gases in the 
breathing circuit (wash-in) are FGF and the breathing cir-
cuit volume (Vcirc). Consider a typical situation in which 
FGF at the beginning of an anesthetic is 6 L/min and the 
gas volume inside the components of a breathing circuit 
is 6 L. If FGF is doubled to 12 L/min, then wash-in will 
proceed at twice the rate (halving the time). Conversely, 
if the Vcirc doubles to 12 L, then wash-in will proceed at 
half the rate (doubling the time).

The gas exchange process is independent of the concen-
tration of anesthetic in the circuit, because the exchange 
is simply through bulk flow and mixing. However, the dif-
ference between the delivered concentration and that in 
the circuit determines the magnitude and direction of net 
anesthetic gas flow. When the delivered anesthetic partial 
pressure (Pdel) is greater than that in the circuit (Pcirc), net 
anesthetic flow is into the circuit (and subsequently into 
the patient). To remove anesthetic from the circuit, Pdel 
must be less than Pcirc. When there is no concentration 
gradient (i.e., equal partial pressures), bulk flow exchange 
may replace all the old gas molecules with new ones, but 
there is no net flow and anesthetic concentrations in the 
circuit remain unchanged.

Mathematically, we can describe the breathing circuit 
exchange process as a differential equation that incorpo-
rates all of the above factors:

 dPcirc

dt
= FGF

Vcirc
× (Pdel − Pcirc) (3)

If Pdel is constant, integrating this equation results in a 
single exponential function that defines Pcirc at any given 
time following a change in Pdel at t = 0:

 Pcirc (t) = Pcirc (0) + (Pdel − Pcirc (0)) ×
(

1 − e − t/[Vcirc/FGF]
)
 (4)

Pcirc approaches Pdel following an exponential time 
course with a time constant of τ = Vcirc/FGF. Thus, if  
Vcirc = 6 L and FGF = 6 L/min, the exponential time con-
stant will be 1 minute (Fig. 26-3). Each minute results 
in the fraction of old gas in the breathing circuit drop-
ping by 63.1%, and after 4 minutes, less than 2% old gas 
remains. The half-life for the process (time for halving the 
vaporizer-circuit concentration difference) is 0.693 × τ.

Breathing circuit components, such as CO2 adsorbents 
and the plastic or rubber of the circuit tubing and connec-
tors, influence the rate of equilibration between vaporizer 
and circuit, because such materials can absorb volatile 
anesthetics, increasing the effective circuit volume.19 The 
more hydrophobic volatile anesthetics absorb more into 
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Figure 26-3. Wash-in of the breathing circuit depends on fresh gas 
flow (FGF). The curves depict the rate of rise of anesthetic concentra-
tion (partial pressure) in a breathing circuit with 6 L of gas volume, 
depending on FGF. Higher FGF results in more rapid exchange of cir-
cuit gases with fresh gas. The exponential time constant for the wash-
in process is the circuit volume in liters divided by fresh gas flow in 
liters per minute (see Equation 4). Cross marks overlaying the curves 
indicate time constants under different gas flow rates. Each time con-
stant correlates with a 63.1% exchange.
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circuit components, whereas absorption negligibly affects 
wash-in and wash-out of low-solubility anesthetics.

The clinical relevance of the wash-in process is read-
ily appreciated. An example of the importance of FGF is 
“priming” the anesthetic circuit for a single-breath induc-
tion technique. The FGF setting and the circuit volume 
influence the required duration of priming. More gener-
ally, whenever the vaporizer settings are altered, the speed 
at which the new settings influence the wash-in or wash-
out of the circuit (and subsequently the patient) depend 
on FGF. Open (nonrebreathing) anesthetic breathing cir-
cuits are designed to have low exchange volumes and to be 
used with high fresh-gas flows. These features allow rapid 
changes in the delivered anesthetic concentration, while 
minimizing rebreathing of exhaled gases. The choice of an 
open versus rebreathing system influences the effects of 
various other factors that can affect uptake and distribu-
tion of inhaled anesthetics downstream from the breath-
ing circuit. Some of the subsequent figures show models 
for both conditions.

Equilibration between Circuit and 
Pulmonary Airspace
Transfer of anesthetic gases from the breathing circuit to 
the pulmonary airspace is another bulk exchange process 
similar to that from vaporizer to breathing circuit. In this 
case, gas flow via ventilation is cyclical and bidirectional, 
and the factors that determine the rate of anesthetic 
exchange are minute ventilation (MV) and total pulmo-
nary airspace volume (Vpulm).20 Because transfer from the 
circuit to the lungs represents anesthetic flow out of the 
circuit, we alter Equation 3 to include both inflow to the 
circuit and outflow from the circuit:

 dPcirc

dt
= FGF

Vcirc
× (Pdel − Pcirc) − MV

Vpulm
×
(
Pcirc − Ppulm

)
 (5)

where Ppulm is a weighted average of the anesthetic partial 
pressure in deadspace and alveolar space.

Equation 5 describes how rebreathing affects the 
inhaled (breathing circuit) anesthetic concentration. 
Most inhaled anesthetics are delivered using a rebreath-
ing circuit, which includes one-way flow valves and 
adsorbent material to remove exhaled CO2 chemically. 
Rebreathing depends primarily on the balance between 
fresh gas flow and minute ventilation. The anesthetic gas 
in the breathing circuit represents a mixture of fresh gas 
and exhaled gases. Increased FGF reduces rebreathing, 
whereas increased MV increases rebreathing.

Alveolar Anesthetic Concentration
The alveolar anesthetic concentration (Palv or FA) is a criti-
cally important factor in anesthetic uptake and distribu-
tion because (1) it is in rapid equilibrium with circulating 
blood and highly perfused tissues, including target tissues 
in the CNS, and (2) Palv can be measured in exhaled end-
tidal gases. Thus, except during periods of rapid change, 
Palv in exhaled breath represents a useful estimate of the 
anesthetic concentration in the patient’s CNS and other 
highly perfused organs.

Because only alveolar gas is relevant to transpulmonary 
exchange of anesthetic into and out of the body, alveolar 
kinetics: Uptake, Distribution, Metabolism, and Toxicity 645

ventilation (V̇alv) is the proper gas flow to calculate anes-
thetic exchange into this part of the pulmonary airspace.

 

dPalv

dt
= V̇alv

Valv
× (Pcirc − Palv)

 
(6)

where V̇alv  is MV corrected for deadspace ventilation.

Alveolar Uptake of Anesthetic into 
Pulmonary Blood
During inhaled anesthetic induction, anesthetic flows 
from alveolar gas to pulmonary blood across the alveolar–
capillary interface separating these compartments and is 
driven by the partial pressure gradient between alveolar 
gas (Palv) and mixed venous blood (PMV) entering the 
pulmonary arteries. The net flow of anesthetic reverses 
during anesthetic wash-out when Palv drops below PMV. 
Anesthetic uptake into blood also depends on the pul-
monary blood flow (which is typically close to cardiac 
output, Q̇) and the blood’s capacity to solvate anesthetic 
from the gas state (the blood/gas partition coefficient, 
λb/g):

 Uptake = Q̇ × λb/g × (Palv − PMV) (7)

We therefore correct Equation 6 to reflect both anes-
thetic inflow into alveolar airspace and its uptake into 
blood:

 

dPalv

dt
= V̇alv

Valv
× (Pcirc − Palv) −

Q̇ × λb/g

Valv
× (Palv − PMV)

 
(8)

Thus, during an inhaled induction of anesthesia, 
the rate of increase of Palv relative to Pcirc is governed  
by (1) alveolar ventilation, (2) cardiac output, and (3) 
anesthetic solubility in blood. Increased ventilation 
delivers more anesthetic from circuit to alveoli and 
increases Palv/Pcirc (Fig. 26-4). Yet increased pulmo-
nary blood flow removes more anesthetic from alveoli, 
thereby decreasing the rate of increase in alveolar con-
centration of anesthetic (Palv/Pcirc; Fig. 26-5). Indeed, 
significant decreases in cardiac output are likely when 
end-tidal CO2 (ETCO2) decreases and end-tidal concen-
trations of volatile anesthetic increase.21 The more sol-
uble an anesthetic is in blood (i.e., the higher its λb/g), 
the more each volume of blood can take up anesthetic 
from alveolar gases (i.e., the larger the effective blood 
flow). Thus, as λb/g increases, Palv/Pcirc increases more 
slowly (Fig. 26-6).

Other Factors That Affect the Rate of  
Rise of Palv

Other factors affecting alveolar uptake of anesthetic 
include ventilation–perfusion matching and the absolute 
concentration of anesthetic in alveolar gases.

DeADspAce. Deadspace (i.e., ventilated but not perfused 
pulmonary regions) reduces effective alveolar ventilation 
(see Equations 7 and 8), and thus slows anesthetic uptake. 
This effect is strongest under open-circuit (high FGF) con-
ditions and with low blood-solubility inhaled anesthet-
ics. Under conditions of limited anesthetic delivery and 
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Figure 26-4. Effect of ventilation on the rise of alveolar anesthetic partial pressure (Palv). Left, A traditional open-circuit model with very high 
fresh gas flow (FGF) and therefore constant Pdel = Pcirc. Right, A more common clinical situation with constant vaporizer output (Pdel) and partial 
rebreathing at a 6 L/min fresh gas flow rate. Raising minute ventilation accelerates the rise of Palv by delivering more anesthetic to the lungs. The 
effect is seen whether anesthetic is highly soluble in blood (e.g., halothane) or relatively insoluble (e.g., sevoflurane). However, the relative size of 
the ventilation effect is greater for soluble agents. Increased ventilation also accelerates clearance of anesthetic agents after delivery ceases. Pcirc, 
Partial pressure in the circuit; Pdel, delivered anesthetic partial pressure.
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Figure 26-5. Effect of cardiac output on the rise of alveolar anesthetic partial pressure (Palv). Left, A traditional open-circuit model with very 
high fresh gas flow (FGF) and therefore constant Pdel = Pcirc. Right, A common clinical situation with constant vaporizer output (Pdel) and partial 
rebreathing at a 6 L/min FGF rate. Raising cardiac output slows the rise of Palv by increasing anesthetic uptake into blood (removing anesthetic 
from alveolar gases). This effect is observed for both highly soluble and relatively insoluble (e.g., isoflurane) anesthetics, but the relative effect is 
greater for soluble agents. Cardiac output also affects clearance of anesthetics from the lungs in the same way it affects uptake (i.e., increased 
cardiac output slows anesthetic clearance rate). Pcirc, Partial pressure in the circuit; Pdel, delivered anesthetic partial pressure.
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Figure 26-6. Effect of blood solubility on the rise of alveolar anesthetic partial pressure (Palv). Left, A traditional open-circuit model with very high 
fresh gas flow (FGF) and therefore constant Pdel = Pcirc. Right, A more common clinical situation with constant vaporizer output (Pdel) and partial 
rebreathing at a 6 L/min FGF rate. As blood solubility (λb/g) increases, the rate of rise in Palv slows, because uptake into blood is greater for high 
solubility agents. The major effect of blood solubility is the magnitude of the rapid initial rise in Palv, which represents a balance between anesthetic 
delivery and uptake into pulmonary blood. Blood solubility similarly affects clearance from alveoli after anesthetic delivery ceases (i.e., increased 
blood solubility results in slower clearance from alveolar gas). Pcirc, Partial pressure in the circuit; Pdel, delivered anesthetic partial pressure.
high uptake such as low FGF and a highly blood-soluble 
anesthetic, alveolar ventilation and therefore uptake are 
reduced. The inspired anesthetic concentration (Pcirc) and 
the concentration gradient for alveolar exchange change 
very little. This compensates somewhat for the effect of 
deadspace on alveolar ventilation, reducing its overall 
effect on Palv.

pulmonAry (riGht to left) shuntinG. Pulmonary (right 
to left) shunting can be physiologic, pathologic, or iat-
rogenic, such as during one-lung ventilation. Right-to-
left shunting results in a difference between Palv and the 
partial pressure of anesthetic in arterial blood (Part). This 
is because arterial blood represents a mixture of shunted 
mixed venous blood with blood that equilibrates with 
alveolar gases (Equation 9). Because such shunts also 
reduce transcapillary gas exchange in the lung and slow 
anesthetic uptake (Equations 7 and 8, after correcting 
pulmonary blood flow for shunt), right-to-left shunting, 
sustains Pcirc, an effect that is more pronounced for highly 
soluble versus insoluble anesthetics. Thus, shunt reduces 
the ratio of Part:Palv more for insoluble anesthetics, such 
as N2O22,23 (Fig. 26-7).

 Part = PMV × q̇RLshunt + Palv ×
(

Q̇ − q̇RLshunt

)
 (9)

concentrAtion AnD seconD GAs effects. The absolute 
concentration of an inhaled anesthetic influences its 
uptake. In the previous discussion and illustrations, an 
inhaled anesthetic has been assumed to represent a small 
fraction of the inhaled gas mixture, and that transalveo-
lar uptake of the anesthetic results in a decrease in Palv 
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Figure 26-7. Effect of right-to-left pulmonary shunt on the anesthetic 
partial pressure in alveolar gas and arterial blood. The curves represent 
anesthetic partial pressures in alveolar gases (dashed lines) and arte-
rial blood (dash-dot lines) under conditions of 40% right-to-left shunt 
and no shunt (solid lines). Pulmonary right-to-left shunting bypasses 
alveolar uptake, so that less anesthetic is removed from pulmonary 
gases; this accelerates the rise in Palv. In addition, the anesthetic partial 
pressure in arterial blood (Part) is a mixture of pulmonary venous blood 
at Palv and shunted mixed venous blood at PMV. Thus Part, which deter-
mines the rate of anesthetic uptake into tissues, rises more slowly than 
Palv when R-to-L shunting is present. The shunt effect on Part versus Palv 
is larger for insoluble anesthetics (e.g., N2O) than for soluble anesthet-
ics (e.g., halothane). Other model parameters were set for open circuit 
delivery (constant Pcirc) with MV = 6 L/min and C.O. = 5 L/min. Palv, 
Alveolar anesthetic partial pressure. CO, Cardiac output; MV, minute 
ventilation; Pmv, anesthetic partial pressure in mixed venous blood.
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Figure 26-8. Concentration and second gas effects. The figure depicts alveolar gases at the beginning of an anesthetic. After an initial inspira-
tory breath, alveoli are filled with the gas mixture in the circuit (66% N2O, 33% O2, 1% isoflurane) at their normal end-inspiratory volume (left 
panel). After half of the N2O and isoflurane are absorbed into pulmonary blood, the alveolar gas volume is reduced by 33.5%. At this point, the 
volume of N2O equals the volume of O2, and the gas mixture is 49.6% N2O, 49.6% O2, and 0.8% isoflurane. Inflow of additional inspired gas 
mixture returns alveolar volume to its original value, resulting in a gas mixture of 55.1% N2O, 44.1% O2, and 0.8% isoflurane. The alveolar partial 
pressure of N2O falls much less than the fractional uptake (the concentration effect). In addition, the partial pressure of O2 increases relative to 
the inspired gas O2 content, and the partial pressure of isoflurane is sustained close to the inspired value, increasing its rate of uptake (the second 
gas effect). Iso, Isoflurane.
and negligible changes in alveolar gas volume. However, 
when the inhaled anesthetic represents a large fraction 
of the inhaled gas mixture, its rapid uptake results in a 
smaller relative alveolar anesthetic concentration drop, 
because the volume of alveolar gas also decreases. This is 
known as the concentration effect.24 In an imaginary situ-
ation in which a patient is breathing 100% anesthetic, 
uptake into pulmonary blood reduces the volume of anes-
thetic gas in the alveoli without altering its concentra-
tion or partial pressure (oxygen-induced atelectasis occurs 
through a similar mechanism). A typical situation, illus-
trated in Figure 26-8, is delivery of 66% N2O with 33% O2, 
and 1% isoflurane. Assuming cardiac output equals 5 L/
min, the initial rates of N2O uptake is given by Equation 
7 as 5000 mL/min × 0.47 × 0.66 atm = 1550 mL/min N2O, 
indicating that a large fraction of N2O is initially taken 
up during the first few breaths. If we assume that half the 
N2O and half the isoflurane are rapidly taken up following 
the first breath of this gas mixture, then alveolar volume 
drops by 33.5% and the remaining alveolar gas contains 
33 parts N2O, 33 parts O2, and 0.5 parts isoflurane (49.6% 
N2O, 49.6% O2, and 0.8% isoflurane). Despite 50% uptake 
of N2O, the significant reduction in alveolar gas volume 
results in a concentration of remaining alveolar N2O that 
is only 24% less than its initial value.

The second gas effect is also evident in this example: 
the rapid uptake of N2O and reduced alveolar gas volume 
sustains Piso near its original inspired value and increases 
alveolar PO2, thereby augmenting uptake of these gases.25 
Note also that the rapid uptake of N2O into blood results 
in an effective increase in minute ventilation, because 
more circuit gas is passively drawn into alveoli as alveo-
lar gas is absorbed rapidly. These effects have been dem-
onstrated in humans26 and animals,25 and theoretically 
are short-lived and pertain only to the period of initial 
rapid transfer of N2O from alveoli to blood. The second 
gas effect may persist beyond the initial rapid phase of 
N2O uptake.27

Distribution of Anesthetic into Tissues
Blood exiting the pulmonary capillaries enters the pul-
monary vein and the left heart. Inhaled anesthetics are 
then distributed via arterial blood to various body tis-
sues. The rate of increase of anesthetic partial pressure 
within each tissue is determined by tissue-specific arterial 
blood flow (q̇), effective volume (the product of anatomic 
volume and tissue/blood partition coefficient, λt/b), and 
the anesthetic partial pressure gradient between arterial 
blood and the tissue:

 

dPi

dt
=

q̇i

Vi × λi/b
× (Part − Pi)

 
(10)

where i designates a particular organ or type of tissue. Val-
ues used in model calculations are summarized in Table 
26-2. The time required for anesthetic partial pressure 
equilibration between arterial blood (Part = Palv) and a spec-
ified tissue is shorter if its blood flow is high, and longer if 
that tissue has a large effective volume (Figs. 26-2, 26-9).

Traditionally, anesthetic distribution has been 
described for four distinct tissue groups. The vessel-rich 
group (VRG) includes the heart, brain, spinal cord, liver, 
and kidney. Together, these organs compose approxi-
mately 10% of the adult human body mass; however, 
they receive approximately 70% of cardiac output under 
normal resting conditions. As a result, time constants 
for anesthetic equilibration between blood and these 
organs are typically only a few minutes (see Table 26-2). 
Of particular interest is the equilibration time for the 
CNS, where anesthetic effects are mediated. After the 
highly perfused VRG tissues, skeletal muscle is the next 
compartment to equilibrate with inhaled anesthetics. 
Muscle composes approximately 40% of body mass in a 
healthy adult, making muscle the largest single compart-
ment based on weight. Moreover, most inhaled anesthet-
ics partition into muscle more than into brain, resulting 
in an increased effective volume for anesthetic uptake 
into this compartment. At rest, muscle receives 10% to 
15% of cardiac output (20 mL/kg/min), but this value 
can increase dramatically during exercise, stress, fever, or 
other states associated with high cardiac output.28 Taken 
together, these factors generally result in slow equilibra-
tion between anesthetic in blood and muscle, with typical 
time constants of hours (see Table 26-2). The third tissue 
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group is fat, which in a normal adult composes 25% of 
body mass and receives 10% of cardiac output.29 Potent 
volatile anesthetics partition avidly into fat; therefore, fat 
represents the largest effective volume for uptake of these 
drugs (see Fig. 26-2, Table 26-2). The extremely large effec-
tive volume coupled with relatively low blood flow results 
in very slow equilibration of anesthetics between blood 
and fat, with time constants approaching days. A fourth 
group, including skin, cortical bone, and connective tis-
sue, is referred to as vessel poor tissues. These tissues com-
pose approximately 15% of an average adult body while 
receiving less than 5% of cardiac output at rest. Induction 
of general anesthesia impairs normal sympathetic ner-
vous function, resulting in increased blood flow to nor-
mally cool skin in the extremities.30 The blood volume 
represents approximately 7% of body mass and may be 
considered another compartment for anesthetic uptake, 
while also conveying drug to other tissue compartments.

As stated previously, increased cardiac output results 
in increased anesthetic uptake and a slower rate of rise 
of Palv. Without confounding factors, increasing cardiac 
output slows the induction of general anesthesia with 
inhaled anesthetics.21,31 This result can seem counterin-
tuitive when increasing cardiac output increases uptake of 
anesthetic into the patient’s body and hastens its delivery 
to the tissues. However, during induction the anesthetic 
partial pressure in blood and downstream tissue compart-
ments cannot be higher than that in the upstream alveolar 
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Figure 26-9. The rate of anesthetic partial pressure rise in different 
tissue compartments. The curves represent model calculations for 
sevoflurane delivered at 6 L/min fresh gas flow, with 5 L/min ventila-
tion and 5 L/min cardiac output. The anesthetic partial pressure in the 
central nervous system (CNS; purple line), part of the vessel rich group, 
equilibrates rapidly with Palv (blue line), although a lag-time of several 
minutes is evident when Palv is rapidly rising or falling. The anesthetic 
partial pressures in both muscle (red line) and fat (orange line) rise and 
fall much more slowly, because muscle and fat compartments rep-
resent much larger effective volumes (see Fig. 26-2) and have lower 
blood flow than the vessel-rich group does. Note that anesthetic par-
tial pressure in fat continues to rise after anesthetic delivery stops, as 
long as partial pressure in alveolar gas (and arterial blood) is greater 
than that in the fat compartment.
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compartment. Increased cardiac output slows the rate of 
increase of Palv and thus also slows the rate of increase 
of the anesthetic partial pressure in blood (Part), the CNS 
(PCNS), and other highly perfused tissues. The extra anes-
thetic uptake is primarily into muscle, which is a large 
tissue compartment with a high capacity for anesthetic 
and is where much of the excess cardiac output flows. 
For example, a 50% increase in cardiac output can more 
than double muscle blood flow, diverting the majority 
of anesthetic to muscle, lowering Palv, and thus slowing 
anesthetic uptake into target tissues in the CNS. If one 
could manipulate inhaled anesthetic delivery to maintain 
constant Palv, which may be achievable with automated 
feedback control of vaporizer output and FGF,32 and then 
increasing cardiac output might have a different effect. 
Model simulations where Palv is maintained at a constant 
level show that uptake into VRG tissues, including brain 
tissue, increases more rapidly as cardiac output increases.33

In pediatric patients (see Chapter 93), the balance of 
cardiac output to various tissue beds differs from that in 
adults. Thus, although cardiac output per kilogram body 
weight is larger in children than in adults, induction of 
anesthesia is more rapid in young children than in adults, 
because a disproportionate amount of perfusion goes to 
the vessel rich organs, such as the brain.34

The equilibrium distribution volumes for most inhaled 
anesthetics are extremely large, with the largest compart-
ment by far being fat. However, equilibration with fat is 
so slow that this compartment usually plays a relatively 
minor role in the pharmacokinetics of inhaled anesthet-
ics. During a typical general anesthetic lasting from 30 
minutes to several hours, the blood, VRG organs, and 
muscle are the compartments into which inhaled anes-
thetics mostly distribute.

Although the model in Figure 26-2 illustrates anes-
thetic distribution only via arterial blood flow, intertissue 
diffusion takes place between abutting tissues that have 
large interfacial surface areas. In particular, direct diffu-
sion from organs with high anesthetic partial pressures to 
abutting tissues with low partial pressure and high capac-
ity for anesthetic uptake may also contribute to drug 
distribution. Examples of this process include anesthetic 
diffusion from the heart, liver, and kidneys to surround-
ing fat in the pericardium and abdomen.35,36

Mixed Venous Anesthetic Partial Pressure
The anesthetic partial pressure in mixed venous blood 
entering the pulmonary circulation is a weighted average 
of the venous outflows from all tissues and organs, which 
converge in the right ventricle:

 PMV =
n∑

i = 1

q̇i

Q̇
× Pi (11)

As PMV rises, the gradient driving uptake of inhaled 
anesthetics from alveoli weakens. The difference between 
the delivered (inspired) and the alveolar (end-expiratory) 
anesthetic concentrations also shrinks, causing transpul-
monary uptake to slow (Equation 7). Systemic (left to 
right) shunting causes PMV to increase more rapidly than 
it would in the absence of such shunts. When blood flow 
to other tissues remains normal and the left-to-right shunt 
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simply represents excess cardiac output, the resulting 
increase in anesthetic uptake (Equation 7) is offset by the 
increase in PMV, resulting in a slight increase in the rate 
of anesthetic delivery or uptake into the brain, muscle, 
and other tissues. In cases where large left-to-right shunts 
result in reduced blood flow to other tissues, anesthetic 
equilibration in those tissues will be relatively slow.

SYNTHESIS OF THE MODEL AND INHALED 
ANESTHETIC INDUCTION: PK/PD

The rate of equilibration (pharmacokinetics) of inhaled 
anesthetics among the various compartments involved 
in delivery to a patient, vaporizer, circuit, lung, blood, 
and various tissues, has been discussed. However, in a 
clinical setting, the goal of the anesthesia provider is the 
reversible production of certain desired effects (amnesia, 
unconsciousness, and immobility) in the patient in a 
reasonable amount of time. To achieve these goals, phar-
macokinetics must be combined with knowledge of the 
effects produced at different anesthetic partial pressures 
in target tissues (i.e., dose-response or pharmacodynam-
ics). The most relevant pharmacodynamic guidelines are 
minimum alveolar concentration (MAC)–immobility,37 
the alveolar anesthetic concentration preventing move-
ment response to surgical stimulus in 50% of subjects, 
and MAC-awake,7 the alveolar anesthetic concentration 
preventing perceptive awareness in 50% of subjects, both 
measured under conditions where Palv is in equilibrium 
with anesthetic partial pressure in the central nervous 
system (PCNS). MAC-awake for potent volatile anesthet-
ics is typically 0.34 × MAC-immobility,38 whereas MAC-
awake for N2O is approximately 0.7 × MAC immobility 
(see Table 26-1). During induction of anesthesia, the goal 
may be achieving a high probability of immobility fol-
lowing incision (PCNS ≈ 1.2 × MAC-immobility) within 15 
minutes, while avoiding the deleterious effects of overly 
deep anesthesia. At the end of an anesthetic, return of 
consciousness is likely to occur when PCNS decreases to 
less than MAC-awake. The targets used for this illustrative 
model patient are estimates. In clinical practice, targets 
for anesthetic depth vary widely depending on patient 
factors, the presence of noxious stimuli, and other drugs 
that may be administered.

There are a variety of strategies to deliver inhaled 
anesthetics and meet the goals just discussed. The first 
important consideration is that Pdel from the vaporizer 
must be higher than the target Palv or PCNS (overpressure). 
The more overpressure used, the more rapidly anesthetic 
is delivered. High fresh gas flows, large minute ventila-
tion, and a low-solubility drug will also increase the rate 
of anesthetic delivery and the rate of rise of Palv and PCNS. 
These factors, and particularly overpressure, also increase 
the risk of delivering an overdose of anesthetic drug. A 
common strategy is to initiate inhaled anesthetic deliv-
ery with moderate to high fresh gas flows (≥6 L/min) and 
moderate overpressure (Pdel = 2 × MAC-immobility), and 
reduce Pdel after Palv reaches or slightly exceeds the tar-
get level (Fig. 26-10, left). The need to maintain overpres-
sure and slightly overshoot Palv derives from the fact that 
distribution of drug to muscle maintains a high delivery 
requirement after the initial rapid phase of uptake. If Pdel 
is decreased too quickly, then Palv can decrease below the 
target. Pdel or FGF is slowly adjusted downward as the 
anesthetic inspired-to-expired difference in anesthetic 
partial pressures (Pdel – Palv) decreases.

CLOSED-CIRCUIT OR LOW-FLOW DELIVERY 
OF ANESTHESIA

The use of high or moderate fresh gas flows, while 
enabling use of less overpressure, results in far more anes-
thetic drug being delivered than being taken up into tis-
sues. Note in the left panel of Figure 26-10, the amount 
of isoflurane delivered is 4.5-fold more than that taken 
up, whereas delivered sevoflurane is 7.2-fold greater than 
absorbed drug. Thus, over 80% of delivered volatile anes-
thetic is waste using the moderately high FGF approach 
illustrated in this example. Rebreathing circuits allow 
the use of fresh gas flows well below minute ventilation, 
which results in reduced anesthetic discharge into the 
waste-scavenging system. Less waste discharge translates 
into both reduced costs and reduced global environmental 
impact of anesthetic gases within the atmosphere, where 
these anesthetics contribute to climate change (reviewed 
later). Additional benefits of low FGF and rebreathing 
include retention of expired heat and water vapor in 
rebreathed gas, improving airway epithelial health, and 
reducing accumulation of dried airway secretions.

Closed-circuit anesthesia represents the ultimate limit 
of low gas flows, where fresh gases are delivered only in 
quantities sufficient to replace those taken up into tis-
sues, metabolized (especially O2), or otherwise lost to the 
environment, and the vast majority of gas in the breath-
ing circuit undergoes rebreathing.39 Achieving this goal 
requires a leak-free breathing circuit, complete removal of 
CO2, and careful attention to the inspired-to-expired val-
ues of oxygen and anesthetic gases, and even to the build-
up of expired nitrogen that can slowly accumulate in the 
breathing circuit. Under these conditions, oxygen con-
sumption in an anesthetized patient can be lower than 3 
mL/kg/min, translating to O2 replacement of around 200 
mL/min in a patient weighing 70 kg. There are several sig-
nificant limitations to this technique. Because all exhaled 
CO2 must be removed by adsorbents, closed circuit anes-
thesia increases the risk of rebreathing CO2 as adsorbent 
capacity diminishes. Anesthetic breakdown products, car-
bon monoxide (CO), and slowly degassing nitrogen from 
blood can accumulate in the breathing circuit.40 Clini-
cians must be aware that patient metabolism may deplete 
oxygen from the breathing circuit and can result in deliv-
ery of a hypoxic gas mixture during use of closed circuit 
anesthesia. When using very low FGF values, changes 
in the vaporizer output (Pdel) result in extremely slow 
changes in Pcirc and the subsequent depth of anesthesia. 
Closed circuit anesthetic administration can be guided 
by the “square root of time” rule, proposed by Severing-
haus41 and detailed in now classic descriptions.42 This 
rule states that the rate of anesthetic uptake decreases 
approximately at the square root of delivery time. We 
can estimate the uptake of 1.2 MAC isoflurane during the 
first minute of anesthesia using Equation 7. Thus, Car-
diac output × λb/g × 1.2 MAC = Initial uptake of isoflurane 
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Figure 26-10. Effect of induction technique on uptake and delivery of inhaled anesthetics. A, Anesthetic partial pressures in both the circuit and 
alveoli during inhalation induction with moderate (6 L/min) fresh gas flows and modest (twofold to threefold) overpressure for sevoflurane (blue) 
and isoflurane (purple). Palv reaches 1.2 × MAC in approximately 12 minutes, and approximately 10% downward adjustment of vaporizer settings 
results in maintenance of Palv near this target level. Additional downward adjustments in vaporizer setting or fresh gas flows, or both, would be 
needed to maintain this Palv level. B, Anesthetic partial pressures in both the circuit and alveoli during inhalation induction with low (less than 2 L/
min) fresh gas flows and maximal (fourfold) overpressure for sevoflurane (blue) and isoflurane (purple). Palv reaches 1.2 × MAC in approximately 12 
minutes, and a downward adjustment of fresh gas flow results in maintenance of Palv near this target level. C, The total anesthetic vapor delivered 
and taken up into the model patient from panel A. Note that delivery far exceeds uptake, more so for the low solubility anesthetic (sevoflurane). 
D, The total amount of anesthetic vapor delivered and taken up into the model patient from panel B. Note that uptake is similar, whereas delivery 
is much lower than that using a high-FGF technique. The low-FGF technique reduces waste more so for anesthetics with low blood solubility 
(e.g., sevoflurane) than for highly soluble drugs (e.g., isoflurane). Palv, Alveolar anesthetic partial pressure; MAC, minimum alveolar concentration.
vapor (5000 mL/min × 1.4 × 0.0128 atm = 90 mL/min). 
Using the square root of time rule, uptake at 4 minutes 
would be half of the initial rate (45 mL/min), and uptake 
at 9 minutes would be one third of the initial rate (30 
mL/min). To deliver 90 mL/min of isoflurane vapor (0.54 
mL of liquid isoflurane at 20° C) at a maximal vaporizer 
setting of 5% requires 1800 mL/min of fresh gas flow, far 
greater than the target flow for closed circuit. Anesthetists 
can overcome this limitation by directly injecting small 
volumes of liquid anesthetic into the expiratory limb of 
the breathing circuit43; however, this approach requires 
vigilant attention to the clock along with many other fac-
tors. In inexperienced hands, miscalculation or mistim-
ing of anesthetic injection runs the risk of overdose.

Because of the challenges of closed-circuit administra-
tion, a more common practice is to use moderate to high 
fresh gas-flows to achieve rapid changes during induc-
tion of anesthesia, reserving closed-circuit anesthesia to 
periods where the Pcirc to Palv difference is small. Even so, 
changes in a patient’s metabolism because of temperature 
variation, degree of muscle relaxation, or surgical stim-
ulation can result in the need for frequent adjustments 
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to oxygen flow and anesthetic depth, making anesthesia 
delivery in a closed-circuit system relatively unstable and 
difficult.

Low-flow anesthetic delivery, typically with fresh gas 
flows of 0.5 to 1.0 L/min during maintenance, is a com-
promise between closed-circuit delivery of anesthesia 
and the use of high fresh gas flows. Much of the waste 
and other problems associated with high fresh gas flows 
are avoided, whereas the instability associated with 
a strict closed-circuit technique is also moderated. As 
noted earlier (see Equilibration between Circuit and Pul-
monary Airspace), the inspired anesthetic concentration 
(Pcirc) depends on both Pdel and Ppulm when rebreathing 
occurs. Thus, as FGF diminishes, Pdel must be adjusted 
upward to compensate for diminished delivery. Given 
that the maximal output setting on most vaporizers is 
approximately 4 × MAC-immobility, anesthetic delivery 
at 1 L/min and maximal Pdel is still far less than the pre-
vious example with 6 L/min and Pdel = 2 × MAC isoflu-
rane. Higher FGF or a less soluble anesthetic drug, or 
both, are needed to achieve target PCNS in less than 15 
minutes, but as uptake diminishes, FGF can be gradu-
ally reduced (see Fig. 26-10, right). With soluble anes-
thetics such as isoflurane, maximal vaporizer settings 
and FGF near 2 L/min is required for reasonably rapid 
induction. FGF can be decreased incrementally as Palv 
reaches the target level, and eventually vaporizer output 
is decreased as well. With low solubility anesthetics such 
as desflurane or sevoflurane, initial FGF values near 1.0 
L/min can be used in combination with maximal vapor-
izer settings and a similar strategy of reducing FGF. As 
a result, vaporizer output results in reasonably rapid 
induction while minimizing waste of volatile anesthet-
ics. Low FGF can be maintained until high FGF is again 
needed to achieve emergence at the end of the anes-
thetic administration.

When using high vaporizer output settings, diligence 
must be maintained to avoid overdosing the patient by 
reducing FGF and the vaporizer setting in a timely and 
deliberate manner. Thus, low-FGF techniques combined 
with significant overpressure should not be applied in 
situations when other clinical issues require the attention 
of the anesthesia provider.

PHARMACODYNAMIC EFFECTS OF 
ANESTHETICS ON UPTAKE AND 
DISTRIBUTION

The pharmacodynamic effects of most inhaled anes-
thetics also include changes in ventilatory and cardiac 
function that thereby introduce dynamic changes in 
the drug pharmacokinetics. Spontaneous ventilation is 
reduced by inhalation of potent volatile anesthetics in 
a dose-dependent manner.44 As a result, spontaneously 
breathing patients will autoregulate to some degree by 
reducing their uptake of anesthetic as depth of anes-
thesia increases. This autoregulation provides a degree 
of safety that is absent in manually or mechanically 
ventilated patients, who may be subjected to excessive 
delivery of these anesthetics if a vaporizer is inadver-
tently set to deliver overpressure.45 Inhaled anesthetics 
also reduce cardiac output, a pharmacodynamic effect 
that leads to a more rapid increase in Palv/Pcirc and con-
sequently a more rapid increase in the anesthetic partial 
pressure in heart, brain, and other highly perfused tis-
sues.46 Halothane is the anesthetic associated with the 
greatest decrease in cardiac output. If anesthetic delivery 
continues with a decreasing cardiac output, a positive 
feedback loop of worsening cardiac depression and a 
rapid descent toward hemodynamic collapse can occur. 
For more details on the effects of inhaled anesthetics on 
the respiratory and circulatory systems, see Chapters 27 
and 28.

EFFECT OF NITROUS OXIDE ON  
GAS-FILLED SPACES

Because N2O is often used at high partial pressure, it 
diffuses into, and accumulates in, spaces containing air 
or other immobile gases, with potentially deleterious 
physiologic consequences. Clinically relevant examples 
include intravascular air emboli,47 pneumothorax,48 air 
in the inner chamber of the ear,49 intravitreal gas bubbles 
(see Chapter 84),50 intrathecal air, pneumoencephalus,51 
and air in the gastrointestinal tract.48 Air-filled spaces 
contain mostly nitrogen, a gas that composes 78% of air, 
but is thirtyfold less soluble in blood than N2O (λb/g for N2 
is 0.015). Thus, N2O diffuses down its pressure gradient 
from blood and surrounding tissues into air-filled spaces, 
whereas N2 removal from these spaces is far slower, even 
with inspired PN2 = 0. As N2O enters and the total number 
of gas molecules in an air space increases, it will expand 
in volume, increase in pressure, or both, depending on 
the compliance of the space.

In highly compliant air-filled spaces, such as intravas-
cular air bubbles or small pneumothoraces, N2O accumu-
lation increases the total volume of gas (Fig. 26-11, A)  
with minimal changes in pressure. Air spaces expand as 
N2O enters until the PN2O within the air space matches 
that in surrounding blood, establishing equilibrium. The 
maximum potential gas volume expansion in a highly 
compliant space is:

 

V
Vinit

= 1
1 − PN2O  

(12)

Thus, administration of 50% N2O can double air-space 
volume, whereas 67% can potentially triple air-space vol-
ume. N2O can significantly worsen the cardiovascular or 
tissue consequences of intravascular air emboli, poten-
tially making a nonlethal volume of venous air embolus 
lethal.47 Expansion of intracranial air or gastrointestinal 
gas volume by N2O can result in life-threatening intra-
cranial expansion of this gas volume or impede surgical 
exposure or abdominal wound closure. Gas-space com-
partment compliance eventually decreases as volume 
expands, resulting in increased pressure. For example, 
N2O can expand a small pneumothorax to a point where 
intrathoracic pressure increases, compressing lung, dis-
placing the mediastinum, and reducing venous return 
(tension pneumothorax). The endotracheal tube cuff 
filled with air is also susceptible to expansion by N2O. 
Increased tracheal cuff pressure can impair perfusion of 
surrounding mucosa.52 Air-filled laryngeal mask airway 
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Figure 26-11. Nitrous oxide accumulation in gas-filled spaces. A, Expansion of a compliant air-filled space (a small vascular air embolus) occurs 
as the partial pressure of nitrous oxide in surrounding blood increases. Each panel depicts the equilibrium condition with PN2O inside the bubble 
equal to that in blood. Labels below each panel summarize the partial pressures of N2O and N2 in the bubble as well as the bubble volume relative 
to its initial value (Vinit). B, The increase in pressure inside a noncompliant, gas-filled compartment (e.g., an eye following perfluoropropane [C3F8] 
injection) with blood vessels passing through it. As N2O accumulates, the pressure in the compartment increases, which can result in venous 
congestion (middle panel) or ischemia (right panel) in tissues that are perfused by the vessels in this compartment (e.g., the retina).
cuffs53 and the air-filled balloon of a Swan-Ganz cath-
eter54 can similarly expand during N2O administration.

In noncompliant gas-filled spaces, gas pressure rises as 
N2O enters, until PN2O within the air space matches that 
in blood. The maximal potential pressure in such a space, 
relative to surrounding ambient pressure, is therefore PN2O. 
Thus, in a patient inhaling 50% N2O, pressure in such a gas-
filled compartment could approach 380 mm Hg, far greater 
than typical arterial perfusion pressures. A clinically impor-
tant example is that of intravitreal sulfur hexafluoride (SF6) 
or perfluoropropane (C3F8) bubbles, which are injected as 
the sclera is closed at the end of intraocular or retinal sur-
gery50 (see Fig. 26-11, B). These gases persist even longer 
than N2 does because of their low blood solubility. If N2O 
is administered to these patients at the time of intravitreal 
bubble injection, its diffusion into the bubble can rapidly 
increase intraocular pressure above that in retinal veins, 
producing retinal congestion. If the pressure in the eye fur-
ther increases above systolic arterial pressure, retinal isch-
emia resulting in blindness might ensue (see Chapter 84).

The rate of N2O diffusion into gas-filled spaces in the body 
depends on local blood flow and the surface-to-volume 
ratio of the space. Thus, small air emboli expand within 
seconds, because they have high surface/volume ratios and 
they are surrounded by a relatively infinite supply of blood 
containing dissolved N2O. Larger air emboli expand more 
slowly, because their surface/volume ratio is smaller (spher-
ical surface/volume is inversely proportional to radius). 
Small pneumothoraces typically have large surface/vol-
ume ratios and high local blood flow. Animal experiments 
show that inhalation of 75% N2O approximately doubles 
pneumothorax volume in 10 minutes and triples it in 30 
minutes (Fig. 26-12). Compared with pneumothorax air 
pockets, gastrointestinal air pockets have lower surface/
volume ratios and lower blood flow. Thus, expansion of 
gas in the gastrointestinal tract is much slower than that in 
a pneumothorax. In animal studies (see Fig. 26-12), inha-
lation of 70% to 80% N2O doubled intestinal gas volume 
after approximately 2 hours.48

N2O is contraindicated in patients with pneumotho-
rax, pneumocephalus, and closed dura or in those at high 
risk for vascular air embolus. Air-space expansion can 
impede surgery when substantial gastrointestinal air is 
present and N2O exposure is prolonged, or it can be of 
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little consequence when the initial volume of gas in the 
gut is small or when the surgery is brief.

RECOVERY FROM ANESTHESIA

Similarities and Differences to Induction
Clearance of inhaled anesthetics from target tissues (brain 
and spinal cord) is primarily via the same pathways used 
for anesthetic induction: anesthetic gases flow from tis-
sue into venous blood and then to the lungs. If Palv is 
less than PMV, then the net flow of anesthetic will be out 
of the blood and into alveoli, where it is subsequently 
exhaled. To achieve the fastest clearance possible, Pcirc 
must therefore be as low as possible, and this is achieved 
using high flows of nonanesthetic carrier gases (oxygen 
and air) after discontinuing delivery of anesthetic. The 
same factors that affect transalveolar anesthetic exchange 
during induction also affect clearance via this route. 
Increasing ventilation will accelerate clearance (see Fig. 
26-4), whereas increased cardiac output slows clear-
ance, because more gas-exchange volumes are required 
to remove anesthetic from the larger blood flow (see Fig. 
26-5). Highly blood-soluble anesthetics, which increase 
the effective blood flow, clear more slowly than insolu-
ble anesthetics (see Fig. 26-6). Return to consciousness, 
which usually occurs after PCNS drops below MAC-awake, 
is faster following desflurane or sevoflurane anesthesia 
than after isoflurane anesthesia. N2O, which is character-
ized by blood solubility similar to that of desflurane, pro-
vides an even faster return to consciousness, because of 
two additional advantages. First, the concentration effect 
works in reverse during clearance for N2O, increasing 
effective alveolar ventilation and maintaining the gradi-
ent for flow from pulmonary blood to alveoli. Second, 
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Figure 26-12. The rate of air-space expansion during nitrous oxide 
administration. The rate and extent of expansion of air pockets 
injected into either the pleural space (red circles) or the gastrointestinal 
tract (blue squares) of dogs during the inhalation of a 25% O2/75% 
N2O gas mixture is shown. Air pockets in stomach, small intestine, 
and colon expand more slowly than those in a pneumothorax do. GI, 
Gastrointestinal. (Data are approximations from Eger EI II, Saidman LJ: 
Hazards of nitrous oxide anesthesia in bowel obstruction and pneumotho-
rax, Anesthesiology 26:61-66, 1965.)
MAC-awake for N2O (0.71 atm at 40 years old) is near 
typical inhaled concentrations during general anesthe-
sia; therefore, elimination of only a small fraction of this 
drug is associated with return to consciousness. This is 
also why N2O as the sole hypnotic drug is associated with 
a high risk of intraoperative awareness, which can be pre-
vented by using a balanced gas mixture of N2O together 
with end-tidal concentrations of approximately 1 × MAC-
awake of a second potent inhaled anesthetic.

Body composition has an increasing effect as the length 
of anesthetic exposure increases, especially for highly solu-
ble anesthetics. Compared with standard models, patients 
with increased muscle or fat have larger volumes of anes-
thetic drug distribution over time, resulting in slower clear-
ance rates.55 One important difference between anesthetic 
uptake and clearance is that although overpressure can be 
used to hasten uptake and induction of anesthesia, the 
vaporizer setting cannot be set to less than zero. Thus, the 
most readily modifiable factors to affect the rate of anes-
thetic clearance are fresh gas flow and minute ventilation.

Context Sensitive Recovery from Anesthesia
Although the concept of context-sensitive half-time is 
typically applied to continuously infused intravenous 
drugs that distribute among multiple pharmacokinetic 
compartments, the concept also applies to inhaled anes-
thetics.56 After a short period of inhalation and uptake, 
anesthetic clearance from blood is rapid through both 
exhalation and distribution to muscle and other tissues. 
As a result, Palv decreases rapidly to a low value after dis-
continuing anesthetic delivery. After prolonged periods 
of inhalation and uptake, the anesthetic partial pres-
sures in muscle and other compartments increase closer 
to that in blood, reducing the contribution of distribu-
tive clearance. Instead, clearance from the central blood 
compartment is slowed by the reverse flow of anesthetic 
from the high-capacity tissues. Thus, in comparison with 
a short period of inhalation, prolonged inhaled anes-
thesia is followed by a smaller initial decrease in Palv 
and a more pronounced slow clearance phase, resulting 
in slower recovery from anesthesia (Fig. 26-13). As with 
other factors, context sensitivity is exaggerated in highly 
soluble anesthetics, and it has less impact with anesthet-
ics that display low blood and tissue solubilities.57 The 
relative advantage of low blood solubility anesthetics 
increases with the duration of anesthesia. There is only 
a small difference (2.5 minutes) between predicted times 
to awakening after a short anesthetic with isoflurane ver-
sus desflurane, but significantly faster awakening can be 
achieved using the low-solubility drug for long cases.

Percutaneous and Visceral Anesthetic Loss
Aside from pulmonary exchange, some portion of inhaled 
anesthetics is lost by diffusion through other large area 
interfaces between the body and surrounding air. The 
skin surface area of an average human is approximately 
2 m2, and blood flow through skin during general anes-
thesia may be substantial because of inhibition of nor-
mal thermoregulatory vasoconstriction.30 Nonetheless, 
transcutaneous losses of general anesthetics probably 
contribute negligibly to their clearance.58,59 During open 
abdominal or thoracic surgery, visceral surfaces are also 
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Figure 26-13. Inhaled anesthetic washout and time to awakening depends on duration of anesthesia. The panels depict model calculations of 
Palv and PCNS normalized to MAC during washout at 10 L/min FGF following anesthesia at approximately 1.2 × MAC-immobility for 30 minutes 
(solid lines) or 4 hours (dashed lines). The MAC-awake (approximately 0.34 × MAC-immobility) is shown to indicate the threshold below which 
typical patients regain perceptive awareness after general anesthesia. Although Palv drops earlier than PCNS, the clinically relevant endpoint (return 
of consciousness) is predicted when PCNS falls below MAC-awake. A, Washout using a pharmacokinetic model for isoflurane (orange is Palv,  
purple is PCNS). The 30-minute isoflurane uptake was 990 mL of vapor, and the 4-hour isoflurane uptake was 3420 mL of vapor. Prolonged anes-
thesia with isoflurane dramatically increases the time required to wash out sufficient drug to achieve awakening. After a 30-minute anesthetic, 
PCNS drops to MAC-awake in 9 minutes, whereas it takes more than 20 minutes of wash-out to reach the same PCNS following a 4-hour anesthetic.  
B, Washout using a desflurane model (blue is Palv, green is PCNS). The 30-minute desflurane uptake was 1530 mL of vapor, and the 4-hour desflu-
rane uptake was 4600 mL of vapor. The predicted times to awakening (5.2 versus 6.3 minutes) are much closer following different durations of 
desflurane anesthesia, because of its low blood solubility. Clinical studies demonstrate that emergence and recovery (time to extubation) following 
isoflurane anesthesia nearly doubles when exposure increases from 20 minutes to 75 minutes, while extubation is achieved in less than 10 minutes 
following desflurane anesthesia from 20 to 100 minutes’ duration. Palv, Alveolar anesthetic partial pressure; PCNS, partial pressure in the central 
nervous system; CO, Cardiac output; FGF, fresh gas flow; MAC, minimum alveolar concentration; MV, minute ventilation; Palv, alveolar anesthetic 
partial pressure; PCNS, partial pressure in the central nervous system; PMV, anesthetic partial pressure in mixed venous blood.
directly exposed to air, and under these circumstances, 
anesthetic losses via direct transfer and air movements 
are larger than those via skin, but are still a small fraction 
of total clearance.60

Effect of the Anesthetic Circuit
As mentioned earlier, circuit components, including 
tubing, connectors, manual ventilation bag, and CO2- 
absorbent material, absorb inhaled anesthetics, effectively 
creating another compartment that fills while anesthetic 
is flowing and needs to be emptied during washout.19 
Low-level release of anesthetic gases from these compo-
nents can continue for a considerable time.

Clearance via Metabolism of Anesthetics
Metabolism of inhaled anesthetics in tissues, particularly 
liver, contributes to a variable degree to drug clearance. 
Metabolism of inhaled anesthetics is reviewed in detail in 
the second part of this chapter (see Metabolism and Tox-
icity). Methoxyflurane, a drug that is no longer in clinical 
use, and halothane, an older drug that is rarely used in 
the United States, are highly metabolized inhaled anes-
thetics. Methoxyflurane undergoes extensive metabolism 
in humans, with only 19% of an inhaled dose recovered 
in exhaled gases.61 Approximately 20% to 25% of inhaled 
halothane is metabolized through biotransformation 
in the liver. A high rate of metabolism will reduce the 
anesthetic partial pressure in tissues, resulting in reduced 
PMV and increased rates of overall anesthetic clearance. 
Tissue-dependent breakdown contributes less to clear-
ance of newer inhaled anesthetics.

Additional Considerations and Possibilities
Modern inhaled anesthetics such as sevoflurane and 
desflurane have low blood solubility, and therefore pro-
vide a distinct advantage for both anesthetic induction 
and recovery from anesthesia. However, they present no 
advantage over older drugs such as isoflurane for mainte-
nance of anesthesia during long cases. What if anesthesia 
is induced with one drug, followed by a switch to isoflu-
rane during the maintenance period and then back to the 
more soluble drug, such as desflurane, for a period pre-
ceding emergence? This might allow for rapid induction 
and wake-up. Although a fast wake-up can be achieved 
by allowing sufficient time for near total washout of iso-
flurane and its replacement with desflurane, this type of 
crossover requires significant lead-time and high fresh gas 
flows. As an illustration, Neumann and colleagues62 com-
pared 2-hour anesthetics at 1.25 × MAC (2 L/min FGF) 
with isoflurane alone, desflurane alone, or isoflurane 
with a crossover to desflurane during the last half hour. 
Although subjects awoke faster with desflurane alone, the 
crossover strategy did not result in acceleration of wake-
up compared with isoflurane alone.



PART III: Anesthetic Pharmacology656

Diffusion Hypoxia
Diffusion hypoxia is an additional sequelae of rapid out-
gassing from the tissues of patients anesthetized with N2O. 
During the initial 5 to 10 minutes after discontinuation of 
anesthesia, the flow of N2O from blood into the alveoli can 
be several liters per minute, resulting in dilution of alveolar 
oxygen.63 Another effect of rapid outgassing is dilution of 
alveolar Pco2, which can also reduce respiratory drive.64 If 
the patient does not receive supplemental oxygen during 
this period, then the combined effects of respiratory depres-
sion from anesthesia, reduced alveolar Pco2, and reduced 
alveolar Po2 can result in hypoventilation and oxyhemo-
globin desaturation. This outcome is routinely avoided by 
providing supplemental O2 for the first 1 to 10 minutes 
of recovery, together with vigilant attention to respiration.

METABOLISM AND TOXICITY OF INHALED 
ANESTHETICS

This portion of the chapter focuses on adverse effects that 
are attributable to inhaled anesthetics, excluding most 
of the acutely reversible pharmacodynamic effects of 
inhaled anesthetics on various physiologic systems (see 
Chapters 27, 28, and 29).

The inhaled anesthetics are a unique group of drugs 
that can enter and leave the body unchanged through the 
lungs. Thus, chemical transformation of inhaled anes-
thetics is unrelated to their therapeutic activities, such as 
amnesia, hypnosis, and immobilization. Nonetheless, the 
carbon-halogen and other bonds of volatile alkanes and 
ethers can break down under certain conditions: biotrans-
formation by enzymes in various tissues, reactions with 
strong bases in CO2 adsorbents, and exposure to ultravio-
let radiation in the environment. Anesthetic breakdown 
resulting from decomposition in tissues or the breathing 
circuit can produce toxic reactive intermediates, which 
in sufficient amounts can harm patients directly or indi-
rectly. N2O gas is not biotransformed but selectively reacts 
with and inactivates vitamin B12 and perturbs B12-depen-
dent biochemical pathways. The breakdown of waste 
anesthetics in the atmosphere also has potential envi-
ronmental and health consequences. There are potential 
long-term neurotoxic effects of anesthetic exposure that 
are not associated with chemical breakdown.

BIOTRANSFORMATION OF INHALED 
ANESTHETICS

The extent and location of inhaled anesthetic metabolism 
depends on multiple chemical factors. Inhaled anesthetics 
undergo varying degrees of biotransformation (Table 26-3) 
in various tissues. Methoxyflurane undergoes by far the 
greatest metabolism, estimated at 70%, and experiments 
indicate that only a small fraction of drug taken up into 
body tissues is exhaled.61 Given the remarkable lipophilicity 
of methoxyflurane, respiratory clearance of this drug from 
muscle and fat extends over a period of days (see Tables 26-1 
and 26-2). Halothane is the next most lipophilic drug and 
ranks second in metabolic clearance (see Table 26-3). Thus, 
prolonged residence in body tissues is an important fac-
tor in biotransformation of inhaled anesthetics. Chemical 
stability is another important factor. Isoflurane is an iso-
mer of enflurane, and the two drugs display comparable 
respiratory uptake, distribution, and respiratory clearance. 
Nonetheless, isoflurane is metabolized only one tenth as 
much as enflurane. Although sevoflurane and desflurane 
represent another pair of anesthetics, both characterized by 
rapid uptake, distribution, and respiratory clearance, 5% of 
sevoflurane is biotransformed versus 0.02% of desflurane.

Of the major organs involved in anesthetic biotransfor-
mation, the liver and kidneys are exposed to the highest 
metabolite concentrations and thus are most susceptible 
to damage from toxic metabolites. Clinically significant 
hepatotoxicity is primarily associated with exposure 
to halothane, and nephrotoxicity is associated with 
methoxyflurane.90 Investigations into the mechanisms of 
these toxicities have influenced drug development and 
provided important insights into human toxicology.91

Biotransformation in Liver
The liver is the major site of metabolism for most drugs, par-
ticularly lipophilic drugs, which typically are transformed 
into hydrophilic metabolites that are more readily excreted. 
The liver is large and contains high concentrations of many 
drug-metabolizing enzymes. Other organs that contribute to 
drug metabolism and clearance include the gastrointestinal 
tract, kidneys, and the lungs.92,93 Drug biotransformation 
reactions include oxidation, hydrolysis, and conjugation. 
A single drug can be transformed into several metabolites, 
depending on the relative rates of various enzyme reac-
tions, the drug concentration in different tissues expressing 
relevant enzymes, competition at enzyme sites with other 
drugs or endogenous substances, and other factors. Oxida-
tion and hydrolysis are also known as phase 1 reactions, and 
they result in introduction or exposure of a polar group on 
the drug. The phase 1 enzymes that metabolize inhaled 
anesthetics in the liver are various cytochrome P450 (CYP) 
isoforms in the endoplasmic reticulum of hepatocytes. 
These enzymes catalyze oxidation reactions, such as deha-
logenation, N- and O-dealkylation, N- and S-oxidation, and 
deamination. These reactions require oxygen and reduced 
nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent cytochrome P450 reductase as cofactors. Under 
hypoxic conditions, some P450 enzymes can also catalyze 
reductive reactions. More than 50 CYP isoforms are active 
in humans, and CYP3A4 and CYP3A5 are the most abun-
dant. Conjugations are also known as phase 2 reactions, and 
they often append highly polar groups such as glucuronic 
acid, sulfate, or glycine to polar groups on phase 1 metabo-
lites. The resulting hydrophilic products are readily excreted 
in urine via the kidneys or in bile via the gastrointestinal 
tract. N-Acetylation reactions are an exception that result in 
metabolites that are less water soluble than the parent drug.

Many factors affect hepatic drug metabolism, including 
concomitant drugs, disease, age, and genetics.57 Induction 
and inhibition of enzymes are associated with exposure 
to certain drugs or other exogenous substances. Induc-
tion of specific CYP isoforms is a gene-mediated response 
to chronic exposure to substrates of the enzyme, resulting 
in accelerated enzyme production or slowed turnover. For 
example, phenobarbital use results in increased production 
of CYP3A4 and NADPH-cytochrome P450 reductase, lead-
ing to dramatically increased metabolism of all CYP3A4 
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TABLE 26-3 METABOLISM OF HALOGENATED VOLATILE ANESTHETICS 

Anesthetic Halothane Methoxyflurane Enflurane Isoflurane Desflurane Sevoflurane

Extent of tissue 
metabolism (%)

25 70 2.5 0.2 0.02 5

Oxidating enzymes CYP2E1, 
CYP2A6

CYP2E1, CYP1A2, 
2C9/10, 2D6

CYP2E1 CYP2E1 CYP2E1 CYP2E1

Oxidative metabolites F3C-COOH, 
HBr, HCl

H3C-O-CF2-COOH,
HCl2C-COOH,

HOOC-COOH, HF, HCl

HF2C-O-CF2-
COOH,

HCl, HF

HF2C-O-CO-CF3, 
F3C-COOH, 

CF2HOH, HCl

HF2C-O-
CO-CF3, 

F3C-COOH, 
CF2HOH, HF

HO-CH(CF3)2, 
HF

Trifuoroacetylated 
hepatocellular 
proteins

+++++ n/a ++ + + none

Reducing enzymes CYP2A6, 
CYP3A4

n/a n/a n/a n/a

Reductive metabolites F–, Br–

F2C = CHCl
F3C-CH2Cl

— — — — —

Tissue toxicities Hepatic Renal, hepatic Renal, hepatic Hepatic Hepatic Hepatic
Fulminant hepatitis 

incidence
1:20,000 Reported, incidence 

unknown
1:300,000 Rare Rare Few case reports

References 65-69 70-73 74-78 75, 79-81 82-85 71, 86-89

From Kharasch ED: Adverse drug reactions with halogenated anesthetics, Clin Pharmacol Ther 84:158-162, 2008.
The plus signs indicate relative degree of protein modification.
substrates. Enhanced metabolism can reduce drug efficacy 
(and therefore is one mechanism of drug tolerance) or, 
in cases of pro-drug transformation to active metabolites, 
increase efficacy. If metabolites are toxic, as is the case with 
volatile anesthetics, enhanced metabolism may increase 
toxicity. Conversely, CYP inhibition leads to enhanced 
activity of parent drugs and reduced metabolite effects. CYP 
enzyme inhibition is associated with hepatic disease and 
exposure to certain substances. An important example is 
CYP3A4 inhibition by grapefruit juice.94 Regarding volatile 
anesthetics, the major oxidative enzyme CYP2E1 is induc-
ible by ethanol and isoniazid and is inhibited by disulfi-
ram.95 Diseases such as hepatitis, various cirrhotic diseases, 
and hepatocarcinoma can also reduce enzymatic activity, 
as can cardiac failure with reduced hepatic perfusion.

Neonates have different dominant CYP isoforms com-
pared with adults (see Chapters 93 and 94). Impaired 
hepatic metabolism is common in premature and full-term 
infants, notably in bilirubin glucuronidation, leading to 
hyperbilirubinemia of the newborn.96,97 Pharmacogenom-
ics is a growing area of pharmacologic research that has 
linked variable drug metabolism to genetic variability. A 
well-established example in anesthesiology is homozygous 
inheritance of atypical butyrylcholinesterase, resulting in 
slow hydrolysis of succinylcholine.98 Genetic variations in 
CYP2D6 have clarified the basis for widely varying effica-
cies and toxicities of codeine, metoprolol, nortriptyline, 
dextromethorphan, and other substrate drugs.99

Hepatic CYP2E1 is particularly important in the oxida-
tive metabolism of halogenated inhaled anesthetics (see 
Table 26-3). Under conditions of hypoxia or decreased 
blood flow, or in liver regions of low Po2, CYP2A6 and 
CYP3A4 catalyze the breakdown of volatile anesthetics via 
reductive pathways. Halothane metabolism is primarily 
oxidative, and under normal conditions, approximately 
1% of halothane undergoes reductive metabolism. Oxida-
tive metabolism of halothane results in release of chloride 

n/a, The specific enzymes are not identified in these cases.
and bromide ions, resulting in trifluoroacetyl chloride, 
which reacts with water to form trifluoroacetic acid (Fig. 
26-14). Reductive metabolism of halothane results ini-
tially in loss of bromide, and the intermediate either reacts 
with a hydrogen donor to form 2-chloro-1,1,1-trifluoro-
ethane or captures an electron, further reducing the car-
bon-carbon bond to form 2-chloro-1,1-difluoroethylene  
(see Fig. 26-14). Halothane reduces hepatic blood flow and 
can cause hepatocellular hypoxia in some regions in the 
liver, potentially leading to an increase in its reductive 
metabolism.90 All the ether anesthetics undergo similar 
oxidative metabolism catalyzed by CYP2E1 (see Table 26-3, 
Fig. 26-15). Oxidative metabolism of these drugs results in 
the release of fluoride (F–) and chloride (Cl–) ions and the 
formation of reactive intermediates that react with water to 
form carboxylic acids. Isoflurane and desflurane both pro-
duce trifluoroacetic acid, whereas enflurane forms 2-diflu-
oromethoxy-2,2-difluoroacetic acid. Oxidative metabolism 
of methoxyflurane can follow several paths, releasing Cl– or 
F– in sequential steps and producing methoxy-difluoroace-
tic acid, dichloroacetic acid, and acetic acid (see Table 26-3).

Halothane Hepatotoxicity
The first modern halogenated volatile anesthetic, halo-
thane, was introduced in 1955. Clinical exposure to hal-
othane is associated with two distinct types of hepatic 
injury.100,69,101 Subclinical hepatotoxicity occurs in 20% 
of adults who receive halothane. It is characterized by 
mild postoperative elevations in alanine aminotransfer-
ase and aspartate aminotransferase, but is reversible and 
innocuous. Anaerobic halothane reduction by CYP2A6 to 
a 2-chloro-1,1,1-trifluoroethyl radical (see Fig. 26-14) is 
thought to mediate this mild hepatic injury.65 The ful-
minant form of hepatotoxicity, commonly known as 
halothane hepatitis, is characterized by elevated alanine 
aminotransferase, aspartate aminotransferase, bilirubin, 
and alkaline phosphatase levels, and massive hepatic 
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necrosis following the administration of halothane. Hal-
othane hepatitis is rare (1 in 5000 to 35,000 administra-
tions in adults), but is fatal in 50% to 75% of these cases. 
Because of the potential for fatal hepatitis, halothane is 
no longer used in adult patients in many countries.

Halothane hepatitis is caused by a hypersensitivity 
reaction associated with oxidative metabolism of halo-
thane. The highly reactive trifluoroacetyl chloride metab-
olite of halothane oxidation can react with nearby liver 
proteins (see Table 26-3). In most patients who developed 
hepatic necrosis after halothane anesthesia, antibodies 
against TFA-modified proteins were detected, suggesting 
that the hepatic damage is linked to an immune response 
against the modified protein, which acts as a neoantigen 
(see Figure 26-16). Accordingly, patients who develop 
halothane hepatitis often have a history of prior expo-
sures to halothane or other volatile anesthetics, together 
with symptoms suggestive of immune reactivity, such 
as fever, rash, arthralgia, and eosinophilia.66 A current 
hypothesis is that TFA-protein adducts induce a cytotoxic 
T cell reaction in sensitized individuals, which leads to 
liver damage.69 However, the immune responses observed 
in halothane hepatitis might not mediate liver injury.

Hepatotoxicity and massive hepatic necrosis has 
occurred after halothane anesthesia in pediatrics (see 
Chapter 93). However, two large retrospective studies have 
demonstrated that the clinical syndrome of halothane 
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hepatitis is even more rare in the pediatric population (1 
in 80,000 to 200,000) than in adults.102-104 Halothane is 
metabolized to a similar degree in adults and children. 
The children are immune competent from birth. Pediat-
ric cases of halothane hepatitis are also associated with 
multiple anesthetic exposures, suggesting a mechanism 
similar to that in adults. Why the incidence of halothane 
hepatitis is more frequent in the adult population is not 
known.

Other volatile anesthetics including enflurane, iso-
flurane, and desflurane have also been associated with 
fulminant hepatic necrosis,82,105-109 but compared with 
halothane, the incidence of this potentially fatal toxic-
ity is rare after administration of these newer volatile 
anesthetics. The mechanism of severe hepatitis follow-
ing enflurane, isoflurane, and desflurane may be the 
same as for halothane, because all these drugs are oxida-
tively metabolized to highly reactive intermediates that 
can covalently modify hepatic proteins (Fig. 26-16). As 
with halothane, case investigations usually reveal that 
patients have had prior exposure to volatile anesthet-
ics, and antibodies to modified hepatic proteins can be 
detected. The extremely infrequent incidence of severe 
hepatitis for modern volatile anesthetics is likely due to 
their lower degree of oxidative metabolism and subse-
quent immune sensitization. In fact, hepatitis was also 
commonly reported soon after introduction of methoxy-
flurane, another highly metabolized anesthetic that is 
metabolized to highly reactive acidic intermediates.70,110 
Unlike all other volatile anesthetics, sevoflurane is oxi-
dized at the fluoromethoxy C-H bond and forms hexa-
fluoroisopropanol and inorganic F− (see Table 26-3; Fig. 
26-17).111,112 Hexafluoroisopropanol is relatively stable, 
and modified liver proteins are not formed after sevoflu-
rane anesthesia. Cases of hepatitis and rapid death after 
sevoflurane anesthesia have been reported, but there was 
no evidence of an immune-mediated mechanism.86

Biotransformation in Kidneys
The kidneys are large organs that receive high blood flow. 
Renal physiologic activities include glomerular filtration 
of water-soluble metabolites, reabsorption of water and 
essential metabolites, urinary excretion of waste, and reg-
ulation of hormones involved in vascular tone (renin) and 
water balance (aldosterone). The kidneys clear most of 
the water-soluble metabolites resulting from biotransfor-
mation of inhaled anesthetics. Kidneys also contain CYP 
enzymes, including CYP2E1, that catalyze both phase 1 
and phase 2 reactions and are therefore additional sites 
where inhaled anesthetic metabolism occurs. As in the 
liver, various CYPs in renal parenchyma can undergo 
induction or inhibition by exogenous substances.113-116

Fluoride-Associated Nephrotoxicity
The first modern halogenated ether anesthetic, methoxy-
flurane, was introduced in 1959. Methoxyflurane causes 
polyuric renal insufficiency, and it is no longer used in 
clinical practice.117 The nephrotoxic effect of methoxyflu-
rane is attributed to inorganic fluoride (F−) released during 
its metabolism. Investigations have provided significant 
insights into potential nephrotoxic mechanisms by fluori-
nated volatile anesthetics and have influenced the develop-
ment of subsequent halogenated anesthetic agents.
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which on subsequent exposure to anesthetic results in hepatocellular 
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liver proteins: association between protein acylation and liver injury, 
Anesth Analg 84:173-178, 1997.)
Absorbed methoxyflurane undergoes extensive biotrans-
formation,61 including cytochrome-catalyzed oxidation 
that releases inorganic fluoride ions (F−) into blood. Ani-
mal studies provide clear evidence of the nephrotoxicity 
of methoxyflurane, which includes a strong relationship 
between methoxyflurane dose and renal injury,118 increased 
nephrotoxicity with induction of CYP enzymes,119,120 and 
decreased nephrotoxicity with inhibition of methoxyflu-
rane metabolism.75,121 Clinical data further indicate that 
severity of nephrotoxicity and mortality are associated with 
high plasma fluoride concentrations after methoxyflurane 
anesthesia.122,123 Patients with serum inorganic fluoride lev-
els below 50 μM had no evidence of renal injury, whereas 
patients with post-methoxyflurane serum F− greater 
than 50 μM suffered high rates of renal dysfunction and 
increased mortality.72,124 Moreover, serum F− concentra-
tions were significantly higher after the administration of 
methoxyflurane than with other halogenated volatile anes-
thetics, which are not associated with nephrotoxicity (Fig. 
26-18). Inorganic fluoride released during methoxyflurane 
metabolism likely causes renal injury, and the nephrotoxic 
threshold for plasma F− is approximately 50 μM. Individ-
ual variability among patients in the degree of apparent 
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renal injury after methoxyflurane exposure was observed. 
Genetic heterogeneity, drug interactions, and preexisting 
renal disease probably account for these differences.

Since the introduction of methoxyflurane, all prospective 
halogenated anesthetic drugs have been extensively tested 
experimentally and clinically for their degree of defluorina-
tion and the resulting serum F− concentrations. However, 
experience with newer drugs, particularly with sevoflurane, 
has caused investigators to reexamine the classical fluo-
ride-induced nephrotoxicity hypothesis. Sevoflurane was 
initially synthesized in the 1970s, but because of its rela-
tively large defluorination rate (2% to 5%), its introduction 
into clinical practice was delayed. It was first used widely 
in Japan in 1990. Subsequent clinical studies demonstrated 
no clinically significant nephrotoxicity after the administra-
tion of sevoflurane, even when high peak F− concentrations 
greater than 50 μM were confirmed.111 Typical peak fluoride 
concentrations after 2 to 3 MAC-hours of sevoflurane anes-
thesia are 20 to 30 μM, and less than 5 μM after isoflurane 
and desflurane (see Fig. 26-18). Enflurane metabolism also 
often results in peak F− concentrations greater than 20 μM. 
Isoflurane and desflurane are metabolized minimally, and 
they produce lower plasma fluoride concentrations. How-
ever, none of these anesthetics is associated with clinically 
significant renal toxicity, suggesting that methoxyflurane 
is unique in its ability to harm kidneys. One difference 
between methoxyflurane and the current volatile anesthet-
ics is its extreme lipophilicity and extremely long residence 
time in tissues. This results in prolonged elevated F− con-
centrations in blood (see Fig. 26-18), suggesting that the 
length of F− exposure is a key risk factor. However, pro-
longed, moderate increases of plasma fluoride (25 to 38 μM) 
during several days of isoflurane anesthesia have occurred 
without adverse renal effects.125,126 Thus, neither the peak 
level nor the duration of high plasma fluoride concentra-
tion entirely explains the nephrotoxic effects by the haloge-
nated anesthetics. It is also not clear whether the integrated 
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concentration multiplied by time exposure to inorganic F– 
represents the key risk factor; however, methoxyflurane is 
metabolized significantly within kidney parenchyma, pro-
ducing high intrarenal inorganic fluoride concentrations 
(likely much higher than those measured in blood), which 
are proposed to cause renal injury.71,73 Thus, compared with 
methoxyflurane, the absence of renal toxicity with current 
volatile anesthetics likely derives from a combination of fac-
tors: (1) their lower tissue solubilities, particularly in kidney 
(see Table 26-2), resulting in lower intrarenal fluoride pro-
duction; (2) lower rates of biotransformation; and (3) more 
rapid respiratory clearance from the body.

ANESTHETIC DEGRADATION IN CARBON 
DIOXIDE ABSORBENTS

Sevoflurane, Compound A, and Renal Toxicity
Halogenated anesthetics can undergo chemical break-
down while interacting with CO2 absorbents that con-
tain strong bases such as sodium hydroxide (NaOH) and 
potassium hydroxide (KOH), which are present in soda 
lime and Baralyme.127 Strong bases extract a proton from 
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serum F– concentrations. Only methoxyflurane is associated with fluo-
ride-associated renal toxicity. MAC, minimum alveolar concentration.
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the isopropyl group of sevoflurane, primarily forming a 
haloalkene (fluoromethyl-2,2-difluoro-1-[trifluoromethyl] 
vinyl ether), known as compound A (Fig. 26-19). Com-
pound A is volatile and can be absorbed via alveolar 
gas exchange. Compound A exposure is nephrotoxic in 
laboratory animals, causing proximal tubular necrosis 
and, with sufficient exposure, death. In rats, renal injury 
is observed with cumulative exposure to compound A 
above 150 parts per million (ppm)-hours (e.g., 50 ppm 
inhalation for 3 hours).128,129 Moderately severe but 
reversible histopathologic damage was found in rats after 
200 ppm-hour exposure, associated with increased blood 
urea nitrogen (BUN), creatinine, and other measures of 
renal damage. Compound A exposure greater than 1000 
ppm-hours is lethal in half of exposed rats.

Patients given sevoflurane anesthesia are routinely 
exposed to compound A in rebreathing circuits, and the 
inhaled concentration is dependent on the fresh gas flow 
rate and the type of CO2 absorbent present. Fresh gas 
flows of 1 L/min result in maximal compound A concen-
trations of approximately 20 ppm with soda lime and 
30 ppm with Baralyme.130 Higher FGF rates result in a 
smaller accumulation of compound A in the breathing 
circuit. However, compound A exposure is not associated 
with clinically significant nephrotoxicity in humans. 
There is no threshold exposure level known to cause 
more than subclinical renal damage. Numerous stud-
ies in which human subjects or patients were exposed 
to greater than 200 ppm-hours of compound A have 
reported that clinical measures of renal function (BUN, 
creatinine, urinary protein or glucose, and urine concen-
trating ability) and laboratory tests for subtle renal dam-
age (N-acetyl-β-glucoaminidase, alanine aminopeptidase, 
γ-GTP, and β2-microglobulin) remain unchanged.74,131-134 
Kharasch and colleagues135 compared the effects of low-
flow sevoflurane and isoflurane anesthesia in patients 
with stable renal insufficiency and found no significant 
difference in postoperative renal function tests. Other 
studies have reported normal BUN and creatinine, but 
transient reversible abnormalities in other renal function 
test values following prolonged sevoflurane anesthesia 
at low FGF (>330 ppm/hr compound A exposure in one 
study).136-139

The evidence of nephrotoxicity in rats compared with 
the remarkably benign results in humans suggests that 
mechanisms of sevoflurane metabolism and toxicity dif-
fer between these species. The difference in the nephro-
toxic effects of compound A between humans and rats 
may be attributed to the doses of compound A, interspe-
cies differences in metabolic toxification, and sensitivity 
of the proximal tubular cells to compound A cytotoxic-
ity.90 Detailed studies show that in rats, compound A 
undergoes S-conjugation to cysteine, and that the result-
ing cysteine conjugate is metabolized by renal β-lyase 
to form a reactive thionoacyl fluoride intermediate that 
acylates proteins and has been proposed to mediate the 
nephrotoxic effect127,140 (see Fig. 26-19). Human kidneys 
have far lower β-lyase activity than rat kidneys, account-
ing for the differential toxicity of compound A in the 
two species. Inhibition of β-lyase using aminooxy-acetic 
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TABLE 26-4 COMPOSITION OF BASE CHEMICALS AND WATER CONTENT OF CARBON DIOXIDE ABSORBENTS* 

CO2 Absorbent Ca(OH)2 (%) Ba(OH)2 (%) KOH (%) NaOH (%) LiOH (%) H2O (%)

Baralyme† 70 10 4.6 — — 14
Sodalime I 80 — 2.6 1.3 — 15
Sodasorb 90 — 0.0005 3.8 — 16
Drägersorb 800 plus 82 — 0.003 2.0 — 16
Sodalime II, Medisorb 81 — 0.003 2.6 — 16
Spherasorb 84.5 — 0.003 1.5 — 14
Amsorb 83.2 — — — — 14.4
LofloSorb 84 — — — — 16
Superia 79.5 — — — — 17.5
Lithium hydroxide — — — — 99 1

Data from Keijzer C, Perez RSGM, De Lange JJ: Compound A and carbon monoxide production from sevoflurane and seven different types of carbon dioxide 
absorbent in a patient model, Acta Anaesthesiol Scand 51:31-37, 2007; and Kharasch ED, Powers KM, Artru AA: Comparison of Amsorb, sodalime, and 
Baralyme degradation of volatile anesthetics and formation of carbon monoxide and compound a in swine in vivo, Anesthesiology 96:173-182, 2002.

*Various absorbents also contain other components, such as polyvinylpyrrolidine, calcium chloride, calcium sulfate, magnesium chloride, and aluminosilicate.
†Baralyme was withdrawn from the market in 2004.
acid (AOAA) protects rats from compound A nephrotox-
icity,141 whereas others have found no protective effect 
of AOAA or other inhibitors in the proposed pathway.142 
Alternative mechanisms underlying compound A toxicity 
have been proposed, including formation of reactive sulf-
oxides catalyzed by CYP3A isozymes,143 which are also 
more active in rat than in human kidneys.

Although the mechanism underlying compound A 
toxicity in experimental animals remains uncertain, the 
clinical data are reassuring concerning the lack of signifi-
cant sevoflurane nephrotoxicity in humans. Compound 
A exposure can be limited by careful selection of fresh 
gas flows, vaporizer output, and CO2 absorbent materi-
als. The use of 2 L/min fresh gas flows ensures that for the 
vast majority of patients, exposure to compound A will 
be below the most conservative threshold for nephrotox-
icity. Although clinical studies indicate that sevoflurane 
is most likely safe even in patients with preexisting renal 
dysfunction, the drug should be administered in accor-
dance with the approved package labeling guidelines.

Like sevoflurane, halothane degrades in the presence 
of CO2 absorbents to form a reactive intermediate, bro-
mochlorodifluoroethylene (BCDFE),127 which has also 
been investigated as a possible nephrotoxin. Eger and 
colleagues144 found that in comparison with compound 
A, BCDFE accumulates twentyfold to fortyfold less in 
breathing circuits and is fourfold less reactive.144 Thus, 
the risk of BCDFE nephrotoxicity is negligible.

Carbon Monoxide and Heat
In the presence of strong bases in dry CO2 absorbents 
(water content < 5%), some halogenated volatile anes-
thetics undergo degradation, resulting in the formation 
of CO, trifluoromethane (CF3H), and hydrogen fluoride 
(HF).127 The factors that determine the amount of CO 
produced include the chemical makeup of CO2 adsorbent 
(KOH > NaOH >> Ba(OH)2, Ca(OH)2), dryness of the adsor-
bent material, the concentration of volatile agent, and 
its chemical structure.145 Baralyme contains 4.6% KOH, 
whereas soda lime contains 2.5% KOH and 1.5% NaOH 
and reacts less vigorously with halogenated anesthet-
ics. The relatively weak bases Ba(OH)2 and Ca(OH)2 are 
other major constituents in CO2 absorbents, and do not 
catalyze CO formation (Table 26-4). The anesthetics that 
contain a difluoromethyl group (difluoromethyl-ethyl 
ethers) are most susceptible to this degradation and for 
this group CO production correlates with anesthetic con-
centration in the breathing circuit (desflurane > enflurane 
> isoflurane)146 (Fig. 26-20). Sevoflurane, methoxyflurane, 
and halothane also degrade in the presence of strong 
bases, but do not produce CO. Production of CO appears 
to require nearly complete desiccation (i.e., removal of 
absorbent moisture) of the CO2 absorbent, and typically 
occurs after high flow flushing of the breathing circuit 
for 1 to 2 days. Soda lime contains 15% water by weight, 
and Baralyme contains 13% water by weight (see Table 
26-4). CO production is observed when water content of 
soda lime or Baralyme falls below 1.4% and 5%, respec-
tively.147 High ambient temperatures also accelerate des-
iccation of CO2 absorbent materials and may increase the 
rate of CO producing reactions. As noted with compound 
A, CO accumulation in the breathing circuit is inversely 
related to the fresh gas flow.

Anesthetic degradation in the breathing circuit has 
resulted in CO poisoning during clinical anesthesia.148,149 
CO has 250-fold greater affinity for hemoglobin than O2 
does; therefore, the formation of carboxyhemoglobin 
reduces blood oxygen carrying capacity and tissue oxy-
gen delivery, and is difficult to reverse. The detrimental 
effects and signs of CO toxicity are well known; how-
ever, with general anesthesia, signs of patient exposure 
to CO are masked, and hypoxia may be difficult to detect, 
because some pulse oximetry equipment cannot distin-
guish between carboxyhemoglobin and oxyhemoglobin.

The degradation of volatile anesthetics by bases in CO2 
absorbents is an exothermic reaction that results in the 
production of heat. Sevoflurane produces the most heat 
production when it is used with desiccated CO2 absor-
bent. The absorbent canister and anesthetic circuit can 
reach extremely high temperatures, which can lead to 
explosion or fire, or both (see Chapter 109).150,151

Current recommendations to minimize anesthetic 
degradation to CO and heat include machine mainte-
nance measures to avoid desiccation of CO2 absorbent 
and the use of absorbents that contain less KOH and 
NaOH. Newer CO2 absorbents (see Table 26-4) contain 
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little or no strong base and do not degrade volatile anes-
thetics, regardless of hydration status.130,152,153 The use 
of the newer CO2 absorbents also reduces production of 
compound A during sevoflurane anesthesia.154-156

NITROUS OXIDE, VITAMIN B12, AND 
HOMOCYSTEINE

N2O is unique among anesthetics in irreversibly inhibiting 
cobalamins (vitamin B12) by oxidizing the Co (I) ligand. 
Cobalamins are ingested or produced by bacteria in the 
gut, and they are critical cofactors together with 5-methyl-
tetrahydrofolate in the activity of methionine synthase 
(Fig. 26-21). Methionine synthase catalyzes methylation 
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of homocysteine to methionine, while also demethylat-
ing 5-methlytetrahydrofolate to produce tetrahydrofo-
late. Methionine, converted to S- adenosylmethionine, is 
the major substrate for methylation in biochemical path-
ways involved in the synthesis of DNA, RNA, myelin, and 
catecholamines.157 Chronic vitamin B12 deficiency (as in 
pernicious anemia) results in hematologic and neurologic 
dysfunction. Long-term N2O exposure, typically among 
individuals who frequently inhale it as a recreational 
drug, can also cause megaloblastic anemia, myelopathy, 
neuropathy, and encephalopathy, sometimes presenting 
as psychosis.79,158,159 Risk factors that increase susceptibil-
ity to N2O toxicity include pernicious anemia or other 
gastrointestinal malabsorption syndromes, extremes of 
age, alcoholism, malnutrition, a strict vegetarian diet, 
and inborn deficiencies in cobalamin or tetrahydrofo-
late metabolism.79 Inhibitors of folate metabolism, such 
as methotrexate, can also enhance sensitivity to N2O 
toxicity.160

In healthy surgical patients, megaloblastic changes in 
the bone marrow are rare, and reported only after a pro-
longed period of exposure (>12 hours) to N2O. However, 
in seriously ill patients or those with risk factors noted 
earlier, shorter (or repetitive) periods of N2O exposure 
can lead to significant subacute pathology. Megaloblastic 
bone marrow changes can be induced after a short period 
(2 to 6 hours) of N2O exposure.161 Vitamin B12 deficiency 
or reduced methionine synthase activity can also lead 
to subacute myelinopathy and neuropathy.162-165 A case 
highlighting the potential importance of inborn metabo-
lism was reported by Selzer and associates.166 In this case, 
a 4-month-old child developed an irreversibly and ulti-
mately fatal seizure disorder several weeks after receiv-
ing N2O during anesthesia. Autopsy revealed widespread 
brain atrophy and demyelination, and biochemical inves-
tigations revealed reduced methyltetrahydrofolate reduc-
tase (MTHFR) activity, which eventually were linked to 
several mutations in the gene encoding MTHFR.

Another consequence of reduced methionine syn-
thase activity is accumulation of its substrate, homocys-
teine (see Fig. 26-21). Homocystinuria caused by severe 
inborn deficiency of methionine synthase activity is 
associated with extremely increased blood homocyste-
ine levels, early atherosclerosis of coronary and cerebral 
arteries, and premature death.167 These observations led 
to the “homocysteine hypothesis,” which postulates that 
homocysteine stimulates inflammation and atheroscle-
rosis, and is a key modifiable factor in vascular morbid-
ity and mortality. Increased homocysteine levels are an 
independent risk factor for cardiac and cerebrovascular 
morbidity,168,169 but the association between homocyste-
ine levels and atherothrombotic disease is weak.170 More-
over, studies in which diet and vitamin supplementation 
were used to reduce homocysteine levels demonstrate 
improvement in some markers of vascular risk, but do 
not reduce the rate of myocardial infarction and athero-
sclerotic stroke.170,171 Thus, the importance of chronic, 
moderate increases in homocysteine to cardiovascular 
outcomes is tenuous, or perhaps only pertinent to limited 
patient populations.

Do the rapid increase of homocysteine levels dur-
ing N2O anesthesia influence the risk of cardiovascular 



PART III: Anesthetic Pharmacology664

Tetrahydro-
folate

Methionine

DNA
methylation

Homocysteine

DNA synthesis

5,10-Methylenyl
THF

Dietary
folate

5,10-Methylene
THF

5-Methyl
THF

Nitrous
oxide

Methionine
synthase

vitamin B12

10-Formyl
THF

Serine
dUMP

dTMP

Dihydro-
folate

Glycine

Dietary intake

Betaine
pathway

S-Adenosyl
homocysteine

S-Adenosyl
methionine

Folic
acid

CH3

Figure 26-21. Nitrous oxide inhibition of methionine synthase. Biochemical cycles involved in methylation reactions are shown. Methionine 
synthase (red) catalyzes methylation of homocysteine with 5-methyl tetrahydrofolate as the donor, producing methionine and tetrahydrofolate 
(THF). Both vitamin B12 and folate are essential cofactors for methionine synthase. Nitrous oxide (blue) inhibits methionine synthase by oxidizing 
the cobalt of cobalamin (vitamin B12). Methyl transfer pathways are important in synthesis of protein and DNA.
and neurovascular morbidity following surgery and 
anesthesia? Badner and colleagues172 reported that N2O 
administration significantly increased homocysteine lev-
els and increased myocardial risk in carotid endarterec-
tomy patients. The Evaluation of Nitrous Oxide in a Gas 
Mixture for Anaesthesia (ENIGMA) trial in over 2000 
patients reported that avoidance of N2O combined with 
increased inspired oxygen concentration during anesthe-
sia decreased the incidence of a variety of complications 
after major surgery but found no reduction in death, myo-
cardial infarction, stroke, or hospital length of stay.173 A 
follow-up study of the ENIGMA trial patients reported 
that those exposed to N2O for more than 2 hours were 
at increased risk (odds ratio, 1.6; 95% confidence inter-
val, 1.01 to 2.5) of myocardial infarction up to 5.7 years 
after enrollment (ENIGMA-II).174 No difference in rates 
of death or stroke were found. Unfortunately, diagnosis 
of myocardial infarction in ENIGMA-II was often based 
on data obtained in telephone interviews, rather than 
established diagnostic criteria. A recent post hoc study 
of 5133 enrollees in the Perioperative Ischemic Evalua-
tion (POISE) trial175 found no increase in rates of death, 
myocardial infarction, or stroke in approximately 1500 
patients who received N2O.

Homocysteine elevation following N2O inhalation is a 
useful marker for assessing the sensitivity of methionine 
synthase and related biochemical pathways to N2O inhi-
bition. Nagele and colleagues176 studied a small group of 
surgical patients with common mutations in the gene 
encoding MTHFR, and found that those with 667C→T 
and 1298A→C mutations were at risk of developing abnor-
mally high homocysteine levels after N2O exposures of at 
least 2 hours. However, a common gene variant (66A→G) 
associated with reduced methionine synthase reductase 
activity did not result in abnormally high homocysteine 
levels after anesthesia with N2O.177 Preoperative infu-
sions of vitamin B12 and folate do not prevent the normal 
increases in homocysteine observed following anesthesia 
with N2O.178

The continued value of N2O, first used as an anesthetic 
in the early nineteenth century, has been questioned by 
some.179,180 Given the ambivalence of currently available 
data, we recommend that anesthesia providers carefully 
screen patients to identify the few most likely to suffer 
N2O side effects, and to avoid the drug in these cases.

INHALED ANESTHETICS AND 
NEUROTOXICITY

The ability of general anesthetics to ablate consciousness 
reversibly has benefitted millions of patients and enabled 
dramatic advances in health care. Although inhaled anes-
thetics were the first class of anesthetics and continue to 
be used in the vast majority of cases, the potential of long-
lasting neurotoxic effects of inhaled and other general 
anesthetics does exist in patients of extreme ages181-183 
(see Chapters 80 and 93). The greatest concern surrounds 
the effects of general anesthetics in the youngest patients 
during periods of rapid brain development.184 In a semi-
nal study, Jevtovic-Tetrodovic and coworkers185 demon-
strated widespread neuronal apoptosis in the brains of 
7-day-old rats after exposure to midazolam, isoflurane, 
and N2O. Additional findings in these animals included 
long-lasting (up to 4.5 months) deficits in hippocampal 
long-term potentiation (a neurophysiologic correlate of 
learning and memory), and performance deficits in spa-
tial learning tests. Subsequent animal studies in various 
species, including nonhuman primates, demonstrate 
that during sensitive periods of early brain development, 
exposure to most general anesthetics is associated with 
accelerated neuronal cell death (apoptosis) and degen-
eration.186-190 Prolonged exposure to anesthetics can lead 
to neuroapoptosis and neurocognitive problems.187,189 
However, other studies suggest that even low nonapop-
totic concentrations of general anesthetics may inhibit 
normal synapse formation and damage developing neu-
ronal networks.191 Mechanisms underlying neurodevel-
opmental toxicity are potentially linked to the same ion 
channels hypothesized to mediate general anesthesia. 
General anesthetic actions are attributed in part to both 
antagonism of N-methyl-d-aspartate receptor and poten-
tiation of GABAA receptor signal transduction, and drugs 
with either or both of these activities damage developing 
brains.183,192,193
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Early preclinical studies of neurodevelopmental tox-
icity of anesthesia demanded investigation of potential 
neurobehavioral correlates in humans. Current epidemio-
logic data (2013) are inconclusive. Clinical studies within 
the United States point to a possible association between 
anesthetic exposure in early childhood and the impair-
ment of neurocognitive development,181,194 in particu-
lar with cumulative anesthetic exposure.195 In contrast, 
studies from Europe on the effects of a single exposure 
to anesthesia in early life that used combined data from 
national health data bases and educational registries 
within Denmark196 found that early inguinal hernia 
repair was not associated with poor cognitive outcome; 
rather it is suggested that the poor academic performance 
of a subgroup of these children may be due to their being 
developmentally disadvantaged compared with the back-
ground population. In another study in sibling pairs in 
which one sibling received anesthesia before age 3 years, 
comparable test scores were reported for verbal, perfor-
mance, and global intelligence between exposed and 
unexposed siblings.197 Although some of the findings 
from the United States are concerning, potentially sig-
nificant confounding factors were not controlled in these 
retrospective studies and firm conclusions cannot yet be 
drawn regarding the neurocognitive risks of general anes-
thesia in young children. Ongoing prospective clinical 
trials are expected to provide more definite information 
regarding this important issue181,198 (see Chapter 93).

For updated recommendations to health care providers 
and parents regarding exposure to anesthesia and surgery 
in early life, please consult http://www.smarttots.org/ 
resources/consensus.html or http://www.esahq.org. For a 
comprehensive description of the long-term impact on 
the adult brain, see Chapter 99.

INHALED ANESTHETICS AND 
ENVIRONMENTAL EFFECTS

Anesthetic gases in the workplace and in the outdoor 
environment have the potential to cause harm. Three 
potential sequelae have been investigated: global warm-
ing, ozone depletion, and health effects from workplace 
exposure (Table 26-5).

Global Warming Effects
Atmospheric trapping of thermal radiation from the 
earth’s surface is known as the greenhouse effect, which the 
Intergovernmental Panel on Climate Change203 deems a 
major contributor to global warming. Inhaled anesthetics 
are recognized greenhouse gases.204,205 Isoflurane, sevo-
flurane, and desflurane, the most widely used current 
inhaled anesthetics, are minimally metabolized in the 
body, and are substantially eliminated through exhala-
tion. Most anesthesia waste scavenging systems transfer 
these gases directly and unchanged into the atmosphere. 
Recently, attention to the ecotoxicologic properties of 
inhaled anesthetics has grown. The global warming 
potential takes into account the heat-trapping efficiency 
and lifespan of atmospheric gases (time for removal by 
chemical reaction with radicals, photolysis, and depo-
sition). The global warming potential of volatile anes-
thetics ranges from 1230-fold (isoflurane) to 3714-fold 
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(desflurane) that of an equal mass of CO2. Recently Ryan 
and Nielsen201 suggested that the most common vola-
tile anesthetics can significantly influence global warm-
ing, with the greatest impact produced by atmospheric 
desflurane.

The global warming potential of N2O is approximately 
300-fold greater than that of an equal mass of CO2.206,207 
N2O is used in large quantities relative to volatile anes-
thetic gases and is remarkably stable, with an atmospheric 
lifespan of approximately 120 years.208 Atmospheric N2O 
is produced by natural sources in soil and water as well as 
human sources including agriculture (nitrogen-based fer-
tilizers) and combustion of fossil fuels. Sherman and Cul-
len209 first reported that N2O could contribute to global 
warming and estimated that approximately 1% of man-
made N2O production was for anesthesia. More recently, 
the anesthetic use of N2O may contribute 3.0% of total 
N2O emissions in the United States.205 Although the use 
of N2O is declining in many countries, data on the world-
wide medical use of N2O are not available.

Ozone Depletion
The ozone layer of the earth’s atmosphere, which has been 
declining 4% per decade since the 1970s, absorbs dam-
aging ultraviolet B light (wavelengths 280 to 315 nm).  
The biologic consequences of increasing ultraviolet B 
radiation include increases in skin cancer, cataracts, dam-
age to plants, and reduction of oceanic plankton popu-
lations. Halogenated volatile anesthetics are similar to 
chlorofluorocarbons (CFCs), which are major ozone 
depleting pollutants. Ozone depletion by halocarbons 
depends on molecular weight, number, and type of halo-
gen atoms, and atmospheric lifespan.210 The atmospheric 
lifespan of halogenated anesthetics is much shorter (4.0 
to 21.4 years)211 than that of many CFCs (up to 100 years).  
Fluorination is associated with longer atmospheric lifes-
pan because of the stability of carbon-fluorine (C-F) 
bonds. Chemicals with a lifetime of more than 2 years 
are believed to reach the stratosphere in significant 
quantities. There they are exposed to intense ultraviolet 
radiation that can break carbon-halogen bonds, creating 
halogen radicals that catalytically destroy ozone. Chlo-
rine-containing anesthetics such as halothane, isoflurane, 
and enflurane may be more destructive to the ozone layer 
than newer anesthetics, such as sevoflurane and desflu-
rane, which contain only C-F bonds. Carbon-hydrogen 
bonds are susceptible to attack by hydroxyl radicals (OH·) 
in the troposphere,212 making them less likely to reach 
the stratosphere. However, even compounds with a life-
time of a few months may potentially contribute to ozone 
destruction.213 Contributions to total stratospheric ozone 
depletion were estimated as 1% for halothane and 0.02% 
for enflurane and isoflurane.211

N2O is the primary source of stratospheric nitrogen 
oxides, NO and NO2, and both destroy ozone. Because 
only 10% of N2O is converted to NOX, its ozone deplet-
ing potential is lower than that of an equal mass of CFCs. 
However, N2O emission is the single largest ozone deplet-
ing human emission, and is expected to remain so for the 
rest of this century.199 The use of N2O could actually con-
tribute additional environmental harm when used with 
halogenated anesthetics.

http://www.smarttots.org/resources/consensus.html
http://www.smarttots.org/resources/consensus.html
http://www.esahq.org
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TABLE 26-5 ATMOSPHERIC LIFETIMES AND ENVIRONMENTAL EFFECTS OF INHALED ANESTHETICS

Compound Lifetime (yr)
Ozone-Depleting 
Potential

Global Warming 
Potential (20 yr)

Global Warming 
Potential (100 yr)

CFC-12 CCl2F2 100 1 11,000 10,900
Carbon dioxide CO2 5-200 —* 1 1
Nitrous oxide N2O 114 0.017199 289 298
Halothane CF3CHBrCl 7200 0.36 — 218†

Isoflurane CHF2OCHClCF3 2.6-3.6201 0.01 1230-1401201 350
Sevoflurane CH2FOCH(CF3)2 1.2-5.2 201 0 349-1980 201 575
Desflurane CHF2OCHFCF3 10201 0 3714201 —

Ozone-depleting potential is the ratio of integrated perturbations to total ozone relative to an equal emission of CFC-12. Global warming potential is 
defined as the cumulative radiative retention integrated over a period of time from the emission of gas relative to reference gas (CO2). The data are 
based on the Intergovernmental Panel on Climate Change Fourth Assessment Report 248 unless otherwise indicated.

*CO2 unlikely reacts and depletes ozone; however, CO2 producing the greenhouse effect in the troposphere is predicted to reduce stratospheric tempera-
tures and cause further ozone depletion.202

†Computed value for halothane relative to global warming potential for CFC-12.
The environmental impact of all inhaled anesthetics 
could be reduced by up to 80% to 90% if closed-circuit 
anesthesia were widely employed, and to a lesser degree 
if low carrier gas flow rates were used routinely (see Fig. 
26-13). Technologies that trap anesthetics in waste gas 
flows have the potential to reduce emissions into the 
environment, and can reduce drug costs by reusing (after 
redistillation) the trapped drugs.214 Physician education 
warning that the medical use of N2O can significantly 
contribute to both the greenhouse effect and ozone 
depletion should be maintained. Avoiding N2O when 
it provides no clinical advantage is suggested as a more 
environmentally sound anesthetic practice.204

Exposure to Waste Anesthetic Gases
Health care personnel can be exposed to waste anesthetic 
gases both in and out of the operating room environ-
ment. Possible adverse health effects by chronic expo-
sure to trace concentrations of inhaled anesthetics have 
caused concern among health care professionals for 
many years.215,216 Laboratory studies suggest reproductive 
abnormalities in animals exposed to high concentrations 
of N2O (1000 ppm or greater).217,218 However, neither 
animal nor epidemiologic studies have shown any evi-
dence for adverse effects attributable to the low levels 
of anesthetic gases in operating room air. A long-term 
prospective study found no causal relationship between 
adverse health effects and exposure to waste anesthetic 
gases with or without a scavenging system.219 All inhaled 
anesthetics cross the placental-fetal exchange barrier. 
Teratogenicity, which has been demonstrated in animal 
fetuses chronically exposed to N2O,220,221 is of particu-
lar concern in pregnant health care workers, but there is 
no evidence of harm in humans. Furthermore, there is 
no evidence of harm to fetuses of women anesthetized 
while pregnant,222 although general anesthesia is associ-
ated with neuroapoptosis during critical phases of brain 
development (see earlier, Inhaled Anesthetics and Neuro-
toxicity) warrant further clinical study of outcomes after 
anesthetic exposure during late-term pregnancy.223 Cur-
rently, the U.S. Occupational Safety and Health Admin-
istration (OSHA) recommends that no worker should 
be exposed to concentrations of halogenated anesthetic 
greater than 2 ppm for a period not to exceed 1 hour 
during anesthesia administration (http://www.osha. 
gov/dts/osta/anestheticgases/index.html). OSHA also  
recommends that no worker should be exposed to 8-hour  
time-weighted average concentrations greater than 
25 ppm. The recommended exposure level for N2O is  
25 ppm during anesthetic administration.

Potential postoperative exposure of health care work-
ers to exhaled anesthetic gases in postanesthesia care 
units, intensive care units, and other patient care areas 
should also be recognized. Studies have documented 
excessive levels of waste anesthetic gases in poorly venti-
lated postanesthesia care units224-226; however, no studies 
have documented significant adverse health.

Xenon and Other Noble Gases
Current inhaled anesthetics represent vast improvements 
over earlier inhaled anesthetics, with N2O representing 
the longest surviving widely used anesthetic. The noble 
gas xenon was first shown to produce general anesthesia 
in 1951,227 and subsequent studies have revealed that it 
approaches the ideal closer than any other inhaled anes-
thetic.228-230 It is most comparable to N2O, but superior in 
a number of ways. Xenon is present as a minor constitu-
ent of air (50 parts per billion), and it is isolated by dis-
tillation of liquefied air, liquefied nitrogen, and oxygen. 
Xenon is entirely unreactive in the biosphere; therefore, 
it is the only inhaled anesthetic that is not an environ-
mental pollutant, although its distillation from air uses 
considerable energy and thus creates CO2 and other pol-
lutants as byproducts.205 It is odorless, tasteless, and non-
flammable, and it has a limitless shelf-life. Its solubility in 
blood (λb/g = 0.14) and body tissues is lower than that of 
any other inhaled anesthetic, including N2O. As a result, it 
has extraordinarily rapid onset and respiratory clearance, 
with emergence times twofold to threefold faster when 
it replaces N2O in clinical settings.231,232 It undergoes no 
biotransformation or reactions with CO2 absorbents or 
ultraviolet light. Moreover, xenon has favorable phar-
macodynamic effects in comparison with most inhaled 
anesthetics. It produces minimal cardiovascular depres-
sion, and it is not arrhythmogenic.233-235 As with N2O, 
xenon has analgesic activity, and it reduces intraopera-
tive opioid requirements.236 It does not trigger malignant 
hyperthermia or produce any known toxicity.237 In fact, 
xenon has cardioprotective and neuroprotective activities 
in preclinical models,228,230 although clinical trials have 

http://www.osha.gov/dts/osta/anestheticgases/index.html
http://www.osha.gov/dts/osta/anestheticgases/index.html
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not demonstrated a reduction in postoperative delirium 
in high-risk patients receiving xenon.238,239

Given all these advantages, why is xenon not a com-
monly used inhaled anesthetic? The main reason is its 
cost.240 At more than $15 per liter in the gas form, xenon 
is greater than 100-fold more expensive than N2O and 
is far more expensive per patient than either desflurane 
or sevoflurane, which are currently the most expen-
sive volatile anesthetics. Xenon has a MAC-immobility 
of 0.61 atm, and even with a strict closed-circuit tech-
nique, greater than 10 L is needed to anesthetize a typical 
patient. To perform closed-circuit anesthesia with xenon–
oxygen also requires lengthy preanesthetic denitrogena-
tion to prevent N2 from accumulating in the rebreathing 
circuit.241 Transitioning from 100% oxygen during deni-
trogenation to closed-circuit xenon–oxygen anesthesia 
is another slow process because xenon is added to the 
circuit as oxygen is metabolized in the patient at 200 to 
250 mL/min. High-flow xenon is otherwise necessary 
to make this transition short. To make xenon a more 
affordable anesthetic, specialized anesthesia machines 
have been designed to enable its efficient delivery,242 and 
new waste-scavenging systems are being introduced with 
cryogenic traps that can condense xenon in a liquid form 
from waste gases.243 This process allows relatively inex-
pensive recycling of xenon after it has been redistilled to 
a pure form.

In addition to cost, xenon presents a few other down-
sides. Xenon gas has a much higher density (5.9 g/L) than 
either N2O (1.5 g/L) or air (1.0 g/L), resulting in increased 
flow resistance and work of breathing.244 Thus, it may 
be a poor choice for patients with compromised respira-
tory function. As with N2O, high xenon partial pressures 
needed for anesthesia cause expansion of trapped air 
spaces and vascular air emboli.245 Compared with propo-
fol infusion, xenon anesthesia results in approximately 
twofold the incidence of nausea and vomiting.246

Currently, xenon remains an experimental anesthetic, 
with current research focusing on its potential as a clini-
cal neuroprotectant and development of technologies to 
reduce its cost. Shifting the cost-benefit balance toward 
more xenon use in patients will depend on whether clini-
cal studies ultimately support xenon’s potential organ 
protection efficacy. Other noble gases also share some of 
xenon’s neuroprotective actions in experimental model 
systems, and they are under investigation as potential 
clinical drugs.247
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K e y  P o i n t s

 •  Inhaled anesthetics affect every facet of pulmonary physiologic function.
 •  Bronchodilatory actions of volatile anesthetics occur through decreases in 

intracellular calcium (ICa2+) concentration and/or a reduction in calcium (Ca2+) 
sensitivity. Volatile anesthetics attenuate increases in pulmonary airway resistance 
attributable to chemical or mechanical stimuli.

 •  Inhaled anesthetics diminish the rate of mucous clearance and alter type II alveolar 
cell function, which may play a role in postoperative pulmonary complications.

 •  Volatile anesthetics cause biphasic responses in pulmonary vascular smooth muscle 
that are mediated at multiple sites of a Ca2+-mediated signaling pathway. Volatile 
anesthetic–induced inhibition of hypoxic pulmonary vasoconstriction (HPV) is 
small but may worsen hypoxemia.

 •  Components of the respiratory system include peripheral and central 
chemoreception, a central pattern generator, and motoneuronal output. 
Inspiratory efforts are closely coordinated with upper airway patency. Anesthetics 
depress these systems through a reduction of chemodrive and direct inhibition of 
neurotransmission, leading to a risk of respiratory depression and upper airway 
obstruction.

 •  During volatile anesthesia, maintenance of spontaneous ventilation is dependent 
on the carbon dioxide (CO2)–mediated excitatory central chemoreceptor inputs 
to the central respiratory pattern generator. Peripheral chemoreceptor inputs 
and hypoxic arousal reflexes are severely impaired even during sedative levels of 
volatile anesthesia.

 •  Volatile anesthetics reduce tidal volume and minute ventilation and cause 
tachypnea in a dose-related fashion.

 •  Diaphragmatic function is relatively well preserved during volatile anesthesia, 
whereas inspiratory rib cage muscles are significantly depressed. Abdominal 
expiratory muscle activation contributes to less-coordinated respiratory muscle 
activation, which is pronounced during CO2-stimulated breathing.

 •  Upper airway patency can be rapidly compromised during volatile anesthesia. 
Upper airway obstruction can even occur at sedative concentrations of volatile 
anesthetics in susceptible patients.

 •  Volatile anesthetics vary in their ability to irritate airways and enhance defensive 
airway reflexes. Sevoflurane is the anesthetic of choice for inhaled induction of 
anesthesia in infants and children (also see Chapter 93).

 •  Volatile anesthetics are immunomodulatory. In some models, they are 
proinflammatory. Yet, volatile anesthetics may reduce inflammation and improve 
both chemical and pulmonary physiologic function.

 •  Nitrous oxide may cause adverse pulmonary effects.
 •  The high-density and low blood-gas coefficient of xenon result in improved gas 

exchange and a fast on and off action without causing diffusion hypoxia.
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INTRODUCTION

This chapter describes the pulmonary pharmacology of 
modern inhaled anesthetics (including isoflurane, desflu-
rane, and sevoflurane), nitrous oxide, and the anesthetic 
noble gas, xenon. Comparison with older volatile anes-
thetics (e.g., halothane, enflurane, ethers) is made only 
when necessary because these drugs are no longer avail-
able in the developed world. The lungs are unique in their 
exposure to a wide variety of physical forces including 
ventilation, blood flow, and surface tension. The actions 
of inhaled anesthetics on airway tone, pulmonary vas-
cular resistance (PVR), mucociliary function, surfactant 
production, ventilatory control, and acute lung injury are 
examined in detail.

INHALED ANESTHETICS

BRONCHOMOTOR TONE

Transient increases in airway resistance may be caused, at 
least in part, by an increase in bronchiolar smooth muscle 
tone. Asthma is one of the most common chronic airway 
diseases worldwide with an estimated annual death rate 
of 250,000 (also see Chapter 103). Patients without recent 
symptoms of asthma have a relatively low frequency of 
perioperative respiratory complications, yet perioperative 
bronchospasm develops in approximately 9% of patients 
with asthma.1 Prospective studies have demonstrated 
1.7% of patients with asthma experience a poor respi-
ratory outcome2 and 25% wheezed after the induction 
of anesthesia.3 Of the 40 cases of bronchospasm result-
ing in settled malpractice claims reported by the Ameri-
can Society of Anesthesiologists Closed Claims Project,4 
88% involved brain damage or death and only one-half 
of these patients had a history of asthma or chronic 
obstructive pulmonary disease (COPD). Adverse respi-
ratory events accounted for 28% of claims dealing with 
anesthesia-related brain damage and death in the United 
States and are associated with the highest mean cost per 
closed claim. In France, 7% of anesthesia-related deaths 
were attributed to bronchospasm.5 Of the 4000 reported 
adverse incidents in Australia, 3% (103) were related to 
perioperative bronchospasm.6 Additionally, an allergic 
mechanism was far less frequently involved (21%) than a 
nonallergic mechanism (79%). Although bronchospasm 
caused by airway irritation occurred more frequently 
in patients who had one or more predisposing factors 
such as asthma, heavy tobacco smoking, or bronchitis, 
a history of asthma was only present in 50% and 60% 
of patients with nonallergic and allergic bronchospasm, 
respectively.

Pharmacology of Bronchial Smooth Muscle
Airway smooth muscle extends as far distally as the ter-
minal bronchioles and is affected by autonomic nervous 
system activity. Nonadrenergic, noncholinergic mecha-
nisms, activated by the stimulation of the afferent bron-
chopulmonary sensory C fibers, may play a role in airway 
smooth muscle constriction to tachykinins, vasoactive 
intestinal peptide, adenosine, and calcitonin gene-related 
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peptides. However, this pathway may be less important 
in humans than in other animal models. Bronchiolar 
constriction associated with asthmatic exacerbations are 
complex and involve airway nerves, smooth muscle, epi-
thelium, and inflammatory cells. Reflex-mediated bron-
choconstriction, on the other hand, caused by upper 
airway irritation, is modulated by afferent sensory path-
ways in the nucleus of the solitary tract, projecting to 
vagal preganglionic neurons. The excitatory neurotrans-
mitter glutamate modulates stimulation of the nucleus 
tractus solitarii (NTS) and vagal preganglionic neurons, 
whereas the inhibitory neurotransmitter gamma-amino-
butyric acid (GABA) project from the nucleus of the soli-
tary tract to the vagal preganglionic neurons. The efferent 
pathway from the vagal preganglionic neurons back to 
the airway is via the vagus nerve and involves acetylcho-
line release, predominantly on M3 muscarinic receptors 
of airway smooth muscle to induce airway constriction.

Parasympathetic nerves originating in the vagal cen-
ters within the central nervous system also mediate base-
line airway tone. Changes in intracellular calcium (ICa2+) 
levels and Ca2+ influx may be caused by alterations in 
cyclic nucleotides within bronchial smooth muscle. Ago-
nist-induced contraction is mediated by an increase in 
myosin light-chain kinase activity, phosphorylation of 
the 20-KD regulatory myosin light chain, or an increase 
in Ca2+ sensitivity.7 Ca2+/calmodulin–dependent myo-
sin light-chain kinase is a critical component of tonic 
smooth muscle contraction.8 Exogenous administration 
of acetylcholine or the stimulation of the vagus nerve 
increases the relative amount of cyclic guanosine mono-
phosphate (cGMP), compared with cyclic adenosine 
monophosphate (cAMP), and results in bronchial smooth 
muscle contraction. Agonist activation of bronchial 
smooth muscle cells also involves the second messen-
ger, cyclic adenosine diphosphate ribose (cADPR), which 
results in inositol triphosphate (IP3)–mediated release of 
Ca2+ from the sarcoplasmic reticulum (SR) by activating 
ryanodine channels.9 This release is followed by activa-
tion of store- and receptor-operated nonselective cation 
channels, which, in turn, leads to sodium (Na+) influx. 
This localized increase in Na+ may switch the Na+/Ca2+ 
exchanger into reverse mode, leading to even more Ca2+ 
influx and greater constriction. Several different cAMP 
signaling compartments exist in airway smooth muscle 
that are selectively responsive to different hormones and 
neurotransmitters.10 The mechanical stretch of human 
bronchial smooth muscle cells also causes contraction via 
an influx of Ca2+ through unique stretch-activated non-
selective cation channels.11 Adenosine indirectly con-
tracts airway smooth muscle via the release of contractile 
agents from mast cells and nerves by directly stimulating 
adenosine type I (A1) receptors on airway smooth muscle, 
thereby rapidly mobilizing ICa2+ stores through G pro-
teins and IP3 signaling.

Agonist-induced stimulation of particulate guanylyl 
cyclase relaxes bronchial smooth muscle by decreasing 
Ca2+ current. In contrast, stimulation of soluble guanylyl 
cyclase by substances such as nitric oxide (NO) reduces 
ICa2+ concentration and Ca2+ sensitivity.12 In addi-
tion to Ca2+, potassium (K+) also plays a significant role 
in resting membrane potentials. The two-pore domain, 
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acid-sensitive K+ (TASK-1) channel is a voltage-indepen-
dent K+ channel found in human pulmonary artery (PA) 
smooth muscle cells that helps set their resting membrane 
potential and plays a role in their sensitivity to a variety 
of vasoactive factors, including hypoxia, pH, G-protein 
coupled pathways, and volatile anesthetics.

Release of histamine in the airway or various forms 
of mechanical or chemical stimulation increases affer-
ent vagal activity to produce reflex bronchoconstriction. 
This increase in bronchomotor tone is attenuated by the 
cholinergic antagonist atropine. M2 and M3 muscarinic 
receptors on airway smooth muscle mediate broncho-
constriction by increasing Ca2+ sensitivity.13 Presynaptic 
M2 muscarinic receptors have also been identified that 
inhibit acetylcholine release and thus drugs that prefer-
entially inhibit M2 receptors (e.g., ipratropium bromide) 
may paradoxically produce bronchoconstriction.14 This 
effect is not commonly observed in patients. The hista-
mine-degrading enzyme, histamine N-methyltransferase, 
has been localized to human airway epithelium and may 
play a protective role against histamine-mediated bron-
choconstriction.15 Cholinergic stimulation acting on 
muscarinic receptors primarily creates a central airway 
constriction, whereas antigen challenges usually provoke 
greater changes in the lung periphery.16

Adrenergic receptors in bronchial smooth muscle are 
classified into α and β2 types. Although α-receptors have 
been characterized in the human bronchial tree, their 
clinical importance has not been demonstrated. In con-
trast, the β2-receptor subtypes play an important role in 
bronchiolar smooth muscle responsiveness. Stimulation 
of β2 adrenoceptors causes cAMP-mediated relaxation via 
activation of protein kinase A and subsequent Ca2+ efflux 
out of the cell and into the SR. Notably, asthma, as well 
as allergy- and methacholine-induced bronchospasm, 
do not appear to be genetically linked to a dominant β2-
adrenoceptor gene.17

Respiratory epithelium releases substances that modu-
late bronchial smooth muscle tone. Removal of the epi-
thelium enhances contractile responses to acetylcholine, 
histamine, or serotonin in large airways and decreases 
relaxation responses to isoproterenol in small airways. 
These actions are analogous to the effect of endothelial 
damage on vascular smooth muscle tone. Notably, car-
diopulmonary bypass does significantly affect porcine 
bronchiolar epithelium-mediated bronchomotor activity, 
in contrast to vascular endothelium-mediated smooth 
muscle dysfunction.18 Although endogenous epithelial 
factors have been identified, NO may play an important 
vasodilatory role in respiratory epithelium similar to that 
of vascular endothelium. Endothelin-1 is also a potent 
endogenous bronchoconstrictor that functions by activa-
tion of the IP3 pathway.19 Endothelin-1 is a more potent 
constrictor of vascular than bronchial smooth muscle 
and has greater efficacy in the pulmonary than the sys-
temic circulation.

Effects of Inhaled Anesthetics
Volatile anesthetics are all bronchodilators, but some 
controversy remains concerning which volatile anes-
thetic exerts the most potent bronchodilation. In animal 
models, halothane appears to have the most pronounced 
effect of relaxing airway smooth muscle. Eliminating 
indirect effects of arterial carbon dioxide (CO2) tension 
is important when examining the actions of volatile 
anesthetics on bronchial tone, especially during spon-
taneous ventilation, as hypercapnia-induced broncho-
dilation and hypocapnia-induced bronchoconstriction 
are both attenuated by isoflurane.20 What may be inter-
preted as a dose-dependent effect of deepening the level 
of volatile anesthetics may actually be attributable to 
an indirect action by a progressive increase in CO2 ten-
sion. The structure of the respiratory epithelium changes 
from pseudostratified columnar cells of the large airways 
to thinner, cuboidal cells of the bronchioles, and thus a 
relatively large amount of histologic heterogeneity exists 
between these regions. Although all volatile anesthetics 
cause bronchodilation, their specific effects on the bron-
chioles depend on the location in and the structure of 
the respiratory tree. In vitro, isoflurane preferentially 
relaxes the bronchioles rather than the bronchi.21 Park 
and colleagues22 demonstrated that isoflurane and halo-
thane dilate fourth order bronchi at equivalent minimum 
alveolar concentration (MAC) values. Isoflurane, sevoflu-
rane, and desflurane at concentrations of up to 1 MAC 
similarly attenuated methacholine-induced bronchocon-
striction in open-chest, pentobarbital-anesthetized rats.23 
Isoflurane and sevoflurane also appear to have greater 
inhibitory effects on bronchial contraction as compared 
with tracheal smooth muscle contraction.24 Similarly, 
halothane, desflurane, and isoflurane relax distal airways 
(e.g., bronchioles) to a greater extent than proximal air-
ways (e.g., bronchi).25 These differential effects appear to 
be related to the type of voltage-dependent Ca2+ (VDC) 
channels that are present in these regions.

Inhalation of 1 or 2 MAC halothane, enflurane, sevo-
flurane, and isoflurane did not alter baseline pulmonary 
resistance and dynamic pulmonary compliance, but these 
anesthetics significantly attenuated increases in pulmo-
nary resistance and decreases in dynamic pulmonary 
compliance in response to intravenous histamine. Halo-
thane was most effective in altering indices of broncho-
dilation, whereas responses to isoflurane, enflurane, and 
sevoflurane were nearly identical.26 In contrast, desflu-
rane produced bronchodilation at 1 MAC but increased 
airway resistance at 2 MAC.27 Halothane, enflurane, and 
sevoflurane are equivalent at dilating third- or fourth-
generation bronchi as directly measured with a fiberoptic 
bronchoscope in vivo.28

A controversy remains regarding the role of desflurane 
in promoting or inhibiting airway constriction. Desflurane 
and sevoflurane (1 MAC) block the increases in central 
airway resistance after a cholinergic challenge to equiva-
lent degrees in rabbits. However, neither anesthetic pro-
tected against the increases in tissue damping (a measure 
of heterogeneous deterioration of the peripheral airways), 
which occurred after the cholinergic stimulus. Both anes-
thetics inhibited basal bronchial tone by approximately 
30% to 40%. This finding was consistently observed in 
the presence or absence of allergic inflammation of the 
airways and bronchial hyperresponsiveness.29 When the 
mechanism of constriction is centrally mediated, such 
as with a cholinergic challenge,23,30,31 desflurane appears 
to play a beneficial role in attenuating deleterious effects 
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of bronchoconstriction. However, when the mechanism 
of airway constriction is from nonadrenergic, noncho-
linergic activation such as tachykinins, desflurane may 
augment and worsen constriction.32,33 Clinically, anes-
thesiologists tend to avoid using desflurane in patients 
with reactive airway disease.

Effects of Inhaled Anesthetics on 
Bronchomotor Tone in Humans
Using computed tomography (CT), Brown and col-
leagues34 showed that halothane causes greater bron-
chodilation than does isoflurane at low concentrations 
(Figure 27-1). Sevoflurane (1 MAC) reduced respiratory 
system resistance (determined using an isovolume tech-
nique) by 15% in patients undergoing elective surgery. In 
contrast, desflurane did not significantly alter resistance.35 
Rooke and associates36 compared the bronchodilating 
effects of halothane, isoflurane, sevoflurane, and thio-
pental–nitrous oxide in 66 healthy patients undergoing 
induction of anesthesia and tracheal intubation (Figure 
27-2). In contrast to thiopental–nitrous oxide, all volatile 
anesthetics significantly reduced respiratory resistance. 
An equivalent MAC value of sevoflurane and halothane 
decreased resistance to similar degrees, whereas isoflurane 
produced substantially less bronchodilation in vivo.

The work of breathing (expressed in joules) is defined 
as pressure or force multiplied by the tidal volume dur-
ing inspiration. Respiratory work of the lung is further 

Control Halothane 0.5%

Halothane 1.0% Halothane 1.5%

Figure 27-1. High-resolution computed tomography scans from one 
dog. Upper left: Control. Upper right: During 0.5% halothane. Lower 
left: During 1.0% halothane. Lower right: During 1.5% halothane. 
Note the progressive dilation of the airways as indicated by the arrows. 
(Reproduced from Brown RH, Mitzner W, Zerhouni E, et al: Direct in vivo 
visualization of bronchodilation induced by inhalational anesthesia using 
high-resolution computed tomography, Anesthesiology 78:295, 1993. 
Used with permission.)
ter 27: Inhaled Anesthetics: Pulmonary Pharmacology 673

broken down into elastic work (required to overcome the 
recoil of the lung) and resistive work (required to over-
come airway flow resistance and viscoelastic resistance 
of pulmonary tissues). The work of breathing is usually 
derived from transpulmonary pressure volume curves. 
Volatile anesthetics increase the work of breathing in 
adults and children. Some animal studies have suggested 
that volatile anesthetics reduce pulmonary compliance 
mediated at the lung periphery rather than at the airway 
level, thereby increasing viscoelastic and elastic pres-
sures in the lung.37 This finding was histologically sup-
ported by the observation of increased areas of alveolar 
collapse alternating with hyperinflation. In contrast, in 
a murine model of chronic asthma, sevoflurane anesthe-
sia significantly decreased resistance in central and distal 
airways and also lowered resistance in the lung periph-
ery. These data suggested that sevoflurane exerts a benefi-
cial action in the presence of chronic airway obstruction 
and implied that volatile anesthetics reduce the work of 
breathing (Figure 27-3).38 Indeed, most studies in humans 
demonstrate that low (small) concentrations of volatile 
anesthetics significantly reduce upper and lower respira-
tory system resistance (Figure 27-4).39

Expiration is passively affected by the recoil charac-
teristics of the lung during normal breathing. In anes-
thetized patients, the ventilatory response to expiratory 
resistance is reduced to a greater extent than is the 
response to inspiratory resistance. Conscious and anes-
thetized humans exhibit decreases in respiratory rate 
during expiratory resistive loads, but only anesthetized 
subjects develop rib cage–abdominal wall motion dyssyn-
chrony that causes less effective ventilation and increases 
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chodilation during desflurane anesthesia: a comparison to sevoflurane 
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in arterial CO2 tension. This concept may be particularly 
important in spontaneously breathing, anesthetized 
patients who demonstrate expiratory obstruction, such as 
may be observed during partial breathing circuit occlu-
sion, asthma, emphysema, or airway secretions.

Previously described experimental studies demonstrat-
ing the equal potency of sevoflurane and isoflurane and 
the relatively greater potency of halothane for bronchodi-
lation must be extrapolated with caution because Ascaris- 
or histamine-mediated experimental bronchospasm may 
not precisely mimic tracheal intubation–induced bron-
chospasm in humans. In contrast to the findings in exper-
imental animals, Arakawa and colleagues40 showed that 
similar inspired concentrations of halothane, isoflurane, 
and sevoflurane produced nearly identical reductions in 
airway resistance in a patient with status asthmaticus. 
Indeed, volatile anesthetics may be an effective method 
of treating status asthmaticus when conventional therapy 
has failed.40

The use of β-adrenoceptor agonists may be beneficial 
for the treatment of acute bronchospasm in patients anes-
thetized with halothane,41,42 but its use may not be ben-
eficial with other volatile anesthetics. The β2-adrenergic 
agonist, fenoterol, lowered respiratory system resistance 
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from Burburan SM, Xisto DG, Ferreira HC, et al: Lung mechanics and his-
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after endotracheal intubation but did not further reduce 
resistance when administered in the presence of 1.3% iso-
flurane.43 These data should be interpreted with caution 
because the technique used to determine respiratory sys-
tem resistance incorporates alterations in lung and chest 
wall resistance, as well as tissue viscosity. The most impor-
tant functional change that occurs in the presence of 
lung disease is increased resistance. Resistance to airflow 
is typically thought of as being determined by contrac-
tion and relaxation of airway smooth muscle. However, 
nonmuscle elements, such as lung inflammation, airway 
thickening, altered lung volumes, lung recoil, airway wall 
remodeling, mucous hypersecretion, and loss of lung elas-
tance, also play a clinically significant role in the amount 
of airway narrowing.44 The role of volatile anesthetics 
in altering many of those non–smooth-muscle elements 
responsible for airway resistance has not yet been studied.

The actions of volatile anesthetics on bronchomotor 
tone are also dependent on the substance used to elicit 
contraction in vitro.45 Relaxation of tracheal smooth 
muscle by halothane and isoflurane is greatest in the pres-
ence of the endogenous mediator, serotonin, (potentially 
representing anaphylactoid or immunologic reactions) 
compared with acetylcholine (representing the neutrally 
derived mediator of reflex bronchospasm). Inhaled anes-
thetics may remain effective bronchodilators, even in the 
presence of severe serotonin- or histamine-induced bron-
chospasm that is refractory to β2-adrenoceptor therapy. 
It is important to note that volatile anesthetic–induced 
decreases in bronchomotor tone and neurally mediated 
airway reflexes may be partially opposed by a simultane-
ous reduction in functional residual capacity (FRC) in the 
anesthetized patient. The well-known increased risk for 
morbidity and mortality in patients with asthma may be at 
least partially attributed to these FRC-mediated increases 
in airway resistance. Exposure of airway smooth muscle 
to low temperatures may abolish the inhibitory effects of 
volatile anesthetics on carbachol-induced contraction,46 
suggesting that intraoperative hypothermia also may 
attenuate volatile anesthetic–induced bronchodilation.

Bronchospasm may occur in respiratory diseases other 
than asthma. For example, healthy patients undergo-
ing surgical stimulation of pulmonary parenchyma or 
airways (including tracheal stimulation by an endotra-
cheal tube) are at risk of developing bronchospasm. The 
choice of preoperative medication, sedative-hypnotic, 
neuromuscular blocker, and volatile anesthetic are all 
important factors in determining the clinical appearance 
of bronchospasm in patients with known reactive air-
way disease. Iwasaki and colleagues47 demonstrated that 
sevoflurane-induced relaxation of airway smooth muscle 
and VDC channels were dependent on the type of hyper-
reactive airway model. Sevoflurane had smaller effects in 
a model of chronic tobacco smoking (enlarged alveolar 
ducts and less muscarinic hyperreactivity), compared 
with an antigen-acute asthmatic (ovalbumin-sensitized) 
model. The morphologic changes in the peripheral air-
way may be responsible to some degree for a decrease in 
the efficacy of volatile anesthetics as bronchodilators in 
tobacco smokers, but sevoflurane and isoflurane decrease 
respiratory system resistance in patients with COPD.48 In 
contrast to an acute asthmatic model that is characterized 
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by eosinophilic inflammation and airway wall changes, 
inflammation in chronic asthma involves many other 
cell types, including mast cells, macrophages, epithelial 
cells, and bronchial smooth muscle cells. In addition, 
chronic inflammation is associated with remodeling of 
bronchial epithelium to produce smooth muscle hyper-
trophy, gland hyperplasia, and neovascularization.

The administration of volatile anesthetics to children 
undergoing elective imaging studies was characterized by 
progressive reductions in the cross-sectional area of upper 
airway musculature, resulting in pharyngeal airway col-
lapse49 (also see Chapter 93). As observed with isoflurane 
in animal models, the effects of sevoflurane in children 
were not uniformly distributed along the upper airway. 
In healthy children, sevoflurane slightly decreased air-
way resistance, but desflurane had the opposite effect, 
presumably via reduced airway dimensions.50 Children 
with documented airway susceptibility, such as those 
diagnosed with asthma or a recent upper respiratory tract 
infection, exhibited significant increases in respiratory 
system mechanical parameters such as respiratory imped-
ance and elastance. In contrast to the beneficial effects of 
administering sevoflurane in these children, administra-
tion of desflurane caused greater deleterious changes in 
airway mechanics including an elevation in airway resis-
tance, tissue damping, and elastance.50

Mechanisms of Action
Volatile anesthetics relax airway smooth muscle by directly 
depressing smooth muscle contractility. This action is the 
result of the anesthetics’ direct effects on bronchial epi-
thelium and airway smooth muscle cells, combined with 
the indirect inhibition of reflex neural pathways. The 
mechanisms responsible for the direct relaxation effects 
involve decreases in both ICa2+ concentration and Ca2+ 
sensitivity. Several intracellular mediators responsible for 
Ca2+ mobilization are potential sites for the action for vol-
atile anesthetics. Inhibition of cell membrane-associated 
VDC channels by volatile anesthetics reduces Ca2+ entry 
into the cytosol.47 Volatile anesthetic–induced increases 
in cAMP concentrations cause decreases in intracellular-
free Ca2+ by stimulating Ca2+ efflux and increasing Ca2+ 
uptake into the SR. In addition, a volatile anesthetic–
induced decrease in Ca2+ sensitivity attributable to the 
inhibition of protein kinase C activity,51 inhibition of 
G-protein function, and attenuation of Rho and Rho-
kinase signaling pathways also play important contribu-
tory roles.52,53 Volatile anesthetics may differentially alter 
pulmonary resistance by affecting the density of the gas 
mixture (Figure 27-5).51 In an experimental lung model of 
fixed pulmonary resistance, high concentrations of vola-
tile anesthetics increased the density of the gas mixture 
and the calculated resistance, with desflurane producing 
the largest increase at all MAC values studied.

The effects of volatile anesthetics on proximal com-
pared with distal airways may be related to the differen-
tial effects on VDC channels and the relative distribution 
of these channels. Long-lasting (L-type) VDC chan-
nels appear to be the predominant mechanism for Ca2+ 
entry in tracheal smooth muscle, whereas both transient 
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Figure 27-5. Comparison of the effect of different volatile anesthet-
ics at equivalent concentrations on total pulmonary resistance. At 1 
minimum alveolar concentration (MAC), only desflurane significantly 
increased pulmonary resistance, compared with isoflurane and sevo-
flurane. At 1.5 and 2 MAC, sevoflurane significantly increased total 
pulmonary resistance, compared with isoflurane, whereas desflurane 
caused a more pronounced increase than the other two agents. *, 
Increased pulmonary resistance in comparison with sevoflurane and 
isoflurane; **, increased pulmonary resistance in comparison with iso-
flurane. (Reproduced from Nyktari VG, Papaioannou AA, Prinianakis G, 
et al: Effect of the physical properties of isoflurane, sevoflurane, and des-
flurane on pulmonary resistance in a laboratory lung model, Anesthesiol-
ogy 104:1202, 2006. Used with permission.)
(T-type) and L-type VDC channels are present in bron-
chial smooth muscle.24,54 Yamakage and coworkers24 
demonstrated that isoflurane and sevoflurane inhibit 
both types of VDC channels in a dose-dependent fashion, 
but their effects on T-type VDC channels in bronchial 
smooth muscle were substantially more pronounced 
 (Figure 27-6). The differential effects of volatile anesthet-
ics on tracheal smooth muscle, compared with bronchial 
smooth muscle, may also be related to actions on Ca2+-
activated chloride channel activity55,56 or differential sen-
sitivities of K+ channel subtypes.55

The proposed signaling pathways underlying vola-
tile anesthetic–induced bronchodilation are depicted in 
 Figure 27-7. Volatile anesthetic–induced reductions in 
ICa2+ result from the inhibition of both VDC and recep-
tor-gated Ca2+ channels. In addition, volatile anesthetics 
deplete SR Ca2+ stores by increasing Ca2+ leakage. Ca2+ 
influx occurring in response to depleted SR Ca2+ stores 
is known as store-operated Ca2+ entry (SOCE). By deplet-
ing SR Ca2+ stores, volatile anesthetics may be expected 
to enhance SOCE. Nevertheless, clinically relevant con-
centrations of volatile anesthetics (isoflurane more than 
sevoflurane) also inhibit SOCE in airway smooth muscle 
to further reduce available Ca2+.57 The cyclic nucleotides, 
cAMP and cGMP, also have similar inhibitory effects on 
SOCE in airway smooth muscle, and these effects are 
additive in the presence of isoflurane. In contrast, sevo-
flurane augments only the effects of cGMP on SOCE.
Figure 27-6. Effect of isoflurane and 
sevoflurane on porcine tracheal ver-
sus bronchial smooth muscle tension or 
inward calcium (Ca2+) current intercellular 
calcium (ICa2+) through T- and L-type volt-
age-dependent Ca2+ (VDC) channels. No 
differences were observed in the inhibition 
of L-type VDC channels. Both anesthetics 
had greater inhibitory effects on T-type 
VDC channels in bronchial smooth muscle. 
Symbols represent mean ± standard devia-
tion (SD). A, *, P < 0.05 versus 0 minimum 
alveolar concentration (MAC). ✝, P < 0.05 
versus tracheal smooth muscle. B, ✝, P < 
0.05 versus L-type VDC channels. (Repro-
duced from Yamakage M, Chen X, Tsujiguchi 
N, et al: Different inhibitory effects of volatile 
anesthetics on T- and L-type voltage depen-
dent Ca2+ channels in porcine tracheal and 
bronchial smooth muscles, Anesthesiology 
94:683, 2001. Used with permission.)
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Volatile anesthetic–induced reductions in SR Ca2+ 
appear to occur through enhancement of IP3 and ryano-
dine-receptor channel activities.58 Kai and co-workers52 
demonstrated that halothane attenuates acetylcholine-
induced Ca2+ sensitization in canine tracheal smooth 
muscle to a greater extent than does sevoflurane, whereas 
isoflurane showed no effect at concentrations equivalent 
to 2 MAC. These findings were analogous to the differ-
ential effects of volatile anesthetics on relaxing airway 
smooth muscle. This effect appears to be mediated, at 
least in part, by an increase in smooth muscle protein 
phosphatase,59 modulation of G proteins (specifically Gq 
and GI that exert actions on cGMP),52,60 or modulation 
of the Rho and Rho-kinase signaling pathways. Volatile 
anesthetics interact with the muscarinic receptor–hetero-
trimeric G protein complex to prevent agonist-promoted 
nucleotide exchange at the Gα subunit of the G pro-
tein.61,62 Perhaps volatile anesthetics, through this mech-
anism, inhibit signaling proteins such as phospholipase 
C, protein kinase C, and ion channels. Halothane, sevo-
flurane, and, minimally, isoflurane exert potent direct 
effects on muscarinic receptor–mediated contraction of 
ter 27: Inhaled Anesthetics: Pulmonary Pharmacology 677

isolated airway smooth muscle.62 The inhibitory effects 
of volatile agents on the biochemical coupling between 
the M3 muscarinic receptor and the Gαq heterotrimeric 
G protein is completely reversible with time. Isoflurane-
induced relaxation of precontracted bronchial smooth 
muscles is significantly augmented by pretreatment with 
a Rho-kinase inhibitor, whereas sevoflurane-inhibited 
guanosine-5’-triphosphate (GTP) gamma S-stimulated 
contraction and membrane translocation of both Rho 
and Rho-kinase in a concentration-dependent manner. 
These latter actions play important roles in Ca2+ sensi-
tization.53 The final pathway in airway smooth muscle 
contraction is the generation of force and shortening of 
smooth muscles regulated by myosin crossbridge num-
ber and kinetics. Isoflurane modulates both crossbridge 
number and cycling rates of isolated rat airway smooth 
muscle.63

Volatile anesthetics are allosteric effectors of the 
action of GABA at the neuronal GABA A (GABAA) 
channels. Thus the bronchodilatory action of volatile 
anesthetics is mediated by GABAA channels in the brain-
stem or GABA B (GABAB) receptors on preganglionic 
Volatile Anesthetics

Bronchodilation

Muscarinic
Receptor Stimulation

↑ Phospholipase C
(PLC)

↓ Heterotrimeric
G-Protein

receptor complex
Protein kinase C

↓ Regulation
of actomyosin
crossbridge
formation

↓ Exchange at
the Gα subunit

↓ Voltage-dependent
Ca2+ channel

↑ Inositol
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+

+

+

+

↓ Monomeric
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Protein kinase C-potentiated 17 kDa
inhibitor protein of type 1 phosphatase

↓ Intracellular
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Calmodulin (CaM)

↓ Myosin light chain
kinase (MLCK)

↓ Ca2+/CaM

↑ Myosin light chain
phosphatase
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phosphorylated
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↑ Cyclic adenycyl
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Figure 27-7. Proposed signaling pathways underlying volatile anesthetic-induced bronchodilation and/or inhibition of muscarinic agonist–
induced contraction of airway smooth muscle. +, Excitatory action of muscarinic-receptor agonist. ↑, Activation or increase attributable to the 
volatile anesthetic. ↓, Inhibition or decrease attributable to the volatile anesthetic. Volatile anesthetics play a role in decreasing intracellular calcium 
(ICa2+) levels and decreasing calcium (Ca2+) sensitivity.
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cholinergic nerves in the lung similar to the observa-
tions with propofol.64 Indeed, GABAA and GABAB 
receptors, as well as glutamic decarboxylase (enzyme 
responsible for GABA synthesis), are located in airway 
epithelial and smooth muscle cells. Further, GABA levels 
increase and localize to airway smooth muscle after con-
tractile stimuli in upper airways, and augmentation of 
cholinergic-induced tracheal ring contraction by GABA 
antagonism was shown to be reversed by a GABA ago-
nist. These data suggest that volatile anesthetic–induced 
bronchodilation may also be mediated by the GABAer-
gic airway system.64,65

The bronchoconstricting effects of low inhaled con-
centrations of CO2 were attenuated by inhaled but not 
intravenous halothane, suggesting that the volatile anes-
thetic exerts a direct action on airway muscle tone or local 
neural reflex arcs rather than centrally controlled reflex 
pathways. Consistent with this hypothesis, halothane-, 
isoflurane-, sevoflurane-, and desflurane-induced dilation 
of distal bronchial segments is partially dependent on 
the presence of bronchial epithelium.22,66 A prostanoid 
(e.g., prostaglandin E2 or I2) or NO may be responsible 
for the bronchodilatory effects of volatile anesthetics 
under these conditions. For example, isoflurane-medi-
ated bronchodilation appears to be more dependent on 
NO than prostanoids, whereas the converse is true for 
halothane. Focal epithelial damage or inflammation may 
occur in small airways in patients with asthma or allergen 
exposure, and, as a consequence, the bronchodilatory 
response to volatile anesthetics may be reduced.67 Never-
theless, the most pronounced bronchodilatory action of 
volatile anesthetics in patients with chronic reactive air-
way disease primarily occurs in the proximal rather than 
distal airways.

Direct stimulation of intrinsic airway nerves in vitro 
produces a contractile response that is inhibited by atro-
pine. Volatile anesthetic–induced bronchodilation also 
occurs by modulation of this airway cholinergic neu-
ral transmission mediated through prejunctional and 
postjunctional mechanisms.68,69 The combination of 
atropine and halothane did not increase airway caliber 
over that attained with either drug alone, suggesting that 
halothane dilates airways by blocking vagal tone dur-
ing unstimulated conditions.70 The release of histamine 
and the nonadrenergic, noncholinergic bronchodilatory 
neural reflex (believed to be mediated by NO71), do not 
appear to play a significant role in low-dose halothane-
induced bronchodilation. Potent tracheal constriction 
also occurs in response to the endogenously produced 
endothelin-1. Isoflurane administration at a clinically 
relevant dose (2%) depressed endothelin-1–induced air-
way smooth muscle contraction in rat tracheal rings, sug-
gesting another potential mechanism for airway smooth 
muscle relaxation.72

MUCOCILIARY FUNCTION  
AND SURFACTANT

Normal Mucociliary Function
The upward clearance of mucus from the tracheo-
bronchial tree acts as a primary pulmonary defense  
mechanism to remove foreign particulate matter, micro-
organisms, and dead cells. Ciliated respiratory epithelium 
cells are present throughout the respiratory tract distally 
to the terminal bronchioles, but the density of ciliated 
respiratory epithelium progressively decreases from the 
trachea to the terminal bronchioles. Cilia are hairlike 
appendages, consisting of hundreds of proteins organized 
around a microtubular architecture. They are anchored 
to the apical cytoplasm by a basal body and extend from 
the cell surface into the extracellular space.73,74 Cilia have 
historically been classified as either motile or immotile 
(primary). Motile cilia were thought to be responsible for 
generating extracellular fluid movement or propelling 
individual cells, whereas primary cilia were believed to 
be vestigial. However, primary cilia are actually impor-
tant environmental sensors. Primary cilia localized to 
human bronchial smooth muscle play key roles in sens-
ing and transducing extracellular mechanochemical sig-
nals and are also capable of identifying smooth muscle 
injury.75 Indeed, ciliopathies are responsible for a variety 
of pediatric disorders such as primary ciliary dyskinesia 
and autosomal recessive polycystic kidney disease and 
research in ciliary physiologic function, morphologic 
structure, and pathologic disorders has rapidly evolved 
as a result.73,76 The effects of volatile anesthetics on this 
complex primary ciliary physiologic function are cur-
rently unknown.

Ciliary motion consists of a rapid stroke in a cephalad 
direction, followed by a slower caudal recovery stroke. 
Movements of cilia are closely coordinated in a proximal-
to-distal direction to move matter efficiently toward the 
trachea in a wave motion known as metachronism. Each 
motile cilium is organized in nine peripheral microtubule 
pairs surrounding a central pair (9 + 2). During a beat, 
dynein arms undergo an adenosine triphosphate (ATP)–
dependent attachment, retraction, and release cycle with 
the adjacent doublet, which results in a sliding motion. 
The basal bodies of the motile cilia are anchored to the 
microtubules, nexin links, and radial spokes and are fur-
ther restricted by the ciliary membrane. This anatomic 
constraint converts the sliding motion into a bend.

The quantity and physical properties of the mucous 
layer may also promote the coordination of ciliary beats. 
Mucus is a mixture of water, electrolytes, and macromol-
ecules (e.g., lipids, mucins, enzymes) secreted by goblet 
cells and mucosal glands. Thicker layers of mucus slow the 
removal of surface particles from the airway, whereas low-
viscosity mucus promotes more rapid ciliary transport. 
Mucociliary function may be assessed using high-speed 
videomicroscopy to examine the ciliary beat frequency. 
In vivo techniques in experimental animals have used 
a tracheal window model. In contrast, the velocity of 
mucous movement is typically measured with radioactive 
markers or fiberoptic bronchoscopy in humans. Impaired 
mucociliary function in the upper airways correlates with 
low levels of nasal NO, but the clinical significance of 
this finding is unclear.77 Direct nervous system control 
of ciliary coordination has not been demonstrated in ver-
tebrates, but mucociliary clearance is closely related to 
autonomic nervous system activity, most likely related 
to changes in physical characteristics of respiratory secre-
tions78 (also see Chapter 103).
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Postoperative atelectasis and hypoxemia are common 
causes of perioperative morbidity. Many factors affect 
mucociliary function in the patient who is mechanically 
ventilated, and these factors contribute to the above com-
plications. Poorly humidified inspired gases reduce ciliary 
movement and desiccate mucus. The flow rate of mucous 
movement was maintained within the normal range dur-
ing a 40-minute exposure to inspired dry air at a tem-
perature higher than 32° C in dogs. However, 3 hours of 
inhalation of dry air caused a complete cessation of the 
flow of tracheal mucus, which was restored by the subse-
quent use of inspired gases with 100% relative humidity 
at 38° C. Several anesthesia-related factors also reduce the 
rate of mucous movement, including the administration 
of high-inspired oxygen (O2) concentrations and of adju-
vant medications (e.g., corticosteroids, atropine, beta-
adrenoreceptor antagonists) that affect bronchial tone, 
the presence of a cuffed endotracheal tube, and positive-
pressure ventilation.79

Effects of Inhaled Anesthetics  
on Mucociliary Function
Volatile anesthetics and nitrous oxide diminish the rates 
of mucous clearance by decreasing ciliary beat frequency, 
disrupting metachronism, and altering the physical 
characteristics or quantity of mucus. Halothane, enflu-
rane, isoflurane, and sevoflurane, in contrast to many 
 intravenous anesthetics,80,81 reduced ciliary movement 
and beat frequency in vitro.80-84 Among the volatile anes-
thetics, sevoflurane exhibited the weakest cilioinhibitory 
effects in rat cultured tracheal epithelial cells in vitro 
 (Figure 27-8).84

Gamsu and colleagues85 compared the rate of tantalum 
(a powder that adheres to airway mucus) clearance from 
the lungs of postoperative patients who received general 
anesthesia for either intraabdominal or lower extremity 
surgical procedures. Tantalum retention was closely cor-
related with the retention of mucus (Figure 27-9) and was 
shown for as long as 6 days after intraabdominal surgery, 
with an average retention time three times greater than 
that observed in patients who underwent lower extrem-
ity surgery. Teflon discs placed on the tracheal mucosa 
and observed with fiberoptic bronchoscopy were used 
to examine tracheal mucous velocity in young women 
undergoing gynecologic surgery.86 The administration 
of halothane (1% to 2%) and nitrous oxide (60%) rap-
idly decreased the rate of mucous movement. Little or 
no mucous motion was observed after 90 minutes of 
halothane–nitrous oxide inhalation. Inspired gases were 
humidified, but the use of high-inspired concentrations 
of O2, a cuffed endotracheal tube, and positive-pressure 
ventilation were important confounding factors in this 
study. Bronchial mucosal transport velocity was also 
determined using radiolabeled albumin microspheres 
distally deposited in the mainstem bronchi using a fiber-
optic bronchoscope in healthy patients.87 In contrast to 
the findings of the study with halothane, mucous veloc-
ity was unchanged during the administration of 1.5 MAC 
isoflurane. Whether this relative lack of effect of isoflu-
rane on mucous transport was specifically related to the 
type of volatile anesthetic was unclear. However, mucous 
pooling has been observed during and after anesthesia, 
pter 27: Inhaled Anesthetics: Pulmonary Pharmacology 679

and impaired bronchial mucous transport velocity is 
clearly associated with increased postoperative pulmo-
nary complications.

The effects of sevoflurane and remifentanil on bron-
chial mucous transport were compared with total intrave-
nous anesthesia (consisting of propofol and remifentanil) 
in patients undergoing general surgery.88 In contrast to 
in vitro results,84 bronchial mucous transport velocity was 
significantly reduced in patients receiving sevoflurane 30 
minutes after endotracheal intubation. Desflurane is con-
sidered more irritating to the airways than sevoflurane, 
but both sevoflurane and desflurane, in combination 
with fentanyl, produced equivalent reductions in bron-
chial mucous transport velocity in patients undergoing 
general surgery. Unfortunately, velocity measurements 
were only obtained at a single time point 30 minutes 
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Figure 27-8. Effects of sevoflurane, halothane, and isoflurane on cili-
ary beat frequency (CBF) in cultured rat tracheal epithelial cells. CBF 
was measured at baseline and 30 minutes after exposure to various 
anesthetic concentrations. Values represent mean ± standard devia-
tion (SD). A, Plot of percent baseline CBF versus anesthetic concen-
tration. *, P < 0.05 versus 0% vehicle. ✝, P < 0.05 versus sevoflurane 
at the same concentration. B, Percent baseline CBF versus minimum 
alveolar concentration (MAC). (Modified from Matsuura S, Shirakami G, 
Iida H, et al: The effect of sevoflurane on ciliary motility in rat cultured tra-
cheal epithelial cells: a comparison with isoflurane and halothane, Anesth 
Analg 102:1703, 2006. Used with permission.)
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Figure 27-9. Mucociliary clearance 
measured as tantalum clearance in 
patients undergoing surgery with either 
general or local anesthesia (awake). Note 
the decrease in mucociliary clearance 
in both peripheral and central airways 
during halothane anesthesia. (Modified 
from Forbes AR, Gamsu G: Mucociliary 
clearance in the canine lung during and 
after general anesthesia, Anesthesiology 
50:26, 1979. Used with permission.)
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after endotracheal intubation and a wide range of volatile 
anesthetic concentrations (0.8 to 1.5 MAC) were used in 
this study. These design deficiencies certainly limit inter-
pretation of the results.

Impairment of ciliary beat frequency, mucociliary 
clearance, and bronchial mucous transport are associated 
with a high risk for pulmonary complications, including 
retention of secretions, atelectasis, and lower respiratory 
tract infection.89 A reduction in bronchial mucous trans-
port of as little as 3.5 mm per minute was associated with 
an increase in pulmonary complications in patients who 
were mechanically ventilated for 4 days in the inten-
sive care unit (ICU). Thus pulmonary therapy directed 
at enhancing clearance of secretions from the airways 
may be beneficial in the immediate postoperative period, 
regardless of the type of volatile anesthetic chosen.

Tobacco smokers have significantly slower bronchial 
mucous transport velocities and more frequent pulmo-
nary complications than nonsmokers undergoing major 
abdominal or thoracic surgery.90 The specific effects of 
volatile anesthetics on mucous movement in smokers has 
not been well studied, but one may presume that an addi-
tive or synergistic negative effect on mucous transport 
may be present under these circumstances. Impairment 
of mucociliary function also occurs after lung transplanta-
tion. The mechanism for this dysfunction may be related 
to alterations in the surface properties of mucus and sig-
nificant impairment of mucociliary transport distal to 
bronchial transection and reanastomosis.91 The effects of 
volatile anesthetics on mucous transport in patients who 
underwent lung transplantation have not been described, 
but the baseline reductions in mucociliary movement 
would certainly be expected to predispose these patients 
to postoperative respiratory complications.

Effects of Inhaled Anesthetics on Surfactant
Pulmonary surfactant decreases the work of breathing by 
reducing surface tension at the fluid-gas interface. Surfac-
tant is a mixture of proteins and phospholipids synthe-
sized by alveolar type II cells. Similar to mucus, surfactant 
plays a role in removing foreign particles from airways 
while also enhancing the bactericidal actions of alveolar 
macrophages. Halothane92 and isoflurane93 transiently 
reduced phosphatidylcholine synthesis (a component of 
surfactant) by alveolar cells, in a dose-dependent man-
ner during a 4-hour exposure. High concentrations of 
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halothane also disrupted the energy metabolism of cul-
tured alveolar cells as indicated by reduced ATP content 
and enhanced glycolytic metabolism. Halothane and iso-
flurane potentiated hydrogen peroxide–mediated reduc-
tion of phosphatidylcholine content in alveolar type II 
cells93,94 by affecting cell energetics. Halothane decreased 
the Na+/K+–adenosine triphosphatase (Na+/K+-ATPase), 
and Na+ channel activity in alveolar type II cells, probably 
related to alterations in ICa2+ or ATP depletion.95 A simi-
lar decrease in type II alveolar cell Na+/K+-ATPase occur 
after the administration of isoflurane.96 Transepithelial 
Na+ transport helps regulate alveolar fluid balance, and, 
as a result, impairment of this transport system may con-
tribute to alveolar edema. This observation may be espe-
cially relevant in patients during surgery because volatile 
anesthetics decrease alveolar epithelial fluid clearance.97

The phospholipid makeup of surfactant is critical to its 
functional integrity. Another crucial component of sur-
factant is the hydrophobic surfactant-associated protein 
C. This protein is exclusively synthesized by alveolar type 
II cells, confers the properties of rapid surface adsorption 
and surface-tension reduction to phospholipids, facili-
tates the adsorption and spreading of phospholipids to 
form the surfactant monolayer, and enhances the lipid 
uptake into alveolar type II cells. Exogenous surfactants 
that contain surfactant-associated protein C are also effec-
tive at decreasing the rates of barotrauma and mortality 
in vivo. Clinically relevant concentrations of halothane 
increase surfactant-associated protein C messenger ribo-
nucleic acid (mRNA) in vitro but cause the opposite effect 
in mechanically ventilated rats.98 In contrast, thiopental 
administration increased the content of surfactant-associ-
ated protein C mRNA in both in vitro and in vivo models.98 
Extrapolation of these findings to patients undergoing 
anesthesia should be approached with caution, but these 
results may suggest that halothane and mechanical ven-
tilation play a potentially additive and deleterious role 
on surfactant production and homeostasis of the alveolar 
space, particularly in the presence of acute lung injury. 
The actions of desflurane and sevoflurane on pulmonary 
surfactant metabolism have yet to be evaluated.

The specific roles of depressed mucociliary function and 
alterations in type II alveolar cells on pulmonary compli-
cations remain unclear, but impairment of ciliary motility, 
bronchial mucous transport, and surfactant production 
would certainly be expected to play significant roles in 
perioperative morbidity. As discussed in the following 
text, volatile anesthetics are also important immunomod-
ulators of type II alveolar cell function during lung injury. 
Prolonged administration of volatile anesthetics may pro-
duce mucous pooling and adversely alter alveolar cell sur-
factant metabolism. These actions may result in adverse 
effects on pulmonary function including atelectasis and 
infection. Those at greatest risk appear to include patients 
with excessive or abnormal mucous or surfactant produc-
tion or those with acute lung injury (e.g., chronic bronchi-
tis, asthma, cystic fibrosis, chronic mechanical ventilation) 
(also see Chapter 103). Nevertheless, controlled studies of 
the effects of volatile anesthetics on mucociliary func-
tion, surfactant metabolism, and immunomodulation in 
patients with or experimental models of compromised 
pulmonary function have not been performed to date.
pter 27: Inhaled Anesthetics: Pulmonary Pharmacology 681

PULMONARY VASCULAR RESISTANCE

Determinants of Pulmonary Vascular Tone
The pulmonary vascular bed is a low-pressure, high-flow 
system. Normal PA pressure is approximately one-fifth 
of the systemic arterial pressure. As a result, calculated 
PVR is lower than systemic vascular resistance. The main 
PA and its major branches have a thinner medium and 
less vascular smooth muscle than the aorta and proximal 
arterial great vessels. PVR is increased with small (i.e., 
shorter, narrower, more tortuous alveolar blood vessels) 
or large lung volumes (compression of extraalveolar ves-
sels), whereas PVR is lowest at a lung volume equiva-
lent to the FRC. Changes in PA pressure and PVR exert 
important effects on pulmonary gas or fluid exchange. 
An increase in PVR occurs in conjunction with a corre-
sponding increase in PA pressure and promotes intersti-
tial fluid transudation. PVR is also increased by positive 
end-expiratory pressure (PEEP), alveolar hypoxia, hyper-
carbia, acidosis, and critical closing pressure. Hypoxia 
and acidosis have a synergistic effect on PVR. Clinically, 
the use of positive inotropic medications (e.g., milrinone) 
or expanded blood volume passively decreases PVR by 
increasing flow (cardiac output). Volatile anesthetics may 
also have indirect effects on PVR through a reduction in 
lung volumes during spontaneous ventilation.

Direct changes in pulmonary vascular smooth muscle 
tone alter PVR by affecting the slope of pressure-flow rela-
tion. Such direct changes may be produced by a rapid rise 
in ICa2+ or by alterations in sympathetic nervous system 
activity, arterial O2 and CO2 tension, acid-base balance, 
or plasma catecholamine concentrations. Hypercapnia 
at constant pH (i.e., isohydria) does not alter isolated PA 
tone, but normocapnic acidosis relaxes isolated PAs by 
an endothelium-independent mechanism.99 Neverthe-
less, PA endothelial dysfunction potentiates hypercapnia-
induced vasoconstriction.100

Activation of two primary endothelial-related enzymes 
affects pulmonary vascular tone: NO synthase and cyclo-
oxygenase. Inducible, endothelial, and neuronal NO 
synthases are widely distributed in the lung, extensively 
involved in vascular homeostasis, and intimately linked 
to the pulmonary O2 environment. NO synthase appears 
to play little role in the regulation of PVR in the healthy, 
normoxic lung,101,102 but this enzyme and its metabolite 
NO are critical mediators of PVR during hypoxia.103 In 
addition to producing vasodilation in ventilated, nor-
moxic pulmonary regions during one-lung hypoxia, NO 
may also release an endogenous inhibitor of NO synthase 
that vasoconstricts nonventilated, hypoxic regions.104 
NO may be beneficial in the treatment of high-altitude 
pulmonary edema105 and neonatal pulmonary hyper-
tension resulting from a variety of congenital heart dis-
eases, hypoplastic lung, and meconium aspiration. NO 
is also beneficial in the treatment of acute adult pulmo-
nary hypertension, provided that the PVR is not fixed 
by remodeling and hypertrophy of pulmonary vascular 
smooth muscle. Thus NO may be useful in the man-
agement of severe mitral regurgitation, left ventricu-
lar dysfunction after myocardial infarction, and during 
heart or lung transplantation. Notably, NO inhalation 
during acute bronchospasm may paradoxically worsen 
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hypoxemia.106 Whether this adverse action is mediated 
by direct bronchodilatory actions on less constricted 
peripheral airways or by worsening intrapulmonary shunt 
is unclear. Pulmonary endothelial dysfunction after car-
diopulmonary bypass impairs endothelium-dependent 
vasodilation.107 Nevertheless, the use of NO in pediatric 
and adult patients during cardiac surgeries has become a 
common means of reducing PVR in this setting (also see 
Chapters 67, 94, and 104). Similar to NO, carbon mon-
oxide stimulates guanylyl cyclase and increases cGMP 
levels in pulmonary arterial vascular smooth muscle cells 
to regulate vascular tone. Inhaled carbon monoxide also 
attenuates hypoxemia-induced increases in PVR through 
this mechanism.108

Prostacyclin is another endogenous vasodilatory sub-
stance released from the endothelium that elicits smooth 
muscle relaxation through adenylyl cyclase stimulation 
and production of cAMP. Prostacyclin is clinically used 
as an inhaled or injected pulmonary vasodilator (Flolan 
or treprostinil). A role for endothelium-derived hyper-
polarizing factor (EDHF) was identified as a third path-
way for endothelium-mediated vasorelaxation.109 EDHF 
produces relaxation by hyperpolarizing vascular smooth 
muscle in a process involving K+ channel activation. 
EDHF production may be elicited by endothelial agonists 
(e.g., bradykinin, substance P) or alterations in wall shear 
stress.109 EDHF may be an important regulator of pul-
monary arterial blood flow, but its role in determining 
changes in PVR has not been well defined. Alterations in 
PVR may certainly be transient and occur in response to 
changes in acid-base balance and arterial blood gas ten-
sion. In contrast, the development of chronic pulmonary 
hypertension involves: (1) endothelial dysfunction with a 
resultant vasoconstriction, smooth muscle proliferation, 
and platelet aggregation; (2) vascular remodeling, attribut-
able to a failure to eliminate endogenous vasoconstric-
tors (thromboxane A2, angiotensin 2, and endothelin-1), 
vascular smooth muscle hypertrophy, and protein kinase 
C–mediated fibroblast proliferation with collagen deposi-
tion; and (3) formation of plexiform lesions (i.e., complex 
vascular formations) that irreversibly obliterate pulmo-
nary arterioles. Another pulmonary vasodilator, sildenafil 
citrate, acts by inhibiting cGMP-specific phosphodies-
terase type 5 (an enzyme that promotes degradation of 
cGMP) and is clinically used to treat patients with refrac-
tory PA hypertension.

Mechanism of Hypoxic Pulmonary 
Vasoconstriction
Regional changes in PVR simultaneously affect the 
regional distribution of blood flow within the lung, pro-
duce changes in ventilation-perfusion matching, and gas 
exchange. The distribution of pulmonary arterial blood 
flow and ventilation in the lung is mainly a gravity-
dependent phenomenon (also see Chapter 19) that is pri-
marily mediated by the asymmetric branching of airways 
and blood vessels, thereby establishing regional hetero-
geneity.110 An increase in PVR occurring within an area 
of atelectasis contributes to localized tissue hypoxia but 
also optimizes overall gas exchange (i.e., decreases the 
partial alveolar-arterial O2 tension gradient [PaO2-PaO2]) 
by shifting blood flow away from the atelectatic segment 
to well-ventilated regions of the lung. This phenomenon 
is termed hypoxic pulmonary vasoconstriction (HPV) 
and is unique to the pulmonary circulation because other 
vascular beds (e.g., coronary, cerebral) dilate (and do not 
constrict) in response to hypoxia. Thus HPV maintains 
oxygenation, and medications (including volatile anes-
thetics) that interfere with HPV may adversely affect gas 
exchange. HPV plays an especially important role in the 
presence of atelectasis, pneumonia, reactive airway dis-
ease, adult respiratory distress syndrome (ARDS), and 
one-lung ventilation. It usually does not contribute to 
pulmonary blood flow heterogeneity under normal con-
ditions in supine humans.111

HPV is a locally mediated phenomenon that occurs 
independent of the autonomic nervous system control. 
HPV may be observed when alveolar O2 tension falls 
below approximately 60 mm Hg and is maximal when O2 
tension is approximately 30 mm Hg. HPV was first identi-
fied in 1894, but the precise mechanisms underlying HPV 
remain unclear, despite many years of intensive research. 
Specialized O2-sensing cells modulate respiratory and 
circulatory function to maintain a normal O2 supply. 
Hypercapnia-induced acidosis increases PVR in intact 
animals and in isolated, perfused lungs. Acidosis-induced 
increases in PVR are relatively small at normal alveolar 
O2 tensions but are dramatically enhanced during alveo-
lar hypoxia. Local acidosis and increases in alveolar CO2 
tension may augment HPV and further improve arterial 
oxygenation in healthy lungs. High CO2 concentrations 
reduce NO levels,112 but whether this action is respon-
sible for hypercarbia-induced improvements in the ratio 
of ventilation to perfusion is unclear.113

Although the hypoxia-mediated endothelial-derived 
vasoconstrictor has yet to be identified,114 hypoxia clearly 
releases Ca2+ from smooth muscle SR via ryanodine recep-
tors,115 enhances Ca2+ sensitization,114-116 and modulates 
voltage-gated K+ channels in smooth muscles.117 Heme 
oxygenase-2, hydrogen sulfide, CO, reactive O2 spe-
cies, and adenosine monophosphate–activated protein 
kinase (AMPK) have all been proposed as mediators of 
the hypoxic-response coupling.116,118 Direct phosphory-
lation and regulation of O2-sensitive ion channels by 
AMPK through inhibition of mitochondrial oxidative 
phosphorylation may also be responsible for hypoxia-
response coupling.116

Inhaled Anesthetics and Hypoxic Pulmonary 
Vasoconstriction
All volatile anesthetics vasodilate the pulmonary vascular 
bed. Akata119 presents a thorough review of the mecha-
nisms by which inhaled anesthetics produce this vaso-
dilation, including a reduction in free cytosolic Ca2+ and 
inhibition of myofilament Ca2+ sensitivity. Nevertheless, 
the pulmonary vasodilator effect of volatile anesthetics is 
relatively small in normal lungs, and the small decreases 
in PVR produced by volatile anesthetics are frequently 
offset by a concomitant reduction in cardiac output 
in vivo. The net effect of these hemodynamic changes 
result in little, if any, change in PA pressure concomitant 
with a small decrease in total pulmonary blood flow. In 
contrast to their action as direct pulmonary vasodila-
tors, volatile anesthetics also attenuate KATP channel- and 
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Figure 27-10. Total pulmonary vascu-
lar resistance (Rt) before and after anes-
thetic inhalation. Data are mean ± standard 
deviation (SD). *, P < 0.01 versus control 
group. 4AP, voltage-sensitive K+ channel 
inhibitor; Glib, glibenclamide, an adenosine  
triphosphate–sensitive K+ channel inhibitor; 
IbTX, calcium-activated K+ channel inhibitor; 
Rt difference, resistance after the administra-
tion of anesthetic minus resistance before 
administering the anesthetic. (Modified 
from Liu R, Ishibe Y, Okazaki N, et al: Volatile 
anesthetics regulate pulmonary vascular ten-
sions through different potassium channel sub-
types in isolated rabbit lungs, Can J Anaesth 
50:301, 2003. Used with permission).
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endothelin-mediated pulmonary vasodilation in chroni-
cally instrumented dogs.120-122 The inhibition of pulmo-
nary vasodilation is not a uniform observation during the 
administration of volatile anesthetics under all conditions. 
For example, isoflurane and halothane, but not enflu-
rane, enhance isoproterenol-mediated vasodilation.123,124 
Unlike the findings with other volatile anesthetics, KATP 
channel–mediated pulmonary vasodilation in response to 
lemakalim is preserved during sevoflurane anesthesia.122 
Indeed, evidence suggests that halothane, enflurane, and 
isoflurane, but not sevoflurane, differentially modulate 
pulmonary vascular tension through Ca2+-activated or 
voltage-sensitive K+ channels, at least in isolated rabbit 
lungs.125 Halothane- and enflurane-induced constriction 
of pulmonary vessels were potentiated by voltage-gated 
potassium (Kv) channel inhibition in isolated lungs. In 
contrast, isoflurane did not affect pulmonary vessels when 
Kv channels were inhibited. Further, sevoflurane dilated 
pulmonary vessels and this dilation were not unaffected 
by K+ channel subtype inhibitors (Figure 27-10). Isoflu-
rane also attenuated hypotension-induced pulmonary 
vasoconstriction.126 PA smooth muscle TASK-1 channels 
also appear to contribute to volatile anesthetic–induced 
PA dilation.127 Rather than causing immediate vasodila-
tion, volatile anesthetics produced a paradoxical initial 
dose-dependent increase in force in isolated pulmonary 
arterial strips as a result of Ca2+ release from intracellu-
lar stores (Figure 27-11). Subsequently, a decrease in force 
(associated with a Ca2+/calmodulin–dependent protein 
kinase II activation) occurs.128,129 Extrapolation of these 
results to humans in vivo must be approached with cau-
tion, but these studies suggest that vasodilatory responses 
of volatile anesthetics may be more profound in patients 
with reduced SR Ca2+ stores (e.g., neonates) or those with 
depressed protein kinase activity (e.g., primary pulmo-
nary hypertension).

Several mechanisms contribute to the diminished 
FRC, reduced oxygenation, and increased alveolar-arte-
rial O2 gradient during anesthesia. Volatile anesthetics 
ntribute to this process by affecting HPV. The effects of 
latile anesthetics on HPV are multifactorial and involve 

irect actions on the pulmonary vasculature, combined 
ith indirect effects mediated by systemic hemodynam-
s, the autonomic nervous system, and local humoral 
gulation. In general, in vitro studies have demonstrated 
at all volatile anesthetics attenuate HPV to some degree 
 isolated perfused lungs or in an in situ preparation 
ith constant perfusion (Figure 27-12), whereas most 
travenous anesthetics do not.118 The combined admin-
tration of a Ca2+-channel blocker and a volatile anes-
etic further reduces HPV by an additional 35% to 40%, 
mpared with either drug alone, suggesting that these 
edications inhibit HPV through differing mechanisms. 
deed, the mechanism of the direct inhibitory action of 
latile anesthetics on HPV is unclear but may be related 
 an enhancement of arachidonic acid metabolism130 or 
her endothelial-derived vasodilating factors.131 Con-
rsely, other evidence suggests that anesthetic-induced 
hibition of HPV may occur independent of the pres-
ce of pulmonary vascular endothelium, NO, or guanyl-
e cyclase.132-134 Volatile anesthetics also disrupt Ca2+ 
omeostasis in vascular smooth muscle and thereby 
terfere with pulmonary vasoconstriction. Halothane 
d isoflurane attenuated endothelium-dependent vaso-

ilation by inhibiting the accumulation of cGMP134 and 
KATP channel-mediated interaction between NO and 

rostacyclin in isolated canine PA rings.135 In contrast, 
oflurane modulated the HPV response, at least in part, 
rough Ca2+-activated and voltage-sensitive K+ channels. 

ttenuation of HPV by sevoflurane occurred independent 
 K+-channel function.136

The relative efficacy of volatile anesthetics on HPV 
 vivo is difficult to ascertain, in part, because of several 
ctors that are known to impair HPV, including species, 
mperature, pH, CO2 tension, relative degree of hypoxia, 
ze of the hypoxic area, surgical trauma, and adminis-
ation of medications. During one-lung ventilation, the 
irect inhibitory effects of volatile anesthetics on HPV may 
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Figure 27-11. A, Proposed signaling pathways underlying volatile anesthetic-induced contraction and relaxation in pulmonary artery smooth 
muscle. Intracellular calcium (ICa2+) may be increased by release from the sarcoplasmic reticulum (SR), by the inhibition of voltage-sensitive 
potassium (Kv) or calcium-activated potassium (Kca) channels, or by receptor-operated Ca2+ channels (ROCC). Increased ICa2+ results in an initial 
dose-dependent increase in force (associated with activation of protein kinase C [PKC] and increased mitogen-activated protein kinase, [MAPK]). 
Volatile anesthetics also decrease ICa2+ by activating adenosine triphosphate–regulated potassium (KATP) channels, thereby inhibiting Ca2+ influx 
via voltage-operated Ca2+ channels (VOCC), decreasing SR-induced release of Ca2+, inhibiting the phosphatidylinositol (Pi) cascade, and enhanc-
ing SR-mediated reuptake of Ca2+. The resultant decrease in force is associated with activation of Ca2+-calmodulin-dependent protein kinase II 
(CaMKII). It is important to note that there are many agent-specific effects of volatile anesthetics on each component of these pathways. pERK, 
Phosphorylated extracellular signal-regulated kinase. B, Example of a biphasic (contraction/relaxation) effect of halothane on pulmonary arterial 
smooth muscle. 0%, 1%, 2%, and 3%, Halothane concentrations; ss, control force at steady state before halothane. Halothane dose dependently 
enhanced Ca2+-activated peak force and late relaxation. (Data from Akata,119 Su and Vo,128 and Zhong and Su.129 )
increase perfusion in the nonventilated lung and worsen 
hypoxemia. However, volatile anesthetics may also affect 
HPV, lung perfusion, and oxygenation by indirect actions 
on cardiac output and mixed venous O2 saturation.137 
Thus the direct effects of anesthetics on HPV, compared 
with indirect actions mediated through alterations in 
pulmonary perfusion, must be appreciated. The efficacy 
of HPV inversely varies with pulmonary arterial blood 
flow, and a direct inhibition of HPV by volatile anesthet-
ics may be opposed by a simultaneous reduction in car-
diac output such that HPV may appear to be unaffected. 
As a result, the net HPV response to volatile anesthetics 
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Figure 27-12. Concentration-depen-
dent inhibition of hypoxic pulmonary 
vasoconstriction (HPV) in isolated rab-
bit lungs by desflurane (blue squares) 
and halothane (red squares). Values are 
means ± standard error of the mean 
(SEM) and expressed as a percentage 
of control. *, P < 0.05 versus control 
HPV. The 50% effective dose (ED50) 
values were within the range of 1 and 
2 minimum alveolar concentrations 
(MAC) (for rabbits) for both agents. 
(Reproduced from Loer SA, Scheeren T, 
Tarnow J: Desflurane inhibits hypoxic 
pulmonary vasoconstriction in isolated 
rabbit lungs, Anesthesiology 83:552, 
1995. Used with permission.)
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is unchanged when the cardiac output is reduced, but it 
may be fully intact or only minimally attenuated when 
pulmonary arterial blood flow is preserved. A reduction 
in cardiac output also decreases mixed venous oxygen-
ation, which may enhance pulmonary vasoconstriction. 
These data emphasize the flow dependence of HPV dur-
ing the administration of a volatile anesthetic. Baseline 
pulmonary arterial blood flow and pressure also modulate 
the effects of HPV. Elevated PA pressures may cause pas-
sive distension of constricted vascular beds and thereby 
reverse HPV. Alternatively, reflex pulmonary and sys-
temic vasoconstriction in response to hypotension may 
increase PVR in healthy lung segments, leading to a 
favorable shift of pulmonary blood flow to hypoxic areas 
of lung.

Early studies suggested that nitrous oxide attenuates 
HPV in animal models in vivo. As opposed to the findings 
with isoflurane,130 inhibition of HPV was not observed 
during sevoflurane or desflurane anesthesia (Figure 
27-13)138 in chronically instrumented dogs subjected to 
gradual occlusion of the right main PA. Nitrous oxide,139 
desflurane, and isoflurane,140 but not xenon,139 reduced 
the mixed venous O2 saturation, cardiac output, and 
arterial oxygenation during one-lung ventilation in pigs. 
However, nitrous oxide,139 xenon,139 desflurane,140,141 
and isoflurane140,142 did not alter perfusion of the nonven-
tilated lung or reduce the shunt fraction during one-lung 
ventilation. In animals with a preexisting gas exchange 
defect attributable to a pneumoperitoneum, sevoflurane, 
but not isoflurane, caused more pronounced abnormali-
ties in gas exchange than did propofol.143 Thus although 
reductions in HPV by volatile anesthetics have been rela-
tively small in vivo, coexisting pulmonary disease may 
worsen anesthetic-induced gas exchange abnormalities.

Effects of Volatile Anesthetics  
on Pulmonary Vasculature in Humans
In general, anesthesia is associated with some deteriora-
tion in pulmonary gas exchange. Attributing alterations 
in ventilation or perfusion to specific effects of volatile 
anesthetics is tempting. However, many other factors 
including gravity, posture, atelectasis, differences in vessel 
conductance between lung regions, intrathoracic pres-
sure, and HPV may affect the distribution of pulmonary 
blood flow during the administration of volatile anesthet-
ics. Alterations in regional ventilation are regulated by 
variations in alveolar compliance, inspiratory rate, flow 
rate, pleural pressures, and ventilatory strategies.144

In spontaneously breathing healthy volunteers, sevo-
flurane (1 MAC for 20 minutes) administered via a face-
mask did not alter the relative distribution of either 
ventilation or perfusion in a ventral to dorsal (front to 
back) direction measured by single photon–emission 
CT.144 Similarly, no change in the distribution of ventila-
tion (measured using electrical impedance tomography) 
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Figure 27-13. Composite hypoxic pulmonary vasoconstriction 
(HPV) responses (increase in pulmonary artery pressure [PAP] minus 
left atrial pressure [LAP] as a function of left pulmonary flow in the 
same seven chronically instrumented dogs in the conscious state 
and during sevoflurane and desflurane anesthesia. Neither anesthetic 
affected the magnitude of HPV when compared with the response in 
the conscious state. (From Lesitsky MA, Davis S, Murray PA: Preservation 
of hypoxic pulmonary vasoconstriction during sevoflurane and desflurane 
anesthesia compared to the conscious state in chronically instrumented 
dogs, Anesthesiology 89:1501, 1998. Used with permission)
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occurred in spontaneously breathing adults scheduled for 
elective orthopedic surgery given 0.7 MAC of sevoflurane 
via a laryngeal mask airway (LMA) (with higher tidal vol-
umes and lower respiratory rates).145 Interestingly, sevo-
flurane reduced regional heterogeneity of the perfusion 
distribution and widened the ventilation/perfusion (V̇/Q̇
) ratio regional heterogeneity with a tendency toward 
lower ratios in spontaneously breathing volunteers.144 
This alteration may contribute to less effective pulmo-
nary gas exchange, but these findings were relatively 
small compared with alterations in V̇/Q̇  distribution that 
occur during mechanical ventilation.145,146 Whether the 
mode of ventilation is pressure-controlled or pressure-
supported, sevoflurane caused similar ventral redistribu-
tions of ventilation.145

Isoflurane does not substantially alter pulmonary 
shunt in healthy patients even at concentrations that 
produce systemic hypotension.147 Most clinical thoracic 
surgeries are usually undertaken in the lateral position 
with an open chest and dramatically affect the relative 
distribution of ventilation and perfusion. Under these 
circumstances, a diseased nondependent lung may affect 
the pulmonary vascular response to hypoxia, as may sur-
gical manipulation of the lung itself. Most observations 
in experimental animals or patients undergoing single-
lung ventilation fail to demonstrate clinically significant 
attenuation of HPV during the administration of a vola-
tile anesthetic. Differences in shunt fraction, PVR, or oxy-
genation between isoflurane and sevoflurane anesthesia 
in patients undergoing one-lung ventilation for lobec-
tomy for lung cancer do not appear to be significant.148 
Two studies demonstrated that shunt fraction is similar 
in patients receiving propofol or either isoflurane149 or 
sevoflurane150,151 during single-lung ventilation. No sig-
nificant differences in shunt fraction or arterial O2 ten-
sion were observed when pulmonary gas exchange was 
compared during intravenous infusions of ketamine 
(which does not inhibit HPV) and the administration of 
enflurane. In contrast, isoflurane152,153 and sevoflurane153 
impaired oxygenation and decreased shunt fraction more 
than an intravenous infusion of propofol during single-
lung ventilation in humans. However, the differences 
in oxygenation observed in these studies were small 
and clinically insignificant. Interpretation of the differ-
ences in oxygenation between intravenous and volatile 
anesthetics in these studies may be complicated by the 
relative depth of anesthesia. In contrast, when doses of 
propofol and sevoflurane were chosen based on similar 
depth of anesthesia (based on a bispectral index [BIS] 
monitor), similar reductions in arterial oxygenation were 
observed in patients undergoing one-lung ventilation.151 
Similar and rather modest changes in shunt fraction and 
oxygenation were shown to occur with halothane,154 
isoflurane,148,154,155 desflurane155 and sevoflurane148 in 
patients undergoing thoracotomy and single-lung venti-
lation (Figure 27-14).

Convincing evidence suggests that all volatile anes-
thetics may be safely used in patients undergoing tho-
racotomy and single-lung ventilation (also see Chapter 
66). The increase in shunt and the decrease in oxygen-
ation caused by halothane or isoflurane154 were consis-
tent with an approximately 20% inhibition of HPV at  
1 MAC. Instead of the expected 50% reduction in pul-
monary blood flow in a hypoxic lung in the absence of a 
volatile anesthetic, blood flow decreases by 40% during 
hypoxia in the presence of 1 MAC isoflurane. This change 
in flow corresponds to an increase in pulmonary shunt 
by approximately 4% of the cardiac output. Carlsson 
and colleagues156 applied multiple inert gas elimination 
techniques to measure the true shunt fraction in humans 
anesthetized with volatile anesthetics and demonstrated 
a 2% to 3% increase in shunt fraction corresponding to 
approximately 20% HPV inhibition at 1.5% isoflurane. In 
addition, no significant effects on arterial oxygenation 
occurred with clinically relevant concentrations of iso-
flurane or enflurane. Indeed, the use of total intravenous 
anesthesia with propofol and alfentanil did not decrease 
the risk of hypoxemia during single-lung ventilation, 
compared with a volatile anesthetic.149 Not only does iso-
flurane appear safe to use during single-lung ventilation, 
but the administration of isoflurane before pulmonary 
ischemia may also protect against ischemia-reperfusion 
injury. For example, isoflurane attenuated increases in 
PVR and blunted reductions in the coefficient of filtration 
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Figure 27-14. Partial arterial pressure of oxygen (PaO2) and intrapul-
monary shunt fraction (Qs/Qt) in patients with both lungs ventilated 
(2-LV) or with one lung ventilated (1-LV). Patients received an inhaled 
agent (IH) halothane, isoflurane, sevoflurane, or desflurane or the 
intravenous (IV) anesthetic propofol. Note the minimal effect on PaO2 
and shunt fraction that occurs in changing from a volatile anesthetic 
to an IV agent. (Data modified from Abe and colleagues,148,153 Benumof 
and colleagues,154 and Pagel and colleagues.155)
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and the wet-to-dry ratio in isolated rabbit lungs subjected 
to ischemia and reperfusion.157

Isoflurane did not affect the pulmonary vasoconstric-
tor response to sympathetic α-adrenoreceptor activation 
or influence pulmonary vascular tone in the presence of 
increased PVR mediated by endothelin-mediated receptor 
activation158 after single-lung transplantation.159 These 
findings may have important implications for the intra-
operative anesthetic management of patients with similar 
abnormalities in pulmonary vasoregulation because vola-
tile anesthetics may produce smaller reductions in PVR 
than expected. The precise actions of volatile anesthet-
ics on HPV and pulmonary shunt in patients with pre-
existing pulmonary disease remain to be defined, but the 
action of these drugs on the lung vasculature itself must 
be considered when evaluating causes of hypoxemia dur-
ing anesthesia.

Volatile anesthetics exert only mild, if any, inhibitory 
effects on HPV and oxygenation160,161 (also see Chapter 
66). This relatively minor inhibition of HPV by volatile 
anesthetics should not significantly influence clinical 
decision making, especially considering the efficacy of 
drugs such as the peripheral chemoreceptor agonist, almi-
trine162 (which enhances HPV) and inhaled NO (which 
causes localized vasodilation and increases perfusion to 
adequately ventilated pulmonary regions). In addition, 
ventilatory strategies (e.g., nondependent lung continu-
ous positive airway pressure [CPAP], permissive hyper-
capnia) and fiberoptic bronchoscopy to check proper 
double-lumen endotracheal tube positioning help allevi-
ate hypoxemia (also see Chapter 66). Thus the net effect 
of volatile anesthetics on HPV is multifactorial and not 
only depends on the direct effects of these agents on pul-
monary vasomotor tone, but it is also determined by indi-
rect actions that commonly occur during anesthesia and 
surgery.

CONTROL OF RESPIRATION

COMPONENTS OF THE RESPIRATORY 
SYSTEM

The main components of the respiratory system are 
located in the brainstem and include the medulla oblon-
gata, pons, and midbrain (Figure 27-15). The neuronal 
networks in these areas are sufficient to generate invol-
untary, automatic breathing, which may be superseded by 
cortical centers for voluntary efforts such as speech, swal-
lowing, and coughing. Respiration is also modulated by 
reflex inputs from the upper airways, lungs, and carotid 
bodies. Connections to the lateral hypothalamus convey 
wakefulness drive to the respiratory center. The anesthe-
siologist must be familiar with the main features of the 
respiratory system. Both physiologic sleep and exposure 
to volatile anesthetics may alter respiratory function to 
the point that mechanical ventilatory support becomes 
necessary. The following section does not describe ana-
tomic features in detail, as these have been previously 
reviewed.163-165 Rather, the focus is the major functional 
components of the respiratory system and how they are 
influenced by sleep and volatile anesthetics (Figure 27-16).
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The effects of volatile anesthetics on the control of 
breathing have been summarized.166,167 In general, the 
degree to which fast neurotransmission to individual 
respiratory neurons is affected by volatile anesthetics 
depends on the neurotransmitter inputs to the neuron. 
Volatile anesthetics decrease glutamatergic excitatory 
drive to bulbospinal respiratory neurons and increase 
GABAAergic inhibitory mechanisms at the postsynap-
tic neuronal membrane.168 In hypoglossal upper airway 
motor neurons, volatile anesthetics hyperpolarize neu-
ronal membrane resting potential by activating K+ leak 
channels that are linked to serotonin or norepinephrine 
receptors.169,170 The magnitude of volatile anesthetic 
depression may also depend on the position of the neu-
ron in the neuronal hierarchy, which extends from the 
neurons generating excitatory respiratory drive to the 
respiratory pattern generator and down to the phrenic 
and hypoglossal respiratory output motor neurons (see 
Figure 27-16). For example, downstream phrenic motor 
neurons, which innervate the diaphragm, are signifi-
cantly more depressed by volatile anesthetics than 
upstream bulbospinal respiratory premotor neurons 
that innervate the phrenic motoneurons. This sug-
gests that either there are cascading anesthetic effects 
on synaptic neurotransmission from the premotor to 
the motor neuron or that there is additional direct 
anesthetic inhibition of the phrenic motor neuron 
(e.g., via TASK channel activation by volatile anesthet-
ics).168,169,171 Consequently, volatile anesthetics, which 
strongly affect synaptic neurotransmission, will have 
a greater depressant effect on polysynaptic neuronal 
circuits that include many synapses, compared with 
those comprised of only few neurons (paucisynaptic). 
Most connections between the single components of 
the respiratory system seem to be paucisynaptic, which 
has been proposed to explain a relative resistance of 
automatic breathing to the depressant effects of vola-
tile anesthetics. As an example for the cascading effect 
of anesthetics on neurotransmission, we will assume 
a depression of 20% per synapse as has been shown 
for respiratory premotor neurons.168 If this depression 
occurred at three different steps of the neuronal hierar-
chy (e.g., from chemoreceptor neuron to pre- Bötzinger 
neuron, from pre-Bötzinger neuron to inspiratory 
premotor neuron, from premotor neuron to phrenic 
motoneuron), then this would mean a total decrease 
in excitatory drive to 80% × 80% × 80% = 51% of the 
original drive. This concept has also been suggested for 
Ca2+ channels by Lynch and Pancrazio.172

Most experimental data are derived from animal mod-
els and must be extrapolated to humans with caution. For 
example, the area of the pre-Bötzinger complex, which 
is an important respiratory pacemaker cell–containing 
region in in vitro preparations, has not been conclu-
sively demonstrated in adult mammals in vivo173,174 and 
is impossible to demonstrate using current technology 
in humans.175,176 Feldman,177 who was instrumental in 
establishing the role of the pre-Bötzinger complex in 
respiratory rhythm generation and more recently pro-
posed the existence of an inspiratory and expiratory 
oscillator, now emphasizes that the oscillator model 
of respiration is a working hypothesis that may not 
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Figure 27-15. Anatomic components of the respiratory system and the main nuclei involved in the generation of respiration from chemore-
ception to motoneuron activation (see text for details). Wakefulness drive is derived from the lateral hypothalamus. The central pattern generator, 
where respiratory drive is converted into a respiratory pattern, is thought to consist of several nuclei in the medulla and pons. Potential sites of 
central chemoreception are the locus coeruleus, areas A5 and A7, in the pons, and the medullary raphé and retrotrapezoid nucleus in the medulla. 
Expiratory and inspiratory excitatory drive is relayed to premotor neurons (ventral respiratory group), which project to expiratory motoneurons 
and inspiratory motoneurons (e.g., phrenic nerve) in the spinal cord. These motor nerves innervate abdominal muscles (expiratory) and dia-
phragm (inspiratory). Respiratory pattern and chemoreception are influenced by afferents from the lungs and carotid bodies. Excitatory inputs 
(red arrows); inhibitory inputs (blue buttons).
reflect defined anatomical areas. Still, recent discoveries 
of genetic defects (e.g., in the pairedlike homeobox 2b 
(PHOX2B) transcription factor causing “Ondine’s curse”) 
suggest that important structural and functional defects 
in this area can increase sensitivity of patients (who 
remain undiagnosed) to anesthetic-induced depression of 
breathing.178

Animal data is presented first, as required for a basic 
understanding of respiratory function; then the focus of 
this chapter turns to the clinically applicable studies.

Central Chemoreception
In the healthy individual, automatic breathing under 
normoxic, normocapnic conditions depends on excit-
atory chemodrive, approximately two thirds of which 
results from stimulation of central chemoreceptors by 
CO2 and pH and one third from peripheral chemore-
ceptors by O2 and CO2.179 Although many brainstem 
nuclei contain neurons whose discharge responds to 
changes in extracellular pH, the locations of central 
chemoreceptors are still under intense debate.180 In 
essence, chemoreceptors are thought to be neurons that 
(1) tonically and proportionally discharge to extracel-
lular pH, (2) project to other areas of the respiratory 
system where they form excitatory synapses, and (3) are 
crucial to the function of the respiratory system (i.e., 
destruction of these neurons should decrease respira-
tory output).

Animal studies have pointed to multiple chemosen-
sitive sites in the brainstem that fulfill these criteria180 
including the RTN, medullary raphé, locus coeruleus, 
NTS, lateral hypothalamus, and caudal ventrolateral 
medulla. Glial cells in these areas may also theoreti-
cally contribute to chemoreception through their effect 
on extracellular pH or by hypoxia- or CO2-induced ATP 
release that may alter the function of chemosensitive 
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Figure 27-16. A, Ligand-gated receptors and ion channels on respiratory-related neurons. Excitatory receptors and channels are marked in  
yellow, inhibitory in blue. Opening of pH sensitive channels excites the neuron, whereas the opening of two-pore domain, acid-sensitive potassium 
(K+) (TASK) channels causes membrane hyperpolarization and inhibition of neuronal discharge. B, Effects of volatile anesthetics on respiratory-
related neurons. Volatile anesthetics eliminate wakefulness drive to the respiratory system (red cross out). Black arrows indicate changes in receptor 
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and gamma-aminobutyric acid A (GABAA) in respiratory premotor neurons. The cumulative anesthetic effects on the respective neuron groups 
are depicted (blue arrows). The relative magnitude of the depressant effect is visualized (number of arrows). In humans, peripheral chemodrive is 
significantly more depressed than central chemodrive. Upper airway motoneurons are significantly more depressed than inspiratory motoneurons. 
5-HT2, 5-Hydroxytryptamine; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate acid; NMDA, N-methyl-d-aspartate
neurons.181 Interestingly, the state of cortical arousal 
(asleep or awake) appears to affect whether acidification 
of these areas is capable of producing an increase in ven-
tilation.180 The activity of orexin neurons located in the 
lateral hypothalamus are involved in sleep-wake regu-
lation and feeding and may be partially responsible for 
this latter effect (see Figure 27-16). These neurons also 
project to and enhance the function of other chemore-
ceptor sites including the RTN and medullary raphé. In 
addition, central chemoreceptor sites seem to function 
interdependently; that is, the degree of change in ventila-
tion caused by acidification of one site depends on the 
integrity or simultaneous acidification of other sites.182 
In opposition to this multiple site central chemorecep-
tor theory, Guyenet suggested that the RTN is singularly 
equipped to function as the primary if not the sole source 
of respiratory drive during automatic breathing (i.e., dur-
ing sleep or volatile anesthesia).183 The RTN may also 
serve as the major relay point for wakefulness drive from 
higher brain centers and regulate CO2 homeostasis in the 
conscious state. Interestingly, the actual substrate for cen-
tral chemosensitivity, namely a pH sensitive channel that 
is present on all chemoreceptive neurons and increases 
neuronal discharge under physiologic conditions in vivo, 
has not been specifically identified.

Chemoreception not only provides the tonic excitatory 
drive to the respiratory oscillator, premotor neurons, 
motor neurons, and respiratory muscles that under-
lie automatic breathing, but it also promotes excitatory 
drive to neurons regulating upper airway patency and 
arousal from sleep.180 The genioglossus muscle, which is 
typically regarded as representative for the muscles main-
taining upper airway patency, receives significant tonic 
and phasic excitatory drive in the conscious state. Genio-
glossal muscle activity is reduced during sleep, but high 
levels of inspiratory CO2 (>5%) are capable of recruiting 
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near-normal levels of phasic activity. This phenomenon 
does not occur during rapid eye movement (REM) sleep 
because genioglossal muscle activity is absent. Hypercap-
nia may be another mechanism (aside from hypoxia) by 
which patients with obstructive sleep apnea (OSA) arouse 
from sleep and re-establish airway patency. Thus resid-
ual subanesthetic concentrations of volatile anesthetics, 
which may be present for hours in postoperative patients, 
inhibit both peripheral hypoxic184 and CO2 chemosensi-
tivity185 and may also substantially impair the spontane-
ous arousal and resolution of upper airway obstruction 
that would otherwise occur with severe hypoxia or 
hypercarbia. Interestingly, the level of CO2 drive and the 
related orexinergic stimulation of airway vagal pregangli-
onic neurons have also been linked to the patency of the 
small airways. This observation may be clinically reflected 
in the incidence of bronchoconstriction, which is high-
est in the early morning hours when CO2 sensitivity and 
orexin levels are lowest.180

Central Pattern Generator
Tonic excitatory respiratory drive from the chemorecep-
tive neurons is conveyed to a central pattern generator 
that translates all excitatory and inhibitory inputs into 
a respiratory pattern that consists of distinct inspiratory 
and expiratory phases. The following description summa-
rizes recent reviews.186-188 The central pattern generator 
is currently believed to consist of several nuclei in the 
pontomedullary network (see Figure 27-15), including 
the Kölliker-Fuse nucleus and parabrachial nucleus in 
the pons and the Bötzinger complex, pre-Bötzinger com-
plex, and rostral and caudal ventral respiratory groups 
in the medulla. In the intact, mature mammal under 
physiologic conditions, respiratory rhythm is most likely 
generated by groups of neurons engaged in reciprocal 
inhibition; that is, by two or more major groups of oscil-
lating neurons that alternate their discharges by inhib-
iting each other. This alternating inhibition contributes 
to two distinctly separate respiratory phases. The basic 
oscillating pattern is reinforced in the pontine respira-
tory group, which plays a significant role in respiratory 
phase switching.189 The connections between the medul-
lary nuclei and the pons are very strong and are paucisyn-
aptic. Notably, the actions of volatile anesthetic on the 
central respiratory rate are different, depending on the 
inclusion of the pons in the experimental preparation. 
This observation indicates that the pons exerts a general 
inhibitory effect on medullary respiratory rate response. 
Volatile anesthetics reduce this pontine inhibition and 
contribute to an increase in respiratory rate.

Integration of Peripheral Inputs
Many afferent inputs from the periphery reach the brain-
stem respiratory center and influence the respiratory 
drive and timing. The most important of these periph-
eral inputs originates from the carotid bodies, which are 
paired, highly perfused sensory organs located at the 
bifurcation of the common carotid arteries. Hypoxia or 
hypercapnia causes an increase in carotid sinus nerve 
discharge. After a neuronal relay in the NTS, part of this 
excitatory input directly projects to the central pattern 
generator and increases respiratory drive. Carotid body 
afferent signals also project to other chemoreceptive areas 
of the brainstem, including the RTN, thereby influencing 
central chemoreception.190

Afferent vagal inputs from the lungs and airways are 
also relayed through the NTS. Pulmonary stretch receptor 
inputs project to second order pump neurons in the NTS, 
which can provide both excitatory and inhibitory inputs 
to various parts of the medullary respiratory column. In 
general, pulmonary stretch receptor inputs promote the 
phase switch from inspiration to expiration. This vagal 
expiratory-facilitating reflex (Hering-Breuer reflex) is 
most prominent in immature mammals but also modu-
lates respiratory phase-timing during resting ventilation 
in adult human volunteers.191 Although some of these 
inputs directly influence the central pattern generator, 
others are integrated at the level of the bulbospinal or 
premotor neurons, which project to the motor neurons 
in the spinal cord.

Respiratory Motor Output and Upper 
Airway Patency
The excitatory input to phrenic motor neurons (the main 
inspiratory neurons in the spinal cord) is mediated by 
inspiratory bulbospinal neurons in the ventral respira-
tory group.187 Expiratory motor neurons receive inputs 
from expiratory bulbospinal neurons and the pons.187 
Phrenic motor neurons are located at the levels C3-C5 of 
the spinal cord and innervate the diaphragm. Expiratory 
motor neurons are also located at approximately T7-T12 
of the spinal cord and innervate truncal abdominal mus-
cles that powerfully aid with expiration and with expira-
tory expulsive efforts such as coughing. The spinal motor 
neurons are the final neurons in the respiratory neuro-
nal hierarchy, which means that their activity tends to 
be reduced by the cumulative effect of anesthetics on all 
previous steps of chemoreception and neurotransmis-
sion. Phrenic motor neurons are also directly depressed 
by volatile anesthetics.192

Inspiratory muscle activity is closely coordinated with 
upper airway patency. Genioglossal muscle activity is 
often chosen as an indicator for upper airway patency 
and the hypoglossal motor nerve as representative for the 
neural innervation of upper airway muscles. Hypoglos-
sal motor neurons are located close to the obex in the 
medulla. The strength of excitatory and inhibitory drive 
to hypoglossal motor neurons strongly depends on the 
level of consciousness and differs between the REM and 
non-REM sleep phases. The primary excitatory drive of 
hypoglossal motor neurons (both tonic and phasic com-
ponents) derives from noradrenergic neurons in the locus 
subcoeruleus and the pontine A5 or A7 region. Addi-
tional excitation results from glutamatergic drive from 
the raphé pallidus and is mediated by both N-methyl-
d-aspartic acid (NMDA) and non-NMDA glutamate recep-
tors.193 Excitatory serotonergic inputs from the dorsal 
raphé nucleus and various histaminergic inputs appear to 
play only minor roles in conscious and nonvagotomized 
rodents. Interestingly, glutamate release may be reduced 
through presynaptic 5-hydroxytryptamine 1A (5-HT1A) 
and 1B (5-HT1B) receptors. Hypoglossal motor neuronal 
excitation is modulated by phasic GABAergic inhibition, 
but GABAergic or glycinergic inhibition does not appear 
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to produce significant suppression of hypoglossal motor 
neuronal activity during REM sleep.194 Hypoglossal 
motor neurons also receive cholinergic inputs from the 
pedunculopontine tegmental neurons and the reticular 
formation. These inputs result in postsynaptic modula-
tion of hypoglossal activity and presynaptic modulation 
of excitatory (glutamatergic) inputs.195

Importance of Sleep and Wake States
Two opposing systems determine the arousal state of an 
individual and with it the magnitude of respiratory drive 
and upper airway patency.

The wakefulness-activating system is an arousal system 
ascending from the brainstem that activates the forebrain 
and maintains consciousness. The orexinergic neurons 
from the lateral hypothalamus and the cholinergic neu-
rons from the basal forebrain region project to the cor-
tex to maintain cortical arousal. The orexinergic neurons 
also project to the brainstem to reinforce the activity of 
the ascending arousal system. The arousal system also 
increases the hypoglossal nerve activity by stimulating 
the locus coeruleus, which increases the excitatory nor-
adrenergic input to the hypoglossal motor neurons. The 
ascending arousal system simultaneously inhibits neu-
rons in the ventrolateral preoptic nucleus (VLPO), an area 
in which a group of hypothalamic neurons inhibit neu-
rons involved in wakefulness.195

Opposing the wakefulness-activating system is the 
sleep-activating system, which consists of the anterior 
hypothalamus, basal forebrain, and VLPO. The sleep-
activating system is responsible for nonREM sleep and 
directly suppresses the ascending cortical, as well as the 
brainstem arousal systems via GABAAergic neurons (also 
see Chapter 14).

These two antagonistic systems ensure that the brain 
is either awake or asleep without a partial transition state. 
GABAergic inhibition profoundly reduces the activity of 
the brainstem-arousal system mediated by noradrenergic, 
serotonergic, cholinergic, and histaminergic neurons dur-
ing sleep. The withdrawal of activity from these neurons 
also causes a reduction of drive to the hypoglossal motor 
nucleus and thus a loss in upper airway tone.195

Reduced noradrenergic and serotonergic activity in 
the brainstem neurons leads to diminished presynaptic 
inhibition (alpha2 and 5-HT1A) of pontine cholinergic 
neurons. The resultant increase in acetylcholine in the 
pontine reticular formation triggers REM sleep. Dur-
ing this phase, the locus coeruleus and dorsal raphé are 
inhibited via GABAergic inhibition. Spinal projections 
lead to glutamatergic activation of spinal inhibitory inter-
neurons, which inhibit spinal motor neurons and lead 
to near-complete immobility except for respiration and 
REMs.

Upper airway patency is compromised by substan-
tially lower concentrations of volatile anesthetics than 
diaphragmatic muscle activity.196 This observation may 
be due, at least in part, to the arousal state—dependence 
of hypoglossal motor neuron activity. The near-complete 
loss of genioglossal activity during sleep may contribute 
to the development of OSA in patients with anatomic  
predisposition. These patients are at particular risk for 
upper airway obstruction during anesthesia because 
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volatile anesthetics not only suppress the noradrener-
gic-mediated wakefulness drive to hypoglossal motor 
neurons, but they also profoundly depress the gluta-
matergic drive originating from peripheral and central 
chemoreception.

EFFECTS OF INHALED ANESTHETICS 
ON RESTING VENTILATION AND 
CHEMOREFLEXES IN HUMANS

Volitional control of breathing is reduced during sedation 
with concentrations of volatile anesthetic of less than 1 
MAC and is completely abolished at higher concentra-
tions. This phenomenon is similar to sleep in which 
breathing is largely controlled by automatic brainstem 
mechanisms and chemoreflex inputs. During sedation 
with most volatile anesthetics (in particular, those that 
undergo significant metabolism such as halothane), not 
only is there a loss of volitional control, but also a dose-
dependent impairment of the peripheral chemoresponses 
to hypoxia and partial arterial pressure of carbon diox-
ide (Paco2) occur. Interestingly, depression or enhance-
ment of carotid body activity does not shift the central 
CO2 threshold in an additive fashion; rather, it reduces or 
increases central CO2 sensitivity, respectively.197 From a 
clinical perspective, inhibition of carotid body activity by 
a volatile anesthetic increases the Paco2 required to stim-
ulate respiratory activity, compared with the conscious 
state. In the presence of volatile anesthetic concentra-
tions of 1 MAC or higher, breathing in humans is entirely 
dependent on the automatic control from the pontomed-
ullary respiratory center and afferent excitatory inputs 
from the central chemoreceptors. These anesthetic con-
centrations lead to a complete depression of the periph-
eral chemoreflex loop with further respiratory depression 
rather than stimulation in response to hypoxia.198 A loss 
of upper airway muscle tone and function accompanies 
this process, as does differential depression of neurotrans-
mission at the level of the spinal cord.199

EFFECTS OF INHALED ANESTHETICS ON 
RESTING VENTILATION

All volatile anesthetics cause a dose-dependent decrease 
in expiratory minute ventilation at concentrations greater 
than 1 MAC as a result of a decrease in tidal volume. 
Respiratory rate typically increases (Figure 27-17), but 
no evidence suggests that this increase in rate is a com-
pensatory mechanism or that it is causally related to the 
reduction in tidal volume. Of note, the dose-dependent 
increase in respiratory rate observed with most volatile 
anesthetics is largely absent during isoflurane anesthesia 
concentrations greater than 1 MAC. Most volatile anes-
thetics cause an increase in respiratory rate by producing 
a decrease in both inspiratory and expiratory duration, 
whereas opioids cause a very prominent decrease in respi-
ratory rate that primarily results from a large increase in 
expiratory duration. In general, the decrease in resting 
minute ventilation observed during the administration of 
volatile anesthetics is somewhat less than expected when 
compared with experiments performed under isocapnic 
conditions because the central chemoreflex feedback loop 
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Figure 27-17. Comparison of mean changes in rest-
ing partial arterial pressure of carbon dioxide (Paco2), 
tidal volume, respiratory rate, and minute ventilation in 
patients anesthetized with various inhaled agents. Most 
agents cause dose-dependent tachypnea, decreases in 
minute ventilation and tidal volume, and an increase 
in Paco2. MAC, Minimum alveolar concentration, N2O, 
nitrous oxide. (Data are from references 297 and 299-304. 
Note the data for xenon has been extrapolated from refer-
ences 291 and 305-307.)
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is closed; that is, central chemoreceptor feedback remains 
largely intact. Thus volatile anesthetic–induced hypoven-
tilation increases Paco2, which stimulates the central 
chemoreceptors, thereby increasing central chemodrive 
to the respiratory center.200-205 As a result, the observed 
modest decrease in minute ventilation under closed loop 
conditions incompletely reflects the magnitude of the 
respiratory depressant effects of a volatile anesthetic and 
does not accurately predict the magnitude of the depres-
sant effects of the anesthetic on the ventilatory response 
to either CO2 or hypoxia. Nonetheless, the resultant ele-
vation in resting Paco2 observed with different volatile 
anesthetics at similar MAC values follows the order: halo-
thane < sevoflurane < isoflurane < desflurane (see Figure 
27-17). Volatile anesthetics also cause a rightward shift 
of the apneic threshold206; that is, the minimum Paco2 
required to initiate spontaneous respiration. Thus coor-
dinated spontaneous breathing efforts do not occur if 
mechanical or assisted ventilation efforts drive the Paco2 
levels below the CO2 threshold during anesthesia.207

EFFECTS OF INHALED ANESTHETICS 
ON THE HYPERCAPNIC VENTILATORY 
RESPONSE

Peripheral chemoreceptors contribute approximately one 
third of the CO2-mediated minute ventilation in awake 
humans during normoxia. During hypoxia, the peripheral 
hypercapnic ventilatory response is augmented.208 The 
CO2-mediated component of the peripheral chemodrive 
remains largely intact, but the hypoxia-mediated com-
ponent is rapidly abolished during the administration of 
volatile anesthetic concentrations under 1 MAC.184,209-215 
However, at higher anesthetic concentrations, chemical 
control of breathing is almost entirely mediated by the 
CO2-responsive central chemoreceptors. Thus the central 
chemoreflex loop and not the hypoxic drive provides the 
primary excitatory chemodrive to the respiratory pattern 
generator to sustain respiration during deeper levels of 
volatile anesthesia.

The relative depressant effects of an equivalent MAC 
value of volatile anesthetics may be described by mea-
suring the decrease of the sensitivity (slope) of the CO2 
response curve. The ventilatory CO2 sensitivity is approx-
imately 2 to 3 L/min/mm Hg216 in conscious patients but 
significantly depressed by up to 70% during the adminis-
tration of volatile anesthetics.217

EFFECTS OF INHALED ANESTHETICS  
ON THE HYPOXIC VENTILATORY  
RESPONSE IN HUMANS

The hypoxic ventilatory response (HVR) in conscious 
individuals is substantial and rarely observed because 
hypoxia is rarely encountered under normal circum-
stances. A mountaineer is exposed to an environmental 
barometric pressure of only 253 mm Hg at the summit 
of Mt. Everest (8848 m) without supplemental O2 with 
an ambient O2 tension of only approximately 50 mm Hg 
(one third of that at sea level). Arterial blood gases in one 
climber at this altitude showed a pH of 7.72, a partial arte-
rial pressure of oxygen (PaO2) of 37.6 mm Hg, and a Paco2 
of 7.5 mm Hg. These occurred as a result of severe hypoxic 
hyperventilation with the estimated minute ventilation 
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of approximately 166 L/min.218 Yet, 1.1 MAC halothane 
anesthesia is able to completely abolish this powerful 
ventilatory response to hypoxia. In fact, the direct effect 
of hypoxia on the respiratory centers during the adminis-
tration of volatile anesthetics causes a reduction in min-
ute ventilation. This central depressant effect of hypoxia 
in the presence of a volatile anesthetic is especially pro-
nounced during hypercapnia (Figure 27-18). The depres-
sion of the HVR occurs at subanesthetic concentrations 
(0.1 MAC) of volatile anesthetics. In analyzing 37 sepa-
rate studies investigating the effect of low-dose volatile 
anesthetics on HPV, Pandit proposed the rank order of 
potency as halothane > enflurane > sevoflurane = isoflu-
rane > desflurane.184 The depressant effect on the HVR is 
due to selective depression of the peripheral chemoreflex 
loop. The carotid body appears to be the most likely target. 
The clinical implications of volatile anesthetic–induced 
depression of HVR are important because subanesthetic 
concentrations of volatile anesthetics may be present in 
patients for several hours after a prolonged surgery. As a 
result, a hypoxia-mediated arousal response may not be 
present after administering a volatile anesthetic. This is 
especially the case in patients with OSA and premature 
infants who are at risk of respiratory depression or apnea 
during the perioperative period.

The mechanisms by which low concentrations of vola-
tile anesthetics attenuate hypoxic ventilatory drive are not 
completely understood. The administration of antioxidants 
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Figure 27-18. Effects of halothane anesthesia on the hypoxic ventila-
tory response in humans at three steady-state levels of partial pressure 
of carbon dioxide (Pco2). Halothane anesthesia (1.1 minimum alveolar 
concentration [MAC]) completely eliminates the hypoxic ventilatory 
response and the hypoxic hypercapnic interaction at the peripheral 
chemoreceptors. ETO2, End-tidal oxygen. (Modified from Knill RL, Gelb 
AW: Ventilatory responses to hypoxia and hypercapnia during halothane 
sedation and anesthesia in man, Anesthesiology 49:244, 1978. Used 
with permission.)
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to healthy volunteers reversed the attenuation of the HVR 
to subanesthetic concentrations of halothane and isoflu-
rane (Figure 27-19).219 These results suggested that volatile 
anesthetics depress the hypoxic response by influencing 
the oxidation-reduction state of O2-sensing elements in 
the carotid bodies. How antioxidants mediate this response 
is unclear, but modulation of the mitochondrial electron 
transport chain, volatile anesthetic binding sites, or K+ 
channel function may be plausible explanations.

EFFECTS OF INHALED ANESTHETICS  
ON RESPIRATORY MUSCLES ACTIVITY

Humans are bipeds, unlike the quadruped mammals (cat, 
dog, and rats) in which most invasive in vivo and in vitro 
respiratory control studies have been performed. This dif-
ference in posture probably contributes to the divergent 
contribution of various muscle groups, in particular of 
the truncal muscles, to the normal respiratory effort and 
also likely contributes to the different changes in respira-
tory muscle function under anesthesia between mamma-
lian species. Warner and colleagues performed extensive 
in vivo studies on the effects of volatile anesthetics, 
especially halothane, on respiratory muscle activation in 
dogs both in the presence and absence of CO2-stimulated 
breathing.220 Analogous studies using electromyography, 
fast CT scanning technology, and impedance plethys-
mography conducted in supine humans demonstrated 
that respiratory muscle activation during halothane anes-
thesia (1.2 MAC) significantly differed from the results 
observed in dogs.217,221,222 Scalene and parasternal inspi-
ratory activity are almost universally present during quiet 
breathing in conscious supine humans, but abdominal 
expiratory activity is absent. These inspiratory activi-
ties are enhanced, and abdominal expiratory activity is 
universally recruited during CO2-stimulated rebreathing 
(which simulates increased chemodrive during exercise).

Halothane differentially depresses inspiratory muscle 
activity. The activity of the diaphragm as the main inspi-
ratory pump muscle is relatively spared  (Figure 27-20). 
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Abdominal expiratory activity is routinely recruited dur-
ing halothane anesthesia in male subjects. During quiet 
breathing, halothane anesthesia significantly depressed 
tidal volume (conscious, 707 ± 72 mL versus halothane, 
288 ± 15 mL; mean ± standard error of the mean [SEM]) 
without any significant relative changes in abdominal 
versus rib cage contribution. An increase in respiratory 
rate (conscious, 10.6 ± 0.6 breaths/min versus halo-
thane, 26.5 ± 2.8 breaths/min) and a reduction in FRC 
(335 ± 75 mL) were also reported. Halothane significantly 
reduced the slope of the expiratory minute ventilation to 
CO2 response curve (conscious, 2.21 ± 0.34 L/min/mm 
Hg versus halothane, 1.49 ± 0.35 L/min/mm Hg). Thus 
expiratory minute ventilation at partial pressure of car-
bon dioxide (Pco2) = 55 mm Hg was dramatically reduced 
during halothane administration (conscious, 40.5 ± 7.5 L/
min versus halothane, 6.7 ± 3.7 L/min). Furthermore, hal-
othane strongly depressed the rib cage response to CO2 
during CO2 rebreathing, whereas the abdominal (i.e., dia-
phragmatic) response was unaffected (Figure 27-21).217

Significant gender-related differences in respiratory 
muscle activity were observed during halothane anesthe-
sia in spontaneously breathing humans. Women showed 
activation of inspiratory parasternal intercostal activity, 
which was enhanced during CO2-induced rebreathing, 
whereas parasternal intercostal activity during halothane 
anesthesia did not change in men. Phasic inspiratory 
activity was present in the scalene muscle in the major-
ity of subjects. CO2-stimulated rebreathing uniformly 
increased scalene muscle phasic inspiratory activity. In 
contrast, inspiratory activity in internal intercostal mus-
cles was present in men but not in women. Strong phasic 
expiratory activity in the transversus abdominis muscle 
was observed during halothane anesthesia in men but 
not in women, whereas CO2 rebreathing elicited expira-
tory abdominal muscle activity in both genders. These 
observations demonstrate that, unlike in animals, there 
are important gender-specific differences on how volatile 
anesthetics affect respiratory muscles in humans. Indeed, 
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Figure 27-20. Effects of halothane anesthesia on rib cage and 
abdominal ventilation during hypercapnia (calculated ventilation 
at partial arterial pressure of carbon dioxide [Paco2] of 55 mm Hg). 
Compared with being awake, halothane anesthesia strongly depresses 
minute ventilation. Halothane depresses the rib cage component to 
ventilation more than the abdominal component (diaphragmatic). 
Data are means. (Graph is based on data from Warner DO, Warner 
MA, Ritman EL: Mechanical significance of respiratory muscle activity in 
humans during halothane anesthesia, Anesthesiology 84:309, 1996.)
caution should be used when extrapolating results from 
animal studies.

When expiratory transversus abdominis activity was 
present, the rib cage became significantly constricted 
(i.e., inward displacement of the rib cage), which 
reduced thoracic volume and partially contributed to the 
observed reduction of FRC during halothane anesthesia. 
A cephalad motion of the end-expiratory position of the 
diaphragm was also observed in supine halothane-anes-
thetized subjects. This alteration in diaphragm position 
also reduced FRC. Halothane distorted the normal phase 
relationships between the rib cage and abdominal move-
ments observed in the conscious state with both rib cage 
and abdomen expanding during inspiration. Paradoxi-
cal rib cage motion developed in some subjects during 
halothane anesthesia, such that the rib cage continued 
to expand during the first portion of expiratory gas flow. 
Such paradoxical rib cage motion was exaggerated during 
CO2-stimulated rebreathing (Figure 27-22).217,222,223
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Diaphragm

Figure 27-21. Representative record of respiratory electromyograms 
from one patient while awake and during halothane anesthesia. Halo-
thane anesthesia selectively depresses inspiratory rib cage muscle 
activity and elicits expiratory abdominal muscle activity. (From Warner 
DO, Warner MA, Ritman EL: Human chest wall function while awake and 
during halothane anesthesia. I. Quiet breathing, Anesthesiology 82:6, 
1995. Used with permission.)
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Figure 27-22. Chest wall and abdominal motion during anesthesia 
in a male patient are plotted as changes in thoracoabdominal move-
ments and measured by respiratory impedance plethysmography 
at the onset (small loop) and conclusion (large loop) of rebreathing. 
Open and closed circles denote the beginning and end of inspiratory 
gas flow, respectively. After the termination of inspiration (i.e., during 
early expiration), the patient exhibits paradoxical rib cage motion with 
rib cage dimensions continuing to increase. (From Warner DO, War-
ner MA, Ritman EL: Mechanical significance of respiratory muscle activity 
in humans during halothane anesthesia, Anesthesiology 84:309, 1996. 
Used with permission.)
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Similar to volatile anesthetics, nitrous oxide affects 
chest wall function and breathing by changing the distri-
bution and timing of neural drive to the respiratory mus-
cles.224 Nitrous oxide decreases tidal volume as a result 
of a reduction in rib cage motion and increases phasic 
expiratory activity in humans.

EFFECTS OF INHALED ANESTHETICS  
ON THE UPPER AIRWAY

Pediatric anesthesiologists often conduct an inhaled 
induction of anesthesia (also see Chapter 93) and are very 
familiar with the upper airway collapse resulting from 
the administration of volatile anesthetics. As a result, 
pediatric anesthesia training is focused on mastering the 
skills of maintaining upper airway patency during mask 
induction and maintaining anesthesia in spontaneously 
breathing children. Inspiratory upper airway patency is 
maintained by the cortical wakefulness drive, fully pre-
served chemical chemoreceptor sensitivity and chemo-
drive transmission, and optimal reflex feedback from 
upper airway receptors in the conscious state. These 
upper airway receptors are activated by the negative pres-
sure and airflow225,226 that are generated by the pump 
muscles (e.g., diaphragm, respiratory chest wall muscles). 
During sleep, the cortical wakefulness drive is absent, and 
the sensitivity of the chemoreceptors and upper airway 
receptors is decreased. Thus both phasic and tonic inspi-
ratory excitatory drives to the upper airway muscles are 
decreased or entirely absent during volatile anesthesia. 
The loss of tone in the upper airway muscles (genioglos-
sus and other pharyngeal muscles) predisposes indi-
viduals with anatomic limitations (e.g., narrowed upper 
airway secondary to obesity or craniofacial abnormalities, 
adenotonsillar hypertrophy, macroglossia, micrognathia) 
to upper airway obstruction.

The cortical wakefulness drive, peripheral chemodrive 
from the peripheral chemoreceptors, and excitatory inputs 
from upper airway mechanoreceptors are already signifi-
cantly impaired in the presence of subanesthetic concen-
trations of volatile anesthetics. Such conditions are often 
present in the immediate postoperative period and may 
lead to partial or even complete upper airway obstruction, 
a situation that is further complicated because subanes-
thetic concentrations of volatile anesthetics also strongly 
suppress hypoxia-mediated arousal reflexes. Higher anes-
thetic concentrations of volatile anesthetics cause further 
loss of upper airway muscle tone, which may lead to air-
flow limitation or complete airway obstruction, despite 
the continued function of respiratory pump muscles in 
patients with or without sleep-disordered breathing or 
anatomic airway abnormalities.196,227

Cortical control of breathing is absent, and respira-
tion depends entirely on automatic brainstem mecha-
nisms and blunted CO2-mediated central chemoreceptor 
inputs at clinical levels of volatile anesthesia (≥1.0 to 1.3 
MAC). Both tonic and phasic upper airway muscle tone 
is largely absent, and many anatomically normal patients 
will demonstrate air flow limitations, as indicated by 
flow-limited breathing secondary to partial or complete 
upper airway obstruction during negative inspiratory 
pressure. The airflow-limiting factor is almost invariably 
pter 27: Inhaled Anesthetics: Pulmonary Pharmacology 695

soft-tissue collapse at the level of the nasal velopharynx. 
The loss of velopharyngeal tone during surgical levels of 
volatile anesthesia can often be overcome with the simple 
application of CPAP. Collapse of the upper airway during 
inspiration, concomitant with inspiratory flow limitation 
during maximal inspiratory effort, rarely occurs in con-
scious patients or those with OSA because both phasic 
and tonic upper airway tone is robust. However, selec-
tive suppression of the upper airway reflexes alone (e.g., 
topical local anesthetics applied to the upper airway) may 
contribute to upper airway obstruction in some conscious 
patients with OSA or sleep-disordered breathing.

The upper airway pressure proximal to the velopha-
rynx, at which complete upper airway collapse occurs 
with no inspiratory flow during spontaneous breathing, 
is defined as the critical closing pressure (Pcrit). Pcrit is 
negative in normal, conscious individuals. As a result, 
it is difficult to cause complete airway collapse. Pcrit 
becomes less negative during sleep but remains typically 
slightly subatmospheric during the administration of a 
volatile anesthetic. Indeed, many patients who are ana-
tomically normal show signs of inspiratory flow limita-
tions at higher concentrations (≥1 to 1.3 MAC) of volatile 
anesthetics because Pcrit approaches zero (i.e., atmo-
spheric pressure). Under these circumstances, CPAP may 
be required to maintain nasopharyngeal-velopharyngeal 
patency and to overcome the inspiratory flow limita-
tion (Figure 27-23).228,229 In patients with significant 
anatomic airway abnormalities (e.g., OSA, retrognathia), 
CPAP alone may be insufficient to maintain upper airway 
patency and additional measures (e.g., sniffing position, 
jaw thrust) may be required. If these standard maneuvers 
are insufficient to restore upper airway patency, then 
insertion of an airway device may be necessary to ensure 
upper airway patency.
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Figure 27-23. Relationship between maximal inspiratory flow and 
upper airway pressure for two subjects spontaneously breathing at 
end-tidal isoflurane levels of 1.2%. Both subjects exhibit inspiratory 
flow limitation as the positive upper airway pressure is lowered. The 
left panel demonstrates data from a subject with a relatively stable 
upper airway; note that the critical closing pressure (Pcrit), indicating 
complete upper airway collapse is subatmospheric. The right panel 
demonstrates data from a subject with an unstable airway; note that 
Pcrit exceeds atmospheric pressure. (Modified from Hillman DR, Platt PR, 
Eastwood PR: The upper airway during anaesthesia, Br J Anaesth 91:31, 
2003. Used with permission.)
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EFFECTS OF INHALED ANESTHETICS  
ON DEFENSIVE AIRWAY REFLEXES

Vocal cord adduction and coughing in response to for-
eign material are important defensive reflex mechanisms 
that protect the airway from aspiration. Volatile anes-
thetics exert dose-dependent effects on defensive airway 
reflexes. Volatile anesthetics (≥1 to 1.3 MAC) progres-
sively abolish defensive airway reflexes. The loss of airway 
protection against gastroesophageal reflux with conse-
quent aspiration of orogastric content into the trachea 
are major adverse consequences of the loss of protective 
airway reflexes during the administration of volatile anes-
thetics. In contrast, lower concentrations of volatile anes-
thetics, such as those present during transitional states 
(e.g., mask induction, emergence), may paradoxically 
enhance and prolong the duration of protective defen-
sive reflexes. Laryngospasm is the sustained and com-
plete reflex glottic closure in response to foreign material 
(e.g., oral secretions), contacting the vocal cords, or to a 
poorly timed noxious stimulus (e.g., pain from incision, 
venipuncture) during the administration of inadequately 
low concentrations of a volatile anesthetic. Under such 
circumstances, therapeutic airway maneuvers, such as 
jaw thrust and sustained positive airway pressure, do not 
often relieve laryngospasm, and severe hypoxemia may 
ensue. Sedative-hypnotics or lidocaine may be used to 
deepen the plane of anesthesia rapidly or, alternatively, 
the administration of a neuromuscular blocker may be 
used to terminate the laryngospasm. In the absence of 
intravenous access (as may be the case during mask induc-
tion in infants and children), resorting to intramuscular, 
intraosseous, or intralingual injection of a neuromuscular 
blocker may be necessary to treat life-threatening laryn-
gospasm. Clinical experience and experimental studies 
suggest that severe hypoxia ultimately silences laryngeal 
adductor motor neuron activity and terminates laryngo-
spasm, but profound cardiovascular depression may pre-
cede relief of laryngospasm under these conditions.

Not all volatile anesthetics are equally prone to elicit 
unwanted sustained defensive airway reflexes. Desflurane 
and isoflurane appear to be most irritating to the airways; 
neither anesthetic is recommended for an inhaled induc-
tion of anesthesia. Lerman and associates228 showed that 
the maintenance and emergence from desflurane anesthe-
sia caused significantly more severe adverse airway events 
than did isoflurane anesthesia in spontaneously breath-
ing infants and children with an LMA, especially when 
the LMA was removed before emergence. Another study 
in children confirmed the general clinical impression that 
isoflurane is more irritating to the airway than sevoflu-
rane.230 Children emerging from isoflurane anesthesia 
with an LMA in place had significantly more adverse air-
way reactions when compared with those anesthetized 
with sevoflurane (also see Chapter 93). Notably, higher 
concentrations (1.8 MAC) of isoflurane and sevoflurane 
produced similar attenuation of coughing, tachycardia, 
and hypertension associated with tracheal stimulation, 
but desflurane may continue to irritate the respiratory 
tract at concentrations that exceed 1 MAC. Removal of 
airway devices (e.g., LMA, endotracheal tube) during 
higher concentrations (>1.5 MAC) of a volatile anesthetic 
minimizes the risk of tracheal stimulation and laryngo-
spasm related to the device. Nevertheless, desflurane 
caused significantly more adverse airway-related events, 
including coughing and breath holding, compared with 
sevoflurane,231 even though patients had received adju-
vant medications to blunt adverse airway reflexes (Figure 
27-24). These findings contrasted with those of another 
study232 that did not observe a difference in the airway-
related complications in patients anesthetized with sevo-
flurane or desflurane. However, an average MAC value of 
less than 1 was used in this study. Klock and associates233 
confirmed the prevailing clinical opinion that sevoflu-
rane may be better tolerated than desflurane at 1 MAC 
because cough responses to noxious airway stimulation 
(cuff inflation and deflation) were reduced. However, 
little difference was found between the two anesthetics 
at 1.8 MAC.234 Anesthesia with desflurane, alone, prob-
ably leads to more airway-related adverse events than 
sevoflurane or halothane. Desflurane-related adverse 
airway reflexes may be mitigated by the use of adjuvant 
medications and the appropriate timing of airway device 
removal. Notably, significant increases in airway irrita-
tion were observed in tobacco smokers, independent of 
the specific volatile anesthetic.235

Unlike desflurane and isoflurane, sevoflurane and 
halothane are not pungent (irritants). This characteristic 
makes these volatile anesthetics the preferred medication 
for inhalational induction in infants and children. The 
mechanisms for the irritant effects of desflurane and iso-
flurane are not well understood. These volatile anesthetics 
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Figure 27-25. Isoflurane induces a contractile response in guinea pig bronchus. Typical traces (A) and pooled data (B) of the motor responses of 
guinea pig isolated bronchus to halothane (Hal) (◇) and isoflurane (Iso) (filled circles) or their vehicle (Veh) either alone or after pretreatment with 
capsaicin (CAP), the combination of neurokinin (NK)–receptor antagonists, the transient receptor potential cation channel, member A1, (TRPA1) 
antagonist (HC), or the transient receptor potential cation channel, subfamily V, member 1, (TRPV1) antagonist capsazepine (CPZ). Each column 
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versus Veh. CCh, Carbachol. (Modified from Eilers H, Cattaruzza F, Nassini R, et al: Pungent general anesthetics activate transient receptor potential-A1 
to produce hyperalgesia and neurogenic bronchoconstriction, Anesthesiology 112:1452, 2010. Used with permission.)
activate the excitatory, nonselective cation-channel tran-
sient-receptor potential (TRP)–A1, whereas the nonirri-
tant anesthetics, halothane and sevoflurane, do not.236 
TRP-A1 channels detect endogenous and environmen-
tal chemical irritants and noxious stimuli. The channels 
play an important role in mediating protective airway 
responses. Desflurane and isoflurane also produce bron-
choconstriction in experimental animals that is depen-
dent on TRP-A1 activation of sensory neurons that are 
widely distributed throughout the respiratory tract. Thus 
it has been postulated that TRP-A1 channels in peripheral 
nociceptors mediate the irritant effects associated with 
desflurane and isoflurane (Figure 27-25).236 Whether this 
nonadrenergic, noncholinergic (NANC)–mediated mech-
anism is important in humans remains unclear.

Halothane may be better than sevoflurane at suppress-
ing airway reflexes during airway instrumentation (e.g., 
direct laryngoscopy, rigid bronchoscopy) because compa-
rable MAC concentrations of halothane may cause stron-
ger depression of noxious stimuli than sevoflurane.237 
However, closed claims outcome data suggest that the 
cardiovascular safety profile of halothane is inferior to 
that of sevoflurane238,239 in infants and children during 
inhalational induction.238,239 Endotracheal intubation of 
infants and children without a neuromuscular blocker 
after induction of anesthesia via mask is not recom-
mended except under conditions in which maintenance 
of spontaneous breathing is preferred and when intrave-
nous access cannot be readily achieved (also see Chap-
ter 93). Administering small doses of a neuromuscular 
blocker significantly improves intubating conditions and 
decreases adverse airway reactions, compared with a deep 
inhaled sevoflurane anesthesia alone.240

Ishikawa and colleagues showed that infants and chil-
dren who were spontaneously breathing with an LMA 
in place at a steady-state end-tidal concentration of 1% 
sevoflurane displayed strong passive (laryngospasm, 
apnea) and active (coughing, swallowing) airway reflexes 
in response to small amounts of water injected onto the 
vocal cords (Figure 27-26). At an end-tidal sevoflurane 
concentration of 2%, children continued to display pas-
sive responses, but active responses were completely 
depressed.241 Thus transient or sustained glottic clo-
sures were routinely elicited during sevoflurane (1 MAC) 
anesthesia.

When volatile or intravenous anesthetics were used as 
the sole maintenance anesthetic in the absence of neu-
romuscular blockade, these medications had very differ-
ent effects on active and passive upper airway reflexes in 
spontaneously breathing children. Oberer and cowork-
ers242 concluded that instillation of water onto the vocal 
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Figure 27-26. Demonstrable responses to laryngeal distilled water 
instillation. The subject was anesthetized with 1% of sevoflurane in 
oxygen. After only a few breaths after the instillation, laryngeal clo-
sure was observed, followed by laryngospasm and central apnea. Note 
no respiratory efforts occurred during apnea. A significant increase in 
esophageal pressure corresponded to the swallowing reflex. V̇ , Respi-
ratory flow in L/sec.; Pes, esophageal pressure. (From Ishikawa T, Isono 
S, Tanaka A, et al: Airway protective reflexes evoked by laryngeal instil-
lation of distilled water under sevoflurane general anesthesia in children, 
Anesth Analg 101:1615, 2005. Used with permission.)
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cords during light sevoflurane anesthesia (as determined 
using BIS monitoring) caused more laryngospasm and 
apnea than during propofol anesthesia. Conversely, 
active expiratory airway reflexes were greater when com-
pared with sevoflurane at equivalent BIS values. Interest-
ingly, neither passive nor active airway protective reflexes 
were completely depressed by 1.2 or 1.8 MAC sevoflurane 
anesthesia in adult women, results that are in contrast to 
those obtained in children.243

ACUTE LUNG INJURY

MECHANISMS OF ACUTE LUNG INJURY

Acute lung injury resulting from sepsis, pneumonia, 
ARDS, or asthma is common in patients who are criti-
cally ill and involves a vicious cycle of hypoxia and 
inflammation. Exposure to ambient hypoxia may cause 
pulmonary edema (e.g., high-altitude pulmonary edema) 
and an inflammatory response in the absence of pulmo-
nary injury. Irrespective of the cause, acute lung injury 
is always accompanied by hypoxia and inflammation.244 
Hypoxia-induced inflammation results in enhanced vas-
cular permeability and edema formation, atelectasis, air-
way plugging, microthrombi, V̇/Q̇  mismatch, apoptosis, 
and release of inflammatory mediators including tumor 
necrosis factor alpha (TNF-α), macrophage inflammatory 
protein-2 (MIP-2), monocyte chemoattractant protein-1 
(MCP-1), interleukin (IL)–6 or IL-8, and cytokine-induced 
neutrophil chemoattractant-1 (CINC-1). Infiltration of 
neutrophils also occurs. Inflammation enhances meta-
bolic and O2 demand, further worsening the relative 
tissue hypoxemia, compromising gas exchange, and acti-
vating hypoxia-mediated signaling pathways, including 
those mediated by the A2B adenosine receptor245,246 (also 
see Chapters 101 through 103).

The clinical condition of sepsis-induced acute lung 
injury is modeled in the laboratory by injection or inha-
lation of lipopolysaccharide (LPS), a component of the 
outer membrane of gram-negative bacteria. LPSs bind to 
Toll-like receptor 4 to activate nuclear factor κB, upregu-
late adhesion molecules, and stimulate cytokine-induced 
neutrophil migration into the pulmonary parenchyma. 
The alveolar epithelium may also be injured by endo-
toxin and may play a critical role in maintaining alveo-
lar homeostasis by producing specific proteins, including 
surfactant and a variety of cytokines and by clearing 
excess alveolar liquid. Notably, failure of the alveolar epi-
thelium is associated with increased mortality.247

Acute ventilator-induced lung injury (VILI) is mani-
fested as severe distension of and damage to bronchoalve-
olar structures, lung overinflation, and bronchiectasis.248 
Caveolin-1, an integral membrane protein and com-
ponent of endothelial caveolae (plasma membrane 
invaginations) regulates critical cell functions including 
endothelial uptake, albumin transport, and apoptosis.249 
Caveolin-1 plays an important role in the pathogenesis 
of acute lung injury. Inflammatory cytokines, including 
TNF-α, IL-1β and MIP-2, may be released from alveolar 
epithelial cells, neutrophils, and macrophages. Cyto-
kines are important mediators of leukocyte recruitment 
and activation. In general, attenuation of the cytokine 
response is considered beneficial in terms of reducing 
potential lung injury. Alternatively, blunting the release 
of inflammatory mediators and attenuation of neutro-
phil migration into the inflamed lung may be detrimen-
tal and predispose immunocompromised patients to a 
greater risk of pulmonary infections. Unfortunately, the 
release of cytokines is highly variable, depending on 
experimental conditions. For example, altering the ven-
tilation strategy may modify lung cytokine responses 
to LPS,248 whereas positive pressure ventilation alone in 
the absence of anesthesia may exacerbate inflammatory 
responses.250 NO is derived from inducible nitric oxide 
synthase (iNOS) in response to inflammation and endo-
toxin and also appears to play an important role in acute 
lung injury. Inhibition of iNOS substantially reduced pul-
monary lymph filtration and improved oxygenation dur-
ing endotoxemia in conscious sheep251 (also see Chapter 
104).

The presence of preexisting pulmonary disease, 
including chronic bronchitis, emphysema, and pneumo-
nia, may exacerbate pulmonary damage that occurs in 
response to an acute lung injury.235 As with acute lung 
injury, tobacco smoking induces an inflammatory state, 
but inhaled tobacco abuse decreases the response of mac-
rophages and neutrophils. Thus these cells are less capable 
of releasing cytokines during an infection. In addition, 
goblet-cell hyperplasia, decreased mucociliary clearance, 
and increased airway reactivity occur in chronic tobacco 
smokers and contribute to potential infection, broncho-
spasm, and acute lung injury.

INHALED ANESTHETICS ENHANCE  
ACUTE LUNG INJURY

Volatile anesthetics both exacerbate and attenuate acute 
lung injury. Mechanical ventilation alone, in the absence 
of acute lung injury or volatile anesthetics, produces 
inflammatory pulmonary changes and injury known as 
VILI.252-254 Cyclic stretching of the lung during mechani-
cal ventilation (1) releases proinflammatory cytokines, 
such as IL-1 and MIP-2, leading to pulmonary neutrophil 
accumulation; (2) enhances activity of phospholipase A2, 
which degrades surfactant; and (3) results in pulmonary 
edema, hyaline membrane formation, and cellular infil-
tration. Reduced tidal volume with PEEP was successfully 
used to mitigate the adverse effects of VILI and ARDS. 
Nevertheless, inflammatory changes and lung injury still 
occur, despite this strategy. Thus studies investigating 
the specific effects of volatile anesthetics on acute lung 
injury must also account for concomitant damage caused 
by VILI. Volatile anesthetics enhance gene expression of 
proinflammatory cytokines and impair immune func-
tions of alveolar macrophages in vitro and in vivo255-257 
(Figure 27-27). Halothane also caused DNA and cell dam-
age, nuclear fragmentation, and apoptotic-like changes in 
isolated pulmonary epithelial cells.258 Although desflu-
rane and sevoflurane affect the function and distribution 
of lymphocytes259,260 during one-lung ventilation, the 
clinical significance of this finding remains unclear. Vola-
tile anesthetics exacerbated the extent of lung injury and 
increased mortality in a rat model of acid aspiration.261 
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The magnitude of the injury and mortality rate was dose 
dependent. The extent of injury was unaffected by the 
concomitant infusion of phenylephrine to avoid sys-
temic and pulmonary hypotension. However, compro-
mised pulmonary perfusion may have contributed to the 
results of this study. Volatile anesthetics may also aug-
ment the inflammatory response to mechanical venti-
lation.256,262,263 Pigs were anesthetized for 4 hours with 
propofol or 1 MAC sevoflurane or desflurane.263 Pigs 
anesthetized with sevoflurane or desflurane showed the 
following: (1) fewer alveolar macrophages in the bron-
choalveolar lavage fluid (BALF), (2) greater percentage of 
lymphocytes in the BALF, and (3) greater apoptotic index 
(as measured by caspase-3 protein), compared with those 
anesthetized with propofol. Pigs receiving sevoflurane 
also showed significantly reduced levels of platelet-acti-
vating factor (PAF) acetylhydrolase, which limits the del-
eterious effects of PAF, and more pronounced atelectasis 
than propofol-anesthetized pigs. Of note, no differences 
were observed between groups in phospholipase-2 levels, 
intraalveolar septal thickening, alveolar edema, or wet-
to-dry ratios, as indicators of pulmonary edema. In the 
absence of gross histologic effects, the deleterious effects 
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Figure 27-27. Changes in the expression of proinflammatory cyto-
kines from macrophages during mechanical ventilation with and 
without volatile anesthetics. Values are the ratio of cytokine mes-
senger ribonucleic acid (mRNA) to β-actin mRNA and presented as 
means ± standard deviation (SD). *, P < 0.05 versus the control group 
(mechanical ventilation without volatile anesthetics). Gene expression 
for interleukin-1β (IL-1β), macrophage inflammatory protein-2 (MIP-
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pter 27: Inhaled Anesthetics: Pulmonary Pharmacology 699

of the volatile anesthetics appear to be predominantly 
functional. Similarly, no significant effects on alveolar 
integrity or ultrastructure were observed after adminis-
tering high concentrations of sevoflurane in pigs.264 The 
confounding factor of mechanical ventilation cannot be 
completely eliminated from the analysis because this fac-
tor alone may be associated with many of the inflamma-
tory responses observed. A lack of PEEP may have also 
contributed to the observed exacerbation of lung injury 
in this study.265 Although the results suggest that vola-
tile anesthesia plays a detrimental, proinflammatory role, 
one cannot rule out a beneficial role for propofol. How-
ever, results from in vivo studies do not support a role for 
propofol in reducing acute lung injury.

Volatile anesthetics may worsen acute lung injury 
by increasing alveolar permeability. Using radionuclide 
scanning, halothane and isoflurane transiently increased 
pulmonary vascular endothelial damage.266 Isoflurane 
also enhanced alveolar epithelial permeability in patients 
undergoing surgery.267 Desflurane increased lipid peroxi-
dation as measured in BALF samples from healthy sur-
gical patients,268 suggesting that the pulmonary alveolar 
membranes had been injured. Sevoflurane caused less-
pronounced effects in this model, suggesting that this 
anesthetic may exert a protective effect, compared with 
desflurane. Furthermore, isoflurane, but not sevoflurane, 
increased albumin permeability and transport in isolated 
rat lungs.249 These deleterious actions appeared to be 
related to an enhancement of caveolin-1–mediated albu-
min uptake. Similarly, pretreatment with isoflurane but 
not sevoflurane enhanced neurogenic pulmonary edema 
in rats.269 Low concentrations of isoflurane also exacer-
bated impaired pulmonary gas exchange (V̇/Q̇  mismatch 
and shunting) and worsened O2 delivery after oleic acid–
induced lung injury in mechanically ventilated dogs.270

Proinflammatory responses and enhanced cytokine 
levels in healthy surgical patients undergoing tympano-
plasty were more pronounced after desflurane, compared 
with sevoflurane anesthesia. Patients anesthetized with 
desflurane had more pronounced systemic and intra-
pulmonary inflammatory responses (as measured by 
mediators TNF-α, IL-1β, and IL-6) both before and after 
initiation of surgery, as compared with those anesthe-
tized with sevoflurane.255

INHALED ANESTHETICS REDUCE  
ACUTE LUNG INJURY

Hypoxia is a common mechanism of acute lung injury. 
Hypoxia-inducible factor helps ameliorate lung injury via 
activation of hypoxia-responsive genes (e.g., iNOS, heme 
oxygenase, vascular endothelial growth factor) under 
conditions of low O2 tension in the lung. Exposing iso-
lated pulmonary cells to isoflurane significantly increased 
hypoxia-inducible factor 1α, and enhanced gene expres-
sion for hypoxia-responsive genes.271 These actions sug-
gest that volatile anesthetics are capable of producing a 
protective effect during acute lung injury.

Whether volatile anesthetics reduce or exacerbate pul-
monary cytokine formation appears to be based on the 
type of cells studied and the conditions under which the 
cytokine expression is measured. Volatile anesthetics 
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Figure 27-28. Instillation of phosphate-buffered saline (PBS) or lipopolysaccharide (LPS) intratracheally in rats, followed by ventilation and seda-
tion with propofol (Prop) for 2 hours and continued with either propofol or with sevoflurane (SEVO) for an additional 4 hours. Evaluation of A, 
Lung hyperpermeability after 6 hours as measured by the amount of albumin in the bronchoalveolar lavage fluid (BALF). Sevoflurane inhibits the 
LPS-induced permeability. B, Total cell count in BALF. Cell count significantly increased in both LPS groups and were mostly neutrophils. The pres-
ence of sevoflurane was associated with a significantly lower total cell count. C and D, Cytokine-induced neutrophil chemoattractant-1 (CINC-1). 
CINC-1 protein in BALF and CINC-1 ribonucleic acid (RNA) in lung tissue were significantly increased in both LPS groups, as compared with PBS 
control groups. The presence of sevoflurane was associated with decreased RNA expression and decreased protein, compared with during propo-
fol. E and F, Monocyte chemoattractant protein-1 (MCP-1). MCP-1 protein in BALF and MCP-1 RNA in lung tissue were significantly increased in 
both LPS groups, compared with PBS control groups. The presence of sevoflurane was associated with decreased RNA expression and decreased 
protein, compared with during propofol. Data are means ± standard deviation (SD). *, P < 0.05 versus propofol-LPS. (Modified from Voigtsberger 
S, Lachmann RA, Leutert AC, et al: Sevoflurane ameliorates gas exchange and attenuates lung damage in experimental lipopolysaccharide-induced lung 
injury, Anesthesiology 111:1238, 2009. Used with permission.)
increased the secretion and gene expression of some 
cytokines in alveolar macrophages but reduced the for-
mation of proinflammatory cytokines in alveolar type II 
cells.250,272,273 Pretreatment with 1.1% sevoflurane also 
significantly reduced the inflammatory response and 
attenuated endotoxin-induced chemotaxis of neutrophils 
from alveolar type II cells exposed to LPS.274 Several ani-
mal studies also suggest an important antiinflammatory 
role of volatile anesthetics in reducing acute lung injury. 
Compared with thiopental anesthesia, pigs anesthetized 
with sevoflurane exhibited a reduced expression of TNF 
and IL-1β in lung tissue.275 Volatile anesthetics appear to 
exert antiinflammatory effects, including the inhibition 
of cytokine formation, reduction of neutrophil migra-
tion into the lung interstitium and alveolar space, and 
 attenuation of protein leakage and pulmonary edema 
(Figure 27-28),250,272,273,276,277 in models of acute lung 
injury induced with LPS, Escherichia coli endotoxin, or 
IL-1β. LPS-induced acute lung injury was significantly 
reduced in the presence of sevoflurane, compared with 
propofol anesthesia.277 Sevoflurane, but not propo-
fol, improved the oxygenation index and reduced the 
amount of pulmonary edema. Interestingly, the benefi-
cial effect of sevoflurane on pulmonary edema resulted 
from a reduction in edema formation rather than water 
reabsorption or edema resolution. If this is indeed a criti-
cal mechanism, then sevoflurane would be expected to 
have little beneficial effect if the volatile anesthetic was 
administered after a pulmonary insult. In fact, however, 
this was not the case.276 Rats anesthetized with thiopen-
tal were mechanically ventilated, anesthesia was contin-
ued with propofol infusion, and LPS was administered 
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Figure 27-29. Increases in inflammatory mediators from bronchoalveolar lavage fluid in patients during one-lung ventilation receiving either 
propofol or sevoflurane. *, P < 0.05. Values are means ± standard deviation (SD). A, Increase in tumor necrosis factor alpha (TNF-α). B, Increase 
in interleukin-1β (IL-1β). C, Increase in interleukin-6 (IL-6). D, Increase in interleukin-8 (IL-8). E, Increase in monocyte chemoattractant protein-1 
(MCP-1). Sevoflurane attenuates the release of inflammatory mediators during one-lung ventilation. (Modified from De Conno E, Steurer MP,  
Wittlinger M, et al: Anesthetic-induced improvement of the inflammatory response to one-lung ventilation, Anesthesiology 110:1316, 2009. Used with 
permission.)
through an intratracheal approach. Two hours later, anes-
thesia was continued with either propofol or sevoflurane 
(0.5 to 1 MAC) for 4 hours, and several markers of lung 
injury were measured (see Figure 27-28). Rats receiving 
sevoflurane demonstrated the following: (1) improved 
gas exchange, (2) reduced amounts of albumin in BALF,  
(3) smaller total cell count in BALF (fewer neutrophils), and 
(4) lower cytokine levels in BALF and RNA levels in lung 
tissue, compared with rats receiving propofol. These data 
indicate that the administration of sevoflurane after the 
induction of pulmonary edema significantly attenuates 
lung injury and preserves lung function.276 Similarly, iso-
flurane also protected against warm ischemia-reperfusion  
injury in an isolated, perfused rat lung model when the 
volatile anesthetic was administered after the onset of 
ischemia.278

In addition to improving lung function in sepsis, 
volatile anesthetics decrease lung injury attributable to 
mechanical ventilation279 and ischemia-reperfusion.280 
The administration of isoflurane mitigated VILI as indi-
cated by reduced inflammation, transmigration of neu-
trophils, and cytokine levels in mice.279 Isoflurane also 
induced Akt (protein kinase B) phosphorylation; the ben-
eficial effects of the volatile anesthetic were abolished by 
a selective phosphoinositide 3-kinase (PI3K) inhibitor. 
These findings strongly suggest that isoflurane-mediated 
pulmonary protection occurs through PI3K signaling. 
ATP-regulated K+ (KATP) channels play important roles in 
cardioprotection and neuroprotection by volatile anes-
thetics, but blockade of these channels did not block 
the protective effects of isoflurane in this lung injury 
model.279 Reductions in oxidative stress and inflamma-
tory responses were also observed during sevoflurane, 
compared with propofol anesthesia in a porcine model of 
ischemia-reperfusion injury.280

Clinical investigations in patients support a beneficial 
role for volatile anesthetics in ameliorating lung injury 
(Figure 27-29).281-284 For example, short-term positive 
pressure ventilation with high tidal volumes did not 
affect systemic proinflammatory or antiinflammatory 
cytokines in the lungs of healthy, isoflurane-anesthetized 
patients.282 Three studies investigated the effects of vola-
tile anesthetics in patients undergoing thoracic surgery 
using single-lung ventilation.281,283,284 Single-lung venti-
lation increased the release of proinflammatory cytokines 
and mediators in both the dependent and the nondepen-
dent lungs. Volatile anesthetics suppressed local alveolar 
inflammatory responses and cytokine release, compared 
with propofol (see Figure 27-29). Furthermore, the anti-
inflammatory effects of sevoflurane were greater in the 
dependent compared with the nondependent lung.283 
Patients receiving sevoflurane also had an improved post-
operative course as indicated by a shorter ICU stay and 
fewer adverse events, compared with those treated with 
propofol.284

Whether the immunomodulatory effects of volatile 
anesthetics are mediated by the ether structure or the 
halogen, configuration was investigated using isolated 
pulmonary cells in an in vitro model of acute inflamma-
tion.285 Cells were co-exposed to endotoxin and sevoflu-
rane, diethyl-ether, or various other trifluorinated carbon 
(CF3) groups. Expression of inflammatory mediators and 
chemotactic activity were modified by sevoflurane and 
molecules containing CF3 groups but not by the diethyl-
ether or structure-similar nonfluorinated molecules. This 
finding may have potential therapeutic importance; such 
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molecules may be theoretically provided in a hydrophilic, 
injectable formulation for the treatment of acute lung 
injury.285

NITROUS OXIDE

Data regarding the actions of nitrous oxide on broncho-
motor tone, pulmonary vasculature, mucociliary func-
tion, control of ventilation, and acute lung injury have 
been previously presented. This section addresses specific 
concerns regarding nitrous oxide and the pulmonary sys-
tem not included in other sections (also see Chapter 27).

Nitrous oxide, the least potent inhaled anesthetic, is 
also the oldest anesthetic currently in use, although its 
longevity is threatened by concerns of adverse effects and 
postoperative complications.286 The Evaluation of Nitrous 
Oxide in a Gas Mixture for Anaesthesia (ENIGMA) trial287 
reported that more postoperative complications associ-
ated with use of nitrous oxide occur, compared with high 
concentrations of O2 (80% plus 20% nitrogen); these 
complications include wound infections and adverse pul-
monary events such as pneumonia and atelectasis. Nota-
bly, this large trial was not blinded and did not show a 
significant difference for the primary endpoint, that is, 
for the duration of the hospital stay. A thorough review 
of the potential toxicity of nitrous oxide suggests that 
no convincing data exist that document an increase in 
pulmonary complications.286 As an inhibitor of methio-
nine synthetase, nitrous oxide causes a long-lasting, 
dose-dependent increase in plasma homocysteine, 
reduces DNA and purine synthesis, and suppresses neu-
trophil chemotaxis. The consequences of an increase in 
plasma homocysteine are impaired endothelial function, 
enhanced platelet aggregation, and enhanced oxidative 
stress; all are potentially deleterious to the pulmonary 
system. Nevertheless, no randomized, controlled trials 
have investigated the effects of nitrous oxide in various 
models of acute lung injury.

In addition to other forms of hypoxia-induced lung 
injury previously discussed, diffusion hypoxia is a well-
known phenomenon that may occur during recovery 
from nitrous oxide anesthesia. Rapid elimination of 
nitrous oxide from the blood to the alveoli, combined 
with slower nitrogen diffusion, reduces alveolar O2 con-
centration, resulting in relative hypoxemia.

XENON

The anesthetic properties of the inert gas, xenon, have 
been known for more than 50 years, and advances in man-
ufacturing technology and scavenging systems have made 
xenon more cost-effective.288 Similar to volatile anesthet-
ics, xenon exerts important neuroprotective and cardio-
vascular effects against ischemia-reperfusion injury.289 
Data on the interactions between xenon and the respira-
tory system are limited. The estimated MAC of xenon in 
humans is 63%, and xenon-induced respiratory depres-
sion occurs during inhalation of 33% xenon in radiology 
suites.290 Xenon does not significantly affect transdia-
phragmatic pressure or diaphragmatic electromyography 
because the gas preserves neuromuscular transmission.291 
The effects of xenon on airway resistance substantially 
differ from those of volatile anesthetics. Xenon has 
the lowest blood-gas partition coefficient (0.115) of all 
known inhaled anesthetics. As a result, induction and 
emergence from anesthesia is rapid. However, the anes-
thetic gas has a higher density and viscosity than air291-293 
(also see Chapter 26). Baseline airway resistance was sig-
nificantly greater during 70% xenon-O2 than during 70% 
nitrous oxide–O2, in pentobarbital-anesthetized pigs, but 
the peak and mean airway pressures were unaffected. In 
contrast, airway pressures and resistance were moderately 
increased during xenon anesthesia in the presence of 
methacholine-induced bronchoconstriction.293 In addi-
tion, pulmonary resistance during inhalation of 50% 
xenon was similar to that observed during 50% nitrous 
oxide or 70% nitrogen in methacholine-treated dogs.294

A randomized, double-blind comparison of xenon and 
nitrous oxide showed that both gases similarly increased 
expiratory lung resistance to a similar degree. However, 
patients receiving xenon were less likely to experience 
decreases in O2 saturation than those treated with nitrous 
oxide.295 Administration of 33% xenon in long-term 
mechanically ventilated patients may cause transient, 
elevations in peak airway pressure.292 This increase in 
airway pressure was attenuated by reducing the inspira-
tory flow rate. The higher density and viscosity of xenon 
increases Reynolds number and probably causes the zone 
of transition from turbulent to laminar gas flow to move 
more distally to smaller airways. Arterial O2 and CO2 
tensions were unaffected during the administration of 
xenon in anesthetized pigs.296 However, breathing higher 
density gas mixtures may reduce the alveolar-arterial O2 
difference, improve the distribution of ventilation, and 
minimize V̇/Q̇  variances.297 In morbidly obese patients 
scheduled for gastric bypass surgery, gas exchange (e.g., 
PaO2/FiO2) was enhanced in patients receiving xenon, 
compared with sevoflurane.298

Diffusion hypoxia may be less likely during xenon 
anesthesia, compared with nitrous oxide, because the 
blood-gas partition coefficient of the noble gas is simi-
lar to that of nitrogen and, as a result, diffusion into the 
alveoli may be slower. The specific effects of xenon on 
bronchomotor tone, mucociliary function, pulmonary 
vasculature, ventilatory control, or acute lung injury have 
not been described to date.

SUMMARY

Inhaled anesthetics affect every aspect of respiratory 
physiologic function. Volatile anesthetics are potent 
bronchodilators that reduce bronchiolar smooth muscle 
tone. Volatile anesthetics inhibit both ciliary function 
and bronchial mucous transport. Volatile anesthetics are 
pulmonary arterial vasodilators and inhibit HPV in vitro, 
but their net effect on HPV in vivo is minimal. Volatile 
anesthetics also significantly alter the activity of respi-
ratory afferents, the respiratory control center, and the 
muscles of respiration. These effects are mediated by 
actions on pulmonary parenchyma and afferent, cen-
tral, and efferent neural structures. The depressant effects 
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of volatile anesthetics are more pronounced in patients 
with lung disease and sleep-disordered breathing. Volatile 
anesthetics are also immunomodulatory. In some mod-
els, they appear to be proinflammatory, but the major-
ity of studies show that volatile anesthetics ameliorate 
acute lung injury. The inhaled anesthetics, nitrous oxide 
and xenon, also affect the respiratory system. Although 
many actions of xenon have not been as well described, 
this gas is unusual in that it increases tidal breathing and 
decreases respiratory rate, an action that is opposite of 
other inhaled anesthetics. An understanding of the mul-
tiple actions of inhaled anesthetics on the respiratory sys-
tem likely enhances the safe delivery of anesthesia.
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K e y  P o i n t s

 •  Volatile anesthetics produce dose-related depression of left ventricular (LV), 
right ventricular, and left atrial myocardial contractility, LV diastolic function, 
and LV-arterial coupling in the normal heart.

 •  The negative inotropic effects of volatile anesthetics are related to alterations in 
intracellular calcium homeostasis within the cardiac myocyte.

 •  Volatile anesthetics affect the determinants of LV afterload to varying degrees in 
the presence of normal and dysfunctional myocardium.

 •  The systemic hemodynamic effects of volatile anesthetics are complex and are 
determined by the interaction of myocardial effects, direct actions on the arterial 
and venous vasculature, and alterations in autonomic nervous system activity.

 •  Volatile anesthetics sensitize myocardium to the arrhythmogenic effects of 
epinephrine to varying degrees and may prevent or facilitate the development 
of atrial or ventricular arrhythmias during myocardial ischemia or infarction 
depending on the concentration of the agent, the extent of the injury, and the 
location affected within the conduction pathway.

 •  Volatile anesthetics are relatively weak coronary vasodilators that are not capable 
of producing coronary steal at typically used clinical concentrations, even in 
patients with steal-prone coronary artery anatomy.

 •  Volatile anesthetics exert myocardial protective effects against reversible and 
irreversible myocardial ischemia in experimental animals and humans when 
administered before, during, or immediately after the onset of coronary artery 
occlusion and reperfusion.

 •  Volatile anesthetics depress baroreceptor reflex control of arterial pressure to 
varying degrees.

 •  Nitrous oxide causes direct negative inotropic effects, does not substantially 
affect LV diastolic function, and produces modest increases in pulmonary and 
systemic arterial pressure via a sympathomimetic effect. These actions are 
dependent to some degree on the baseline anesthetic.

 •  Xenon is essentially devoid of cardiovascular effects but has been shown to 
protect myocardium against ischemic injury in experimental animals.
706

INTRODUCTION

This chapter comprehensively describes the cardiovascular 
pharmacology of modern volatile anesthetics (including 
isoflurane, desflurane, and sevoflurane), nitrous oxide, and 
the anesthetic noble gas xenon. Comparison to older vola-
tile anesthetics (halothane and enflurane) will be made only 
when necessary because these drugs are no longer avail-
able in most countries. The actions of inhaled anesthetics 
on cardiovascular function, cardiac electrophysiology, the 
coronary circulation, and autonomic nervous system con-
trol of the circulation will be examined in detail.

VOLATILE ANESTHETICS

CARDIOVASCULAR FUNCTION

Myocardial Contractility
Isoflurane, desflurane, and sevoflurane depress myocardial 
contractility in vitro and in vivo. Investigations conducted 
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in the 1960s demonstrated that halothane and enflurane 
produce dose-related depression of force- velocity rela-
tions and Frank-Starling curves in isolated cardiac muscle 
preparations and intact hearts, respectively. Circulatory 
depression occurs during halothane and enflurane anes-
thesia in humans. Isoflurane produced direct negative 
inotropic effects as indicated by decreases in maximal 
velocity of shortening, peak developed force, and maxi-
mal rate of force development during isotonic contraction 
in isolated papillary muscles. These reductions in myo-
cardial contractility by isoflurane also contribute to the 
cardiovascular depression observed with this anesthetic 
in humans. Similarly, desflurane and sevoflurane depress 
intrinsic inotropic state in isolated myocardium, which 
helps define the hemodynamic effects of these volatile 
anesthetics in humans with or without heart disease.

The relative degree of myocardial depression pro-
duced by volatile anesthetics in vivo is more difficult to 
establish because simultaneous alterations in systemic 
and pulmonary hemodynamics and autonomic nervous 
system activity complicate assessment of left ventricular 
(LV) systolic function. Early studies using isovolumic- 
and ejection-phase measures of myocardial contractility 
demonstrated that halothane and enflurane caused very 
similar negative inotropic effects in experimental animals 
and humans. These findings were confirmed using the 
slope of the LV end-systolic pressure–mid-axis diameter 
relation as a relatively heart rate– and load-independent 
index of inotropic state. In contrast, isoflurane produced 
less myocardial depression than the older anesthetics 
in vivo. For example, isoflurane caused smaller reductions 
in maximum rate of LV pressure development (dP/dt)  
than halothane when identical minimum alveolar con-
centrations (MACs) were directly compared in the pres-
ence and absence of autonomic nervous system function, 
suggesting that differences in myocardial depression 
caused by these anesthetics occurred independent of 
autonomic nervous system activity. Differences in the 
negative inotropic effects of halothane and isoflurane 
have been quantified using the slope of the regional pre-
load recruitable stroke work relation derived from differ-
entially loaded LV pressure–segment length diagrams. In 
these studies, isoflurane maintained contractility an aver-
age of 20% higher compared with identical MAC halo-
thane. Differences in the relative degree of myocardial 
depression produced by isoflurane and the older volatile 
anesthetics were also inferred in humans using isovolu-
mic- and ejection-phase measures of contractile state. The 
negative inotropic actions of all volatile anesthetics are 
exacerbated by hypocalcemia, calcium channel blockers, 
and β1-adrenoceptor antagonists and may be reversed 
by administration of exogenous calcium (Ca2+), cardiac 
phosphodiesterase fraction III inhibitors, β1-adrenoceptor 
agonists, Ca2+ channel agonists, and myofilament Ca2+ 
sensitizers. The differential effects of isoflurane and halo-
thane on myocardial contractility are maintained during 
changes in inotropic state produced by these vasoactive 
drugs.

Desflurane causes systemic and coronary hemody-
namic effects that are similar to those produced by iso-
flurane. Desflurane and isoflurane depressed myocardial 
function to equivalent degrees using isovolumic- and 
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jection-phase measures of contractility in experimental 
nimals and humans. These observations were verified 
sing both end-systolic pressure-volume relations and 
reload recruitable stroke work (Fig. 28-1) in the pres-
nce and absence of autonomic nervous system activity. 
owever, the unique cardiovascular stimulation associ-

ted with rapid increases in inspired desflurane concen-
ration in humans may lead to transient increases in 

yocardial contractility resulting from stimulation of the 
ympathetic nervous system. The effects of sevoflurane 
n myocardial contractility are virtually indistinguish-
ble from that produced by isoflurane in dogs. Sevoflu-
ane caused less myocardial depression than equivalent 

AC of halothane in pigs and produced less myocardial 
epression than enflurane in humans evaluated using 
chocardiography. Sevoflurane decreased contractile 
unction to approximately 40% to 45% of control values 
t 1.75 MAC in the presence and absence of autonomic 
ervous system activity using regional preload recruitable 
troke work. This magnitude of myocardial depression 
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igure 28-1. End-systolic pressure-volume (top panel) and stroke 
ork–end-diastolic volume relationships (bottom panel) before (con-

rol 1; C1), during 0.6, 0.9, and 1.2 minimum alveolar concentration, 
nd after isoflurane (control 2; C2) in an experiment in an open-chest 
og. (Modified from Hettrick DA, Pagel PS, Warltier DC: Desflurane, sevo-
urane, and isoflurane impair canine left ventricular–arterial coupling and 
echanical efficiency, Anesthesiology 85:403-413, 1996.)
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is similar to isoflurane and desflurane using an identical 
experimental model. Thus, isoflurane, desflurane, and 
sevoflurane depress contractile state to similar degrees in 
normal LV myocardium.

The effects of volatile anesthetics on myocardial con-
tractility in animal models or patients with LV dysfunc-
tion have been less extensively studied. An early in vitro 
study demonstrated that isoflurane causes greater reduc-
tions in maximum shortening velocity and the peak 
rate of force development in papillary muscles from fail-
ing compared with normal hearts subjected to chronic 
pressure overload. Halothane also produced more pro-
nounced myocardial depression in ischemic in contrast 
to normal myocardium. Isoflurane and halothane caused 
relatively greater negative inotropic effects in ventricular 
myocardium obtained from cardiomyopathic hamsters 
than in normal hamsters (Fig. 28-2). Isoflurane and sevo-
flurane also produced greater depression of contractility 
in right ventricular (RV) papillary muscles obtained from 
ferrets with experimental pressure-overload hypertrophy 
compared with normal myocardium.1 These findings 
suggested that myocardial depression caused by volatile 
anesthetics in failing or hypertrophied myocardium were 
accentuated and provided indirect evidence that patients 
with underlying contractile dysfunction may be more 
sensitive to the negative inotropic effects of volatile anes-
thetics. In contrast, isoflurane, sevoflurane, and desflu-
rane caused similar declines in contractility in ventricular 
myocytes obtained from rats in the presence and absence 
of chemically induced chronic hyperglycemia.2

Volatile anesthetic–induced declines in contractile 
function were well tolerated and did not precipitate frank 
systolic dysfunction in experimental models of myocar-
dial ischemia or infarction. In fact, volatile anesthetics 
exert important beneficial effects on mechanical function 
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Figure 28-2. Comparison of the effects of halothane (left) and iso-
flurane (right) on isometric active force (AF) of papillary muscles from 
healthy hamsters (yellow bars) and those with cardiomyopathy (blue 
and green bars). Probability values refer to between-group differences. 
*Significantly (P < .05) different from control values. NS, Not signifi-
cant. (Modified from Vivien B, Hanouz J-L, Gueugniaud P-Y, et al: Myo-
cardial effects of halothane and isoflurane in hamsters with hypertrophic 
cardiomyopathy, Anesthesiology 87:1406-1416, 1997.)
during myocardial ischemia and reperfusion injury. Vola-
tile anesthetics reduced experimental myocardial infarct 
size, preserved metabolic and structural integrity during 
regional ischemia and reperfusion, enhanced the func-
tional recovery of stunned myocardium, and improved 
indices of LV diastolic performance during brief coronary 
artery occlusion. Isoflurane produces beneficial decreases 
in LV preload and afterload in patients with ischemic 
heart disease. These improvements in loading conditions 
in patients with compromised LV function may serve to 
offset the direct negative inotropic effects of anesthet-
ics and contribute to relative maintenance of cardiac 
performance by optimizing the Starling relationship or 
improving LV diastolic function. Isoflurane produced 
dose-related depression of myocardial contractility in a 
model of moderate LV dysfunction induced by chronic 
rapid LV pacing, but isoflurane anesthesia was well tol-
erated and did not precipitate LV failure. These findings 
with isoflurane were attributed to simultaneous improve-
ments in LV loading conditions and filling dynamics that 
contributed to relative maintenance of cardiac output in 
the setting of moderate LV dysfunction despite concomi-
tant reductions in contractility.

Cellular Mechanisms of Myocardial 
Depression
Volatile anesthetics depress myocardial contractility 
by alterations of intracellular Ca2+ homeostasis at sev-
eral subcellular targets in the normal cardiac myocyte. 
Volatile anesthetics caused dose-related inhibition of 
the transsarcolemmal Ca2+ transient by affecting both 
L-type and T-type Ca2+ channels. Isoflurane produced 
less- pronounced reductions in intracellular Ca2+ tran-
sient than the older volatile ansethetics. The structural 
conformation and functional integrity of the voltage-
dependent Ca2+ channel were directly altered by vola-
tile anesthetics as indicated by attenuated binding of 
the Ca2+ channel blockers. The partial inhibition of Ca2+ 
influx via sarcolemmal Ca2+ channels has several impor-
tant consequences, including declines in the availability 
of Ca2+ for contractile activation, depression of Ca2+-
dependent Ca2+ release from the sarcoplasmic reticulum 
(SR), and reduction of the amount of Ca2+ that can be 
subsequently stored in the SR. Notably, acute precondi-
tioning by isoflurane triggers persistent changes in the 
inactivation of L-type Ca2+ channels that may contrib-
ute to attenuation of intracellular Ca2+ overload during 
ischemia- reperfusion injury.3 In contrast to halothane 
and enflurane, isoflurane did not stimulate Ca2+ release 
from the SR or directly activate ryanodine-sensitive SR 
Ca2+ release channels, thereby reducing SR Ca2+ storage. 
Unlike halothane, isoflurane also did not cause a non-
specific leak of Ca2+ from the SR. When combined with 
decreases in transsarcolemmal Ca2+ flux, these alterations 
in SR function represent important mechanisms by which 
halothane and enflurane depressed the intracellular Ca2+ 
transient and reduced myocardial contractility more than 
isoflurane, desflurane, or sevoflurane. In addition, isoflu-
rane and sevoflurane inhibited Ca2+ transport from the 
cell through the sarcolemmal Ca2+-adenosine triphospha-
tase (ATPase), an action that partially offset reductions in 
SR Ca2+ stores. The partial preservation of the myocardial 
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positive frequency staircase effect observed with newer 
volatile anesthetics at physiologic excitation rates in vitro 
is due to this relative maintenance of SR function, in con-
trast to halothane or enflurane.

Volatile anesthetics also depress contractile function 
by inhibiting Na+-Ca2+ exchange and reducing intracel-
lular Ca2+ concentration independent of the voltage-
dependent Ca2+ channel in vitro. This effect may be 
particularly important in neonatal myocardium, which 
may be more sensitive to the negative inotropic actions 
of volatile anesthetics than adult myocardium. The rela-
tive contribution of Na+-Ca2+ exchange inhibition to 
anesthetic-induced depression of myocardial contractil-
ity in the intact heart remains controversial, but a role 
for Na+-Ca2+ exchange inhibition in preconditioning by 
volatile anesthetics (see “Preconditioning and Postcon-
ditioning”) was demonstrated.4 Volatile anesthetics also 
may exert direct effects on the contractile apparatus and 
reduce myofilament Ca2+ sensitivity. Volatile anesthetics 
decreased tension development of skinned cardiac myo-
fibrils and reduced myofibrillar ATPase activity. These 
actions may contribute to declines in actin-myosin cross-
bridge kinetics during contraction, but not through a 
direct interaction with cardiac cross-bridge mechanics.5 
In addition, volatile anesthetics may modestly reduce 
myofilament Ca2+ sensitivity, but this mechanism proba-
bly plays a relatively minor role in the negative inotropic 
effects of these medications at clinically relevant concen-
trations in vivo.

The cellular mechanisms responsible for volatile anes-
thetic–induced depression of myocardial contractility in 
failing myocardium have not been studied in detail. How-
ever, the effects of isoflurane and sevoflurane on intra-
cellular Ca2+ homeostasis have been studied in a model 
of RV pressure-overload hypertrophy.1 These anesthetics 
produced more pronounced reductions in peak intracel-
lular Ca2+ concentration and exaggerated decreases in 
myofilament Ca2+ sensitivity in ventricular myocytes 
obtained from hypertrophied compared with normal 
hearts. Whether similar alterations in intracellular Ca2+ 
regulation are produced by volatile anesthetics in other 
forms of heart failure remains to be determined. Profound 
abnormalities in Ca2+ homeostasis are characteristic fea-
tures of failing myocardium, and volatile anesthetics may 
cause further reductions in contractile function by pro-
ducing additive or synergistic effects on Ca2+ metabolism 
under these conditions.

Diastolic Function
Definitions of heart failure based solely on contractile 
dysfunction are inadequate because LV function during 
diastole significantly influences overall cardiac perfor-
mance. The heart serves dual roles, propelling blood into 
the high-pressure arterial vasculature during systole and 
collecting blood from the low-pressure venous circula-
tion during diastole. Thus, heart failure may occur not 
only from impaired contractility but also from altered 
LV diastolic function. The timing, rate, and extent of LV 
filling are determined by several major factors, including 
the rate and extent of myocardial relaxation, the intrinsic 
mechanical properties of the LV itself and those imposed 
by external constraints, and the structure and function of 
r 28: Inhaled Anesthetics: Cardiovascular Pharmacology 709

the left atrium, the pulmonary venous circulation, and 
the mitral valve.6 Abnormalities in LV diastolic function 
may be linked to decreases in myocardial contractility, 
but heart failure also may result from primary diastolic 
dysfunction in the absence of or before the appear-
ance of alterations in LV systolic function in a variety 
of pathologic conditions, including ischemic heart dis-
ease, pressure-overload or volume-overload hypertrophy, 
hypertrophic obstructive cardiomyopathy, and restrictive 
disease processes.

Volatile anesthetics produce dose-related prolonga-
tion of LV isovolumic relaxation in vivo. This delay of 
isovolumic relaxation is associated with declines in early 
LV filling but is not of sufficient magnitude to affect LV 
chamber stiffness. Coronary blood flow is elevated dur-
ing isovolumic relaxation, and delays in relaxation pro-
duced by volatile anesthetics contribute to impairment 
of coronary flow during early diastole. Prolongation of 
LV relaxation probably occurs as a result of simultaneous 
depression of myocardial contractility and not because of 
a direct negative lusitropic effect. In fact, volatile anes-
thetics modestly enhanced the rate of relaxation of iso-
lated myocardium in vitro. Volatile anesthetics also cause 
concentration-related decreases in the rate and extent 
of early LV filling concomitant with negative inotropic 
effects. Further, volatile anesthetics reduced LV filling 
during atrial systole.7 Isoflurane, desflurane, and sevoflu-
rane did not alter invasively derived indices of regional 
myocardial or chamber stiffness, indicating that LV dis-
tensibility was unaffected by these volatile anesthetics.

The effects of isoflurane and halothane on LV dia-
stolic function in a canine model of dilated cardiomy-
opathy were described. In contrast to the findings in dogs 
with normal LV function, isoflurane improved several 
indices of LV relaxation and filling in cardiomyopathic 
hearts despite producing simultaneous negative inotro-
pic effects. In addition, halothane did not exacerbate the 
preexisting diastolic dysfunction inherent in this experi-
mental model. The findings with isoflurane and halo-
thane were most likely related to favorable reductions 
in LV preload produced by these volatile anesthetics and 
were not due to direct positive lusitropic effects. Isoflu-
rane-induced improvements of LV isovolumic relaxation 
and filling dynamics may contribute to relative mainte-
nance of cardiac output in the presence of LV dysfunc-
tion despite simultaneous reductions in contractility. 
The findings in cardiomyopathic hearts supported earlier 
clinical observations reporting that patients with severe 
ischemic heart disease or congestive heart failure tolerate 
isoflurane or halothane anesthesia without acute hemo-
dynamic decompensation.

The afterload dependence of LV relaxation is markedly 
enhanced in failing myocardium. Thus, afterload reduc-
tion may not only increase LV systolic performance by 
decreasing impedance to LV ejection but also may increase 
the rate of LV relaxation and contribute to improvements 
in LV diastolic filling and compliance. The effects of iso-
flurane and halothane on the afterload dependence of 
LV relaxation were explored in canine hearts before and 
after the development of rapid LV pacing–induced car-
diomyopathy (Fig. 28-3). The afterload dependence of LV 
relaxation was unaffected by isoflurane and halothane 
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anesthesia in this model of dilated cardiomyopathy, 
further suggesting that these volatile anesthetics do not 
exert direct actions on LV isovolumic relaxation in failing 
myocardium independent of negative inotropic effects.

Left Ventricular–Arterial Coupling  
and Mechanical Efficiency
Optimum transfer of stroke volume from the left ventricle 
to the arterial circulation requires appropriate matching 
of these mechanical systems. LV-arterial coupling has 
most often been described by using a series elastic cham-
ber model of the cardiovascular system. The elastances of 
the contracting left ventricle (Ees) and the arterial vascu-
lature (Ea) are determined from LV end-systolic pressure-
volume and end-systolic arterial pressure–stroke volume 
relationships, respectively. The ratio of Ees to Ea defines 
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Figure 28-3. Linear relationship between the time constant of iso-
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relaxation in dogs with pacing-induced cardiomyopathy, Anesthesiology 
87:952-962, 1997.)
coupling between the left ventricle and the arterial circu-
lation and provides a useful technique for assessment of 
the actions of drugs, including volatile anesthetics, on LV-
arterial matching in vivo. Analysis of the pressure-volume 
relationship also creates a framework for the study of LV 
mechanical efficiency defined by the ratio of stroke work 
(SW) to pressure-volume area (PVA). LV-arterial coupling 
is initially maintained during anesthesia because declines 
in LV afterload may balance simultaneous reductions in 
myocardial contractility. Low concentrations of isoflurane 
(1 MAC), but not halothane, maintained Ees/Ea, consistent 
with preservation of mechanical coupling between the LV 
and arterial circulation. However, isoflurane decreased Ees/
Ea at 2 MAC, suggesting that the vasodilating effects of this 
anesthetic were unable to compensate for the relatively 
greater declines in contractility. Desflurane, sevoflurane, 
and isoflurane maintained optimum LV-arterial coupling 
and mechanical efficiency as evaluated by Ees/Ea and SW/
PVA at low anesthetic concentrations (<0.9 MAC) by 
producing simultaneous declines in myocardial contrac-
tility and LV afterload. However, mechanical matching 
between the LV and the arterial vasculature and efficiency 
of total LV energy transfer to external stroke work degen-
erates at higher anesthetic concentrations, indicating that 
anesthetic-induced reductions in contractility are not 
appropriately balanced by declines in afterload. Halothane 
(<1.0 MAC), but not isoflurane, also reduced the ratio of 
oscillatory to mean hydraulic power in vivo, indicating 
that this agent decreases LV mechanical efficiency as well. 
Detrimental alterations in LV-arterial coupling produced 
by volatile anesthetics contribute to reductions in overall 
cardiac performance observed with higher concentrations 
of the anesthetics in vivo.

Left Ventricular Afterload
A definition of LV afterload that describes the mechanical 
properties of the arterial vasculature opposing LV ejection 
is clear, but quantitative evaluation of afterload in vivo 
remains a difficult problem, the solution of which often 
confuses this clinically intuitive concept. Systemic vascular 
resistance, calculated as the ratio of mean arterial pressure 
to cardiac output, is the most commonly used estimate of 
LV afterload. However, systemic vascular resistance inad-
equately describes LV afterload because this index ignores 
the mechanical characteristics of the blood and arterial 
walls, fails to account for the frequency-dependent, pha-
sic nature of arterial blood pressure and blood flow, and 
does not consider the potential effects of arterial wave 
reflection. As a result, systemic vascular resistance cannot 
be reliably used to quantify changes in LV afterload pro-
duced by drugs, including volatile anesthetics, or cardio-
vascular disease. Aortic input impedance (Zin[ω]) obtained 
from power spectral or Fourier series analysis of aortic pres-
sure and blood flow waveforms provides a comprehensive 
description of LV afterload because Zin(ω) incorporates 
arterial viscoelasticity, frequency dependence, and wave 
reflection. However, analysis of Zin(ω) is conducted in the 
frequency domain and not as a function of time, and, as a 
result, Zin(ω) is very difficult to apply in a clinical setting. 
Zin(ω) is most often interpreted using an electrical three-
element Windkessel model of the arterial circulation that 
describes characteristic aortic impedance (Zc), total arterial 
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compliance (C), and total arterial resistance (R). Zc repre-
sents aortic resistance to LV ejection, C is determined pri-
marily by the compliance of the aorta and proximal great 
vessels and represents the energy storage component of 
the arterial circulation, and R is the combined resistances 
of the remaining arterial vasculature. The three-element 
Windkessel model has been shown to closely approximate 
Zin(ω) under a variety of physiologic conditions.

Volatile anesthetics alter Zin(ω) by affecting the 
mechanical properties of the arterial vascular tree. Iso-
flurane produced dose-related decreases in R in a canine 
model, consistent with isoflurane’s effects on systemic 
vascular resistance, in contrast to the results obtained with 
halothane. Isoflurane and halothane also increased C and 
Zc concomitant with reductions in mean arterial blood 
pressure. Thus, the major difference between the effects 
of isoflurane and halothane on LV afterload derived from 
the Windkessel model of Zin(ω) was related to R, a prop-
erty of arteriolar resistance vessels, and not to C or Zc, 
the mechanical characteristics of the aorta. In contrast to 
the findings with sevoflurane, desflurane also reduced R, 
suggesting that this anesthetic was a more potent periph-
eral vasodilator, but sevoflurane and desflurane produce 
similar dose-related decreases in mean arterial pressure in 
anesthetized patients. Importantly, the inverse relation-
ship between C and mean arterial blood pressure remains 
unchanged in the presence of a volatile anesthetic, unlike 
the findings with the arterial vasodilator sodium nitro-
prusside or the intravenous anesthetic propofol. These 
data emphasize that volatile anesthetics do not funda-
mentally affect aortic mechanical characteristics.

Isoflurane and halothane produced alterations in Zin(ω) 
in an experimental model of heart failure that are some-
what different from those observed in the normal car-
diovascular system. These volatile anesthetics decreased 
arterial pressure but did not affect C and Zc in the pres-
ence of LV dysfunction. Isoflurane also did not reduce R 
in the presence of dilated cardiomyopathy, in contrast 
to the actions of this volatile anesthetic in the presence 
of normal LV performance. Thus, neither isoflurane nor 
halothane reduced arterial hydraulic resistance or favor-
ably improved the rectifying properties of the aorta in 
the presence of a model of cardiomyopathy. The findings 
suggest that volatile anesthetics do not exert beneficial 
actions in LV afterload in the presence of heart failure.

Right Ventricular Function
The crescent-shaped right ventricle is composed of embry-
ologically distinct inflow and outflow tracts that differ in 
their structure and response to autonomic nervous sys-
tem activity. The sequential contraction of the RV inflow 
and outflow tracts establishes regional pressure gradients 
within the right ventricle and accounts for its peristal-
tic mechanical action during systole. True isovolumic 
relaxation does not occur in the right ventricle. Instead, 
ejection of blood from the outflow tract into the pulmo-
nary artery continues after the inflow tract has begun to 
relax. The effects of volatile anesthetics on the function 
and contraction sequence of the RV inflow and outflow 
tracts have been incompletely studied. Halothane pro-
duced similar depression of contractile function in RV 
inflow and outflow tracts when a uniform definition of 
 28: Inhaled Anesthetics: Cardiovascular Pharmacology 711

end-systole and end-diastole was used for both regions 
of the RV. Halothane also caused dose-related decreases 
in RV contractility as evaluated by using regional preload 
recruitable stroke work derived from RV pressure-segment 
length diagrams in the RV inflow and outflow tracts in 
the presence and absence of autonomic nervous system 
reflexes. Importantly, halothane also abolished the nor-
mal RV sequential contraction pattern without exerting 
differential negative inotropic effects in different regions 
of the RV, suggesting that volatile anesthetics may alter 
RV contraction dynamics by adversely affecting car-
diac autonomic nervous system activity. Isoflurane also 
exerted qualitatively different effects on RV in contrast 
to LV afterload and hydraulic power generation that were 
also partially mediated by the autonomic nervous sys-
tem. These data suggest that isoflurane produces funda-
mentally different actions on RV versus LV contraction 
dynamics in vivo.

Left Atrial Function
The left atrium serves three major roles that exert a pro-
found effect on LV filling and overall cardiovascular per-
formance. The left atrium is a contractile chamber that 
actively empties immediately before the onset of LV sys-
tole and establishes final LV end-diastolic volume. The 
left atrium is a reservoir that stores pulmonary venous 
return during LV contraction and isovolumic relaxation 
after the closure and before the opening of the mitral 
valve. The left atrium is also a conduit that empties its 
contents into the left ventricle down a pressure gradient 
after the mitral valve opens and continues to passively 
transfer pulmonary venous blood flow during LV diasta-
sis. These contraction, reservoir, and conduit functions 
of the left atrium mechanically facilitate the transition 
between the almost continuous flow through the pulmo-
nary venous circulation and the intermittent filling of the 
left ventricle. Advances in the understanding and clinical 
significance of left atrial (LA) mechanical function have 
been reviewed.7

The negative inotropic effects of an older volatile 
anesthetic—halothane—was initially described in atrial 
myocardium in vitro. Volatile anesthetics also depressed 
the contractile function of human atrial myocardium.8 
These actions have been attributed to reductions in trans-
sarcolemmal Ca2+ influx through voltage-dependent Ca2+ 
channels and decreases in Ca2+ availability from the SR, 
mechanisms that are very similar to those responsible for 
anesthetic-induced depression of LV myocardium. The 
negative inotropic effects of volatile anesthetics in the 
intact left atrium were quantified using pressure-volume 
analysis.9 Desflurane, sevoflurane, and isoflurane reduced 
LA contractility (i.e., Ees) by approximately 50% at an 
end-tidal concentration of 1.2 MAC. The magnitude of 
this effect in LA myocardium was similar to the degree 
of LV contractile depression produced by these anesthet-
ics as quantified by LV end-systolic pressure-volume rela-
tionships. Desflurane, sevoflurane, and isoflurane also 
impaired LA and LV relaxation to similar degrees. These 
data indicate that volatile anesthetics produce equiva-
lent alterations in contractility and relaxation in LA 
compared with LV myocardium. The magnitude of reduc-
tions in the LA inotropic and lusitropic state produced 
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by volatile anesthetics was also similar in the intact LA, 
supporting the results obtained in isolated human atrial 
myocardium.8

Desflurane, sevoflurane, and isoflurane altered the 
passive mechanical behavior of the left atrium.9 LA res-
ervoir function was maintained during the administra-
tion of anesthetic at concentrations less than 1.0 MAC. 
This preservation of reservoir function contributed to the 
relative maintenance of LV stroke volume by compensat-
ing for decreases in LV filling associated with a reduced 
contribution of LA contraction. The volatile anesthetics 
also reduced dynamic LA chamber stiffness, an action 
that most likely contributed to the preservation of res-
ervoir function because the delays in LA relaxation and 
declines in LV systolic function that also occurred would 
be expected to decrease reservoir function. However, 
LA reservoir function was reduced during the adminis-
tration of higher concentrations of volatile anesthetics 
because further impairment of LA relaxation and LV 
contractility occurred. Decreases in the ratio of LA SW to 
PVA and the increases in the ratio of LA conduit to total 
reservoir volume were also produced by desflurane, sevo-
flurane, and isoflurane. These data indicate that the LA 
contribution to LV filling becomes less active and more 
passive during the administration of the volatile anes-
thetics. Furthermore, desflurane, sevoflurane, and isoflu-
rane decreased the ratio of LA to LV elastance (Ees/ELV), 
consistent with impaired mechanical matching between 
these chambers. As described earlier, volatile anesthet-
ics have been shown to produce LV diastolic dysfunc-
tion by delaying LV isovolumic relaxation and impairing 
early LV filling in association with direct negative ino-
tropic effects. Thus, the attenuation of transfer of kinetic 
energy from the left atrium to the left ventricle probably 
resulted from the combination of LA contractile depres-
sion and LV systolic and diastolic dysfunction. Volatile 
anesthetic–induced abnormalities in LA-LV matching 
were greater than analogous impairment of LV-arterial 
coupling evaluated using a similar series elastic cham-
ber model because these anesthetics produced benefi-
cial alterations in the determinants of LV afterload that 
partially compensate for simultaneous depression of LV 
myocardial contractility.

The influence of isoflurane on LA function in the pres-
ence of preexisting LV dysfunction has also been exam-
ined.10 Isoflurane depressed LA contractility, impaired 
LA-LV coupling, and reduced the active LA contribution 
to LV filling in a model of pacing-induced cardiomyop-
athy, findings that were similar in magnitude to those 
observed in normal hearts.9 In contrast to the findings 
in normal hearts, LA reservoir function was reduced in 
the presence of LV dysfunction at lower isoflurane con-
centrations (0.6 and 0.9 MAC).10 These findings indicated 
that the ability of the left atrium to act as a reservoir for 
pulmonary venous return is attenuated during isoflurane 
anesthesia. Such an isoflurane-induced reduction in LA 
storage ability suggested that quantity of blood trans-
ferred from the left atrium to the left ventricle when the 
mitral valve opens may be reduced, thereby providing 
another potential mechanism by which volatile anesthet-
ics reduce early LV filling in the presence of preexisting 
LV dysfunction.
Systemic Hemodynamics
Volatile anesthetics cause direct negative chronotropic 
actions in vitro by depressing sinoatrial node activity, but 
alterations in heart rate in vivo are primarily determined 
by their interaction with baroreceptor reflexes. Halothane 
does not appreciably change the heart rate in humans 
because this anesthetic attenuates baroreceptor reflex 
responses. In contrast, isoflurane increases heart rate in 
response to simultaneous decreases in arterial pressure. 
These findings occur with this volatile anesthetic because 
baroreceptor reflexes are relatively preserved compared 
with the older anesthetics. Desflurane also causes dose-
related increases in heart rate in humans. Desflurane- and 
isoflurane-induced tachycardia may be more pronounced 
in pediatric patients or in the presence of vagolytic drugs 
and, conversely, may be attenuated in neonates and geri-
atric patients or by the concomitant administration of 
opioids. Rapid increases in the inspired desflurane con-
centration above 1 MAC may be associated with further 
transient increases in heart rate and arterial pressure 
resulting from sympathetic nervous system activation. 
Interestingly, similar increases in heart rate were observed 
when the inspired isoflurane concentration was rapidly 
increased. The cardiovascular stimulation induced by 
rapid increases in desflurane or isoflurane concentration 
in humans resulted from activation of tracheopulmonary 
and systemic receptors and was attenuated by pretreat-
ment with β1-adrenoceptor antagonists, β2-adrenoceptor 
agonists, or opioids. In contrast to the findings with iso-
flurane and desflurane, sevoflurane did not alter heart rate 
or cause cardiovascular stimulation during rapid increases 
in anesthetic concentration in humans.

All modern volatile anesthetics cause concentration-
related decreases in arterial pressure. The mechanism by 
which these medications reduce arterial pressure differs 
among anesthetics. Decreases in arterial blood pressure 
produced by older volatile anesthetics were attributed to 
reductions in myocardial contractility and cardiac output, 
whereas isoflurane, desflurane, and sevoflurane reduce 
arterial pressure primarily as a result of reductions in LV 
afterload. Thus, isoflurane, desflurane, and sevoflurane 
maintain cardiac output because these anesthetics pro-
duce less pronounced reductions in myocardial contrac-
tility and greater decreases in systemic vascular resistance 
than halothane or enflurane in humans. Isoflurane and 
desflurane may preserve autonomic nervous system regu-
lation of the circulation to a greater degree than other 
volatile anesthetics. The baroreceptor reflex– mediated 
tachycardia that occurs during isoflurane and desflu-
rane anesthesia maintain cardiac output despite modest 
decreases in contractility and stroke volume. Declines in 
arterial pressure produced by volatile anesthetics may be 
attenuated by surgical stimulation or concomitant admin-
istration of nitrous oxide. Volatile anesthetics also cause 
modest, dose-related increases in right atrial pressure in 
humans. These effects probably occur as a result of direct 
negative inotropic actions. The cardiovascular effects of 
volatile anesthetics are altered by the duration of anes-
thesia. Increases in myocardial contractility and cardiac 
output and decreases in LV preload and afterload occur 
after several hours of constant MAC anesthesia. Recovery 
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from circulatory depression is greatest during halothane 
anesthesia but is somewhat less pronounced during pro-
longed administration of isoflurane and desflurane.

The systemic hemodynamic effects of volatile anes-
thetics in the presence of LV dysfunction are similar but 
not identical to those observed in the normal heart. Vola-
tile anesthetics, including isoflurane, modestly increase 
or do not affect the heart rate in experimental animals 
with pacing- or doxorubicin-induced dilated cardiomy-
opathy and patients with coronary artery disease and LV 
dysfunction. These findings may be attributed to altered 
baroreceptor reflex activity, β1-adrenoceptor down-regu-
lation, increases in central sympathetic nervous system 
activity, and withdrawal of parasympathetic nervous 
system tone associated with heart failure. Isoflurane and 
halothane caused pronounced reductions in LV end-dia-
stolic pressure and chamber dimension in cardiomyop-
athic hearts concomitant with decreases in mean arterial 
pressure. These findings supported previously observed 
declines in pulmonary artery pressures during isoflurane 
anesthesia in patients with coronary artery disease and 
heart failure and suggested that venodilation represents 
a major hemodynamic consequence of this volatile anes-
thetic in experimental and clinical heart failure. In con-
trast to the findings in normal hearts, isoflurane did not 
beneficially influence, and the older anesthetic halothane 
detrimentally affected, the determinants of LV afterload 
in cardiomyopathic hearts. As a result of these actions 
and the simultaneous declines in LV preload and myocar-
dial contractility, cardiac output may be more profoundly 
reduced during isoflurane or halothane anesthesia in the 
presence of preexisting LV dysfunction.

CARDIAC ELECTROPHYSIOLOGY

Cardiac Conduction
Volatile anesthetics slow the rate of sinoatrial node dis-
charge by direct and indirect effects on sinoatrial node 
automaticity. These actions may be altered in vivo by 
vasoactive drugs or autonomic nervous system activity. 
Older volatile anesthetics and, to a lesser extent, isoflurane 
shorten cardiac action potential and the effective refrac-
tory period duration in normal Purkinje fibers, but these 
medications prolong His-Purkinje and ventricular con-
duction times. Halothane, enflurane, and isoflurane also 
prolong atrioventricular conduction time and refractori-
ness. When combined with the direct actions of volatile 
anesthetics on sinoatrial node discharge, these data sug-
gest that volatile anesthetics have the potential to produce 
bradycardia and atrioventricular conduction abnormali-
ties. However, primary disturbances in atrioventricular 
conduction leading to second-degree or third-degree atrio-
ventricular block in humans probably do not occur with 
volatile anesthetics in the absence of conduction disease 
or the concomitant administration of drugs that directly 
prolong the atrioventricular conduction time.

Volatile anesthetics may have proarrhythmogenic or 
antiarrhythmogenic actions against the abnormal cardiac 
electrophysiologic mechanisms produced by myocardial 
ischemia or infarction. Halothane, enflurane, and iso-
flurane have been shown to protect against ventricular 
28: Inhaled Anesthetics: Cardiovascular Pharmacology 713

fibrillation produced by coronary artery occlusion and 
reperfusion. Protective effects against ouabain-induced 
arrhythmias have been demonstrated with halothane. 
Volatile anesthetics may exert antiarrhythmic effects by 
opposing subsidiary pacemaker activity in infarcted myo-
cardium. Conversely, halothane and, to a lesser extent, 
isoflurane may be arrhythmogenic in Purkinje fibers in 
experimental myocardial infarction by facilitating reen-
trant activity or increasing temporal dispersion of refrac-
tory period recovery. These actions may be related to 
inhibition of the slow Na+ current in false tendon fibers 
and induction of reentry of premature impulses into 
more refractory Purkinje fibers in the border zone of an 
ischemic area. Halothane, enflurane, and isoflurane pro-
long the QTc interval in humans, suggesting that patients 
with idiopathic or acquired long QT syndrome may be at 
greater risk for developing torsade de pointes ventricular 
tachycardia during anesthesia with these anesthetics.

Epinephrine-Induced Arrhythmias
Halothane and, to a lesser extent, other volatile anesthet-
ics sensitize myocardium to the arrhythmogenic effects 
of epinephrine. Sensitization is the interaction between 
volatile anesthetics and catecholamines that leads to 
reductions in the threshold for both atrial and ventricu-
lar arrhythmias. Sequentially escalating doses of epineph-
rine produce premature ventricular contractions and 
sustained ventricular tachyarrhythmias during halothane 
anesthesia. Halothane-epinephrine–induced arrhythmias 
are attenuated by pretreatment with sodium thiopental, 
presumably by effects on the atrioventricular node or the 
upper His bundle. A synergistic interaction between α1-
adrenoreceptors and β-adrenoreceptors has been strongly 
implicated in the pathogenesis of halothane-epineph-
rine–induced ventricular arrhythmias. Stimulation of the 
α1A-adrenoceptor in the His-Purkinje system by epineph-
rine during halothane anesthesia transiently slows Pur-
kinje fiber conduction. This proarrhythmogenic effect is 
mediated by phospholipase C and the intracellular second 
messenger inositol triphosphate. Enhanced conduction in 
the Purkinje-ventricular muscle junction accompanied by 
simultaneous α1-adrenoceptor–mediated depression of 
Purkinje conduction also plays an important role in hal-
othane-epinephrine–induced arrhythmias. The doses of 
epinephrine required to produce ventricular arrhythmias 
during desflurane or sevoflurane anesthesia are similar to, 
but significantly less than, those observed during adminis-
tration of isoflurane and halothane. Halothane-catechol-
amine sensitization also promotes abnormal automaticity 
of dominant and latent atrial pacemakers. These effects 
may produce premature ventricular contractions and 
arrhythmias originating from the His bundle. Intact sino-
atrial node function reduces the incidence of epinephrine-
induced ventricular escape during halothane anesthesia 
and is protective against His bundle arrhythmias.

CORONARY CIRCULATION

Coronary Vascular Effects In Vitro
Volatile anesthetics cause direct coronary artery vasodi-
lation in vitro; however, simultaneous reductions in the 
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determinants of myocardial oxygen consumption (MVo2), 
including heart rate, preload, afterload, and inotropic 
state, produced by these medications cause coronary 
vasoconstriction in vivo through metabolic autoregula-
tion. Volatile anesthetic–induced alterations in coronary 
blood flow are also affected by reductions in coronary 
perfusion pressure. Thus, the combination of direct and 
indirect actions determines the net effect of volatile anes-
thetics on coronary vascular tone. Isoflurane and halo-
thane caused vasodilation of isolated coronary arteries. 
Halothane produced greater coronary artery dilation than 
did isoflurane at similar MAC concentrations in isolated 
coronary arteries larger than 2000 μm. In contrast, isoflu-
rane caused vasodilation of predominantly small (<900 
μm) canine epicardial coronary arteries. Halothane may 
produce greater vasodilator effects in large coronary arter-
ies than isoflurane because halothane causes more pro-
nounced suppression of voltage-dependent Ca2+ current.

The direct negative inotropic effects of volatile anes-
thetics caused a reduction in coronary blood flow in 
isolated, contracting hearts during precise control of 
loading conditions via flow-metabolism coupling. Thus, 
a decrease in myocardial O2 demand was accompanied 
by an increase in coronary vascular resistance, findings 
that may be incorrectly interpreted as coronary vasocon-
striction. However, examination of the actions of volatile 
anesthetics on myocardial O2 extraction and the ratio of 
myocardial O2 delivery to MVo2 revealed that these medi-
cations are coronary vasodilators. Halothane and isoflu-
rane decreased myocardial O2 extraction and increased 
the ratio of O2 delivery to consumption in isolated hearts. 
These findings indicated that volatile anesthetics produce 
direct coronary vasodilation in isolated hearts because 
myocardial O2 delivery exceeds MVo2 and coronary sinus 
O2 tension increases. Halothane, isoflurane, and sevoflu-
rane also caused similar reductions in adenosine-induced 
coronary flow reserve in tetrodotoxin-arrested, isolated 
hearts. Because mechanical work was not performed in 
this preparation, these findings supported the hypothesis 
that volatile anesthetics cause direct coronary vasodila-
tion of similar magnitude.

Coronary Vascular Effects In Vivo
Halothane has variable effects on coronary blood flow and 
coronary vascular resistance in vivo that occur concomi-
tant with changes in MVo2. Decreases in MVo2 caused 
declines in coronary blood flow with relative mainte-
nance or modest increases in coronary vascular resistance 
during halothane anesthesia. Despite the decreases in cor-
onary blood flow, halothane increased coronary sinus O2 
tension and decreased O2 extraction, indicating that hal-
othane was a relatively weak coronary vasodilator. Like 
halothane, isoflurane variably altered coronary blood 
flow in vivo. Isoflurane reduced MVo2 and simultane-
ously decreased O2 extraction, indicating direct coronary 
vasodilation. Isoflurane also produced mild, transient 
increases in blood flow independent of changes in MVo2 
and autonomic nervous system activity during inhalation 
induction. Perfusion of the left anterior descending coro-
nary artery with blood previously equilibrated with iso-
flurane dramatically increased coronary blood flow, but 
only mild coronary vasodilation occurred after a period of 
anesthetic equilibration in a similar experimental model. 
Isoflurane-induced increases in coronary blood flow were 
not accompanied by epicardial coronary artery dilation, 
verifying that isoflurane dilates predominantly small cor-
onary arteries. In contrast, the potent coronary vasodila-
tor adenosine caused considerably greater vasodilation in 
coronary microvessels than did isoflurane. Isoflurane pro-
duced more profound decreases in myocardial O2 extrac-
tion than enflurane, indicating that isoflurane is a more 
potent coronary vasodilator than its structural isomer.

The influence of desflurane and sevoflurane on coro-
nary blood flow in the intact cardiovascular system has 
been incompletely examined. Desflurane and isoflurane 
caused similar increases in the ratio of O2 delivery to con-
sumption and decreased O2 extraction, consistent with 
coronary vasodilation. However, the increases in coro-
nary blood flow produced by desflurane, but not isoflu-
rane, were attenuated by pharmacologic blockade of the 
autonomic nervous system, suggesting that isoflurane 
causes relatively greater direct coronary vasodilation 
in vivo than desflurane. Sevoflurane did not appear to 
produce any significant degree of coronary vasodilation, 
in contrast to the findings with isoflurane and desflurane.

Coronary Vasodilator Reserve  
and Autoregulation
Volatile anesthetics alter coronary vasodilator reserve, 
defined as the ratio of peak coronary blood flow after brief 
coronary artery occlusion (reactive hyperemia) to base-
line flow. Coronary vasodilator reserve was greater during 
isoflurane than halothane anesthesia. When considered 
from this perspective alone, this observation suggested 
that halothane may be a more potent coronary vasodi-
lator than isoflurane because greater baseline coronary 
vasodilation should be accompanied by a reduced ability 
to further increase coronary blood flow in response to a 
brief ischemic episode. However, halothane also reduced 
the determinants of MVo2 to a greater degree than iso-
flurane in vivo. Peak coronary blood flow during reactive 
hyperemia and percent flow debt repayment are directly 
related to the intensity of the ischemic stimulus and 
the magnitude of O2 debt accumulated during coronary 
artery occlusion. Thus, differences in coronary vasodila-
tor reserve produced by isoflurane and halothane may 
reflect differences in the intensity of ischemia during cor-
onary occlusion and not the relative vasodilator efficacy 
of these two volatile anesthetics.

Dilation of coronary arteriolar resistance vessels by 
volatile anesthetics alters pressure autoregulation in the 
coronary vasculature. Changes in autoregulation pro-
duced by vasoactive drugs, including volatile anesthetics, 
are typically determined by the slope of the pressure-flow 
curve generated by progressive constriction of a coronary 
artery. Changes in these pressure-flow curves demon-
strated that autoregulation is disrupted during anesthesia 
in contrast to the conscious state (Fig. 28-4). Isoflurane 
produced more profound alterations in autoregulation 
than the older volatile anesthetics, as indicated by greater 
increases in the slope of the pressure-flow relationship. 
Coronary perfusion pressure also played a more impor-
tant role in the determination of coronary blood flow 
during anesthesia. Volatile anesthetics impaired coronary 
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autoregulation to some degree, but these medications did 
not produce the profound degree of coronary vasodila-
tion and inhibition of autoregulation caused by adenos-
ine or dipyridamole. In contrast to volatile anesthetics, 
adenosine caused maximal coronary vasodilation and 
inhibited pressure autoregulation to such a degree that 
coronary blood flow became directly dependent on coro-
nary perfusion pressure. Thus, volatile anesthetics were 
shown to be weak coronary vasodilators.

Mechanisms of Coronary Vasodilation
Volatile anesthetics produce direct coronary artery relax-
ation by affecting intracellular Ca2+ regulation at several 
locations in the vascular smooth muscle cell. Volatile 
anesthetics inhibit Ca2+ influx through voltage-operated 
and receptor-operated Ca2+ channels in coronary vascu-
lar smooth muscle. Volatile anesthetics also reduce Ca2+ 
accumulation in, and release by, the coronary vascular 
smooth muscle SR; inhibit G proteins linked to phospho-
lipase C; and decrease formation of inositol triphosphate. 
The coronary vasodilating actions of volatile anesthetics 
are probably not related to the production or release of 
nitric oxide (NO). Investigations conducted in isolated 
coronary and aortic vascular preparations and in the 
intact canine coronary circulation demonstrated that 
volatile anesthetic–induced coronary vasodilation occurs 
independent of NO. The weak direct coronary vasodila-
tor effects of isoflurane may be mediated by the vascular 
endothelium, but, conversely, volatile anesthetics may 
adversely affect the release or action of NO. The results 
of one investigation demonstrated that NO-induced for-
mation of cyclic guanylate monophosphate (cGMP) is 
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Figure 28-4. A qualitative description of the effects of volatile anes-
thetics on the coronary blood flow (CBF)–diastolic pressure relation-
ship demonstrating the effect of adenosine-induced maximal coronary 
vasodilation in awake and anesthetized dogs. Solid lines are drawn 
from mean slopes determined by linear regression analysis. Dashed 
lines represent the nonlinear portion of the curve and are estimates. 
In contrast to the findings obtained in conscious dogs, the anesthetics 
affect absolute CBF variably but do not increase the slope of the CBF-
pressure plots. (Modified from Hickey RF, Sybert PE, Verrier ED, Cason 
BA: Effects of halothane, enflurane, and isoflurane on coronary blood flow 
autoregulation and coronary vascular reserve in the canine heart, Anes-
thesiology 68:21-30, 1988.)
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partially attenuated by halothane, whereas other studies 
indicated that volatile anesthetics did not affect vasodila-
tion produced by the NO donors sodium nitroprusside 
and nitroglycerin. Volatile anesthetics may also reduce 
the stability of NO by generating reactive O2 species 
(ROS) while leaving NO release and its action on vas-
cular smooth muscle unaffected. Whether the results of 
these latter studies conducted in isolated aortic prepara-
tions are applicable to the coronary circulation requires 
further evaluation, but these investigations provided 
important information about the potential interactions 
between NO metabolism and volatile anesthetic in the 
coronary circulation, which may be specifically relevant 
during myocardial protection (see “Preconditioning and 
Postconditioning”).

Isoflurane and halothane cause coronary vasodilation 
by activation of adenosine triphosphate (ATP)- sensitive 
potassium (KATP) channels. Increases in coronary blood 
flow in response to halothane and isoflurane were 
attenuated by the nonselective KATP channel antagonist 
glyburide in isolated rat hearts and anesthetized pigs, 
respectively. Glyburide also partially blocked increases in 
coronary blood flow during intracoronary administration 
of volatile anesthetic–equilibrated blood in canine hearts 
in situ. Isoflurane-induced reductions in coronary vascu-
lar resistance were attenuated by a selective adenosine 1 
(A1) receptor antagonist. These data suggest that coronary 
vasodilation produced by isoflurane may partially occur 
as a result of stimulation of A1 receptors coupled to KATP 
channels.

Ischemic Myocardium
Isoflurane and halothane decreased subendocardial blood 
flow and myocardial lactate extraction, produced contrac-
tile dysfunction, and caused electrocardiographic changes 
in the presence of a coronary stenosis concomitant with 
declines in coronary perfusion pressure. Regional isch-
emia during isoflurane- or halothane-induced reductions 
in perfusion pressure was functionally indicated by the 
appearance of paradoxical systolic lengthening and post-
systolic shortening. Contractile dysfunction in the region 
distal to a critical coronary stenosis was more severe 
during isoflurane than halothane anesthesia coincident 
with higher flows in the normal zone and lower flows in 
the ischemic zone. These findings suggest that coronary 
vasodilation produced by isoflurane may cause a detri-
mental redistribution of coronary blood flow away from 
ischemic myocardium if hypotension is allowed to occur. 
This phenomenon is known as coronary steal. However, 
these potentially adverse effects of volatile anesthetics on 
ischemic myocardium were clearly avoided if coronary 
perfusion pressure was restored. Subendocardial blood 
flow in the perfusion bed distal to a critical coronary 
stenosis was reduced during isoflurane-induced declines 
in arterial pressure, but treatment of hypotension with 
phenylephrine restored subendocardial blood flow to 
values observed before administration of isoflurane. The 
transmural distribution of coronary blood flow between 
the subendocardium and subepicardium (endo/epi ratio) 
decreased during isoflurane anesthesia despite control 
of arterial pressure. Administration of phenylephrine to 
maintain arterial pressure increased subepicardial blood 
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Figure 28-5. Comparison of occluded to normal and 
occluded to stenotic zone myocardial blood flow in 
dogs with steal-prone coronary artery anatomy in the 
conscious state (C), during administration of isofurane 
at 1.1 and 1.9 minimum alveolar concentration (I), dur-
ing adenosine (A) infusions (0.54 and 1.08 mg/min), 
and during maintenance of heart rate and arterial pres-
sure at conscious values during the highest doses (BP). 
Isoflurane does not cause coronary steal, in contrast to 
significant (P < .05) reductions in blood flow to collat-
eral-dependent myocardium produced by adenosine. 
(Modified from Hartman JC, Kampine JP, Schmeling WT, 
Warltier DC: Actions of isoflurane on myocardial perfusion 
in chronically instrumented dogs with poor, moderate, 
or well-developed coronary collaterals, J Cardiothorac 
Anesth 4:715-725, 1990.)
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flow more than subendocardial flow. This increase in 
subepicardial perfusion accounted for the decline in the 
endo/epi ratio in the absence of an absolute reduction in 
subendocardial flow. Restoration of coronary perfusion 
pressure to baseline levels during isoflurane anesthesia 
also increased coronary collateral blood flow and normal-
ized myocardial O2 tension in the ischemic zone.

Investigations in dogs with steal-prone anatomy 
(complete occlusion of a coronary artery with collateral 
flow from an adjacent vessel having a critical stenosis) 
have repeatedly demonstrated that isoflurane and hal-
othane do not alter collateral-dependent or ischemic 
zone myocardial blood flow, endocardial-to-epicardial 
coronary blood flow distribution, or the electrocardio-
gram ST segment when diastolic arterial pressure is held 
constant. Coronary collateral perfusion was unchanged 
during isoflurane or halothane anesthesia in dogs at a 
mean arterial pressure of 50 mm Hg. Notably, no evi-
dence of coronary steal was found in a chronically 
instrumented canine model of coronary artery disease 
with isoflurane, halothane, desflurane, or sevoflurane 
independent of coronary stenosis severity or coronary 
collateral development. These findings refuted earlier 
evidence in dogs with ameroid constrictor–induced 
augmentation of the coronary collateral circulation 
suggesting that isoflurane reduces collateral blood flow 
and causes coronary steal in vivo. The effects of vola-
tile anesthetics are in contrast to those obtained with 
adenosine, a potent coronary vasodilator that produces 
coronary steal when arterial pressure is maintained at 
control levels in models of multivessel coronary artery 
disease (Fig. 28-5).
Preconditioning and Postconditioning
Acute Preconditioning. In 1986, Murry, Jennings, and 
Reimer11 described a phenomenon in which a brief 
ischemic insult confers protection against a subsequent 
ischemic episode of similar or greater magnitude. Four 
brief 5-minute periods of coronary artery occlusion inter-
spersed with 5-minute episodes of reperfusion reduced 
myocardial infarct size resulting from a subsequent, pro-
longed 40-minute episode of ischemia and reperfusion. 
This study demonstrated, for the first time, that the heart 
not only recognized but also rapidly adapted to stress and, 
in so doing, became more resistant to additional injury. 
This process is now known as ischemic preconditioning 
(IPC) and has been described as a type of “vaccination” 
that promotes the myocardium’s “self-preservation” by 
altering its phenotype.12 Since IPC was first reported, the 
mechanisms, limitations, and potential clinical applica-
bility of this phenomenon have been extensively studied. 
For example, a recent PubMed search of the phrase “isch-
emic preconditioning” revealed that nearly 1100 research 
articles and reviews were published on this subject in 
2011 alone.* Many other stimuli, including a wide variety 
of drugs, NO, ROS, endotoxins, inflammatory cytokines, 
heat stress, rapid pacing, and intense exercise, also stimu-
late the development of this prosurvival phenotype and 
protect the myocardium against ischemic injury without 
the need for a prior episode of ischemia.13 Most notably 
from the perspective of this chapter, volatile anesthet-
ics and the anesthetic gas Xe are among the drugs that 

* PubMed: http://www.ncbi.nlm.nih.gov.
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Figure 28-6. Schematic illustration of canine myocardium subjected to a 60-minute coronary artery occlusion and reperfusion and then stained 
to identify the region of myocardial infarction (dark red area) within the area of myocardium at risk for infarction (light yellow area). Isoflurane 
decreased the extent of myocardial infarction. The protective effect of isoflurane was equivalent to that produced by ischemic preconditioning 
and was abolished by pretreatment with glyburide. *Significantly (P < .05) different from control. LV, Left ventricle; RV, right ventricle. (Modified 
from Kersten JR, Schmeling TJ, Pagel PS, et al: Isoflurane mimics ischemic preconditioning via activation of KATP channels. Reduction of myocardial infarct 
size with acute memory phase, Anesthesiology 87:361-370, 1997.)
have been shown to mimic the beneficial effects of IPC 
through very similar intracellular mechanisms.14,15

It is important to recognize that the previously 
described controversy about volatile anesthetic–induced 
coronary vasodilation and coronary steal proved to be a 
fundamental distraction from other evidence indicating 
that volatile anesthetics exert protective (rather than detri-
mental) effects during myocardial ischemia and reperfu-
sion injury. For example, the older anesthetic halothane 
attenuated ST-segment changes caused by brief coronary 
artery occlusion and decreased ST-segment elevation to a 
greater extent than propranolol and sodium nitroprusside 
despite producing similar hemodynamic effects.16 These 
data suggested that volatile anesthetics may indeed pro-
duce antiischemic effects independent of simultaneous 
changes in coronary perfusion. Isoflurane and desflurane 
modestly improved LV diastolic function during acute 
regional myocardial ischemia. Isoflurane and sevoflurane 
decreased myocardial injury and improved functional 
recovery after global ischemia in isolated hearts. Isoflu-
rane and halothane also hastened the functional recov-
ery of postischemic-reperfused (“stunned”) myocardium 
when these anesthetics were administered before brief 
periods of myocardial ischemia concomitant with pres-
ervation of high-energy phosphates. Volatile anesthetics 
attenuated the effects of ROS on LV pressure develop-
ment in isolated hearts. Halothane preserved contractile 
function and ultrastructural integrity during reperfusion 
after normothermic cardioplegic arrest. Taken as a whole, 
the results of these studies raised the intriguing possibil-
ity that volatile anesthetics were capable of protecting 
myocardium against ischemia, suspicions that were sub-
sequently confirmed in 1997 when three research groups 
independently reported that administration of halothane 
or isoflurane before prolonged coronary artery occlu-
sion and reperfusion preconditioning reduced myocar-
dial infarct size in vivo (Fig. 28-6). This beneficial effect 
was termed anesthetic preconditioning (APC) and was 
found to persist despite discontinuation of the volatile 
anesthetic before coronary artery occlusion, a short-term 
“memory” phase that mimicked observations during 
IPC. Indeed, the mechanisms responsible for APC are 
strikingly similar to those implicated in IPC, although 
relatively minor differences between these two phenom-
ena were suggested when the results of microarray gene 
chip analysis were considered.17

APC is dose-related in experimental animals18,19 and 
occurs independent of changes in systemic hemody-
namics or coronary collateral blood flow. Isoflurane and 
sevoflurane also caused dose-dependent preservation 
of isolated ventricular myocyte viability after ischemia 
in vitro.20 Isoflurane elicited protection when the vola-
tile anesthetic was discontinued 15 or 30 minutes before 
prolonged coronary artery occlusion and reperfusion in 
rabbits and dogs, respectively. Dual as opposed to single 
exposure to sevoflurane further enhanced APC in guinea 
pigs, indicating that repetitive administration of a vola-
tile anesthetic appears to cause an additional benefit,21 
but myocardial protection resulting from APC was shown 
to be restricted to ischemia durations between 25 and 
40 minutes.22 The mechanism of sevoflurane-induced 
myocardial protection was independent of the type of 
ischemic stimulus (hypoxia versus metabolic inhibition) 
in isolated cardiac muscle.23 These results indirectly sug-
gested that APC may be equally effective at preserving 
myocardial integrity during supply or demand isch-
emia in patients with coronary artery disease. Advanced 
age,24,25 cardiomegaly,26 obesity,27 and hyperglycemia28 
in the presence29 or absence30 of diabetes mellitus atten-
uated the efficacy of APC. These experimental observa-
tions have potentially important clinical ramifications in 
elderly patients with diabetes at risk for the development 
of myocardial ischemia, such as those undergoing cardiac 
surgery. In contrast, sevoflurane was capable of exerting 
antiischemic effects in newborn myocardium.31

Volatile anesthetics also may produce beneficial effects 
on blood flow to, and neutrophil interaction with, isch-
emic myocardium. As discussed previously, volatile 
anesthetics cause coronary vasodilation by opening KATP 
channels or favorably affecting intracellular Ca2+ homeo-
stasis in vascular smooth muscle. However, decreases in 
collateral blood flow after coronary occlusion were less 
pronounced than declines in flow to normal myocar-
dium in the presence of the older anesthetic halothane. 
The ratio of myocardial O2 delivery to consumption 
was also increased in collateral-dependent myocardium 
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during halothane anesthesia. Halothane inhibited platelet 
thrombi formation by increasing platelet cAMP concen-
tration, thereby decreasing cyclical variations in coronary 
blood flow associated with a critical coronary stenosis. 
Sevoflurane increased blood flow to collateral-dependent 
myocardium when arterial pressure was maintained at 
conscious levels. Ca2+-activated potassium (BKCa) chan-
nels mediated this process. Sevoflurane also improved 
recovery of coronary vascular reactivity and enhanced 
NO release in isolated hearts subjected to global ischemia 
and reperfusion. Volatile anesthetics attenuated adhesion 
of neutrophils and platelets in the coronary vasculature 
after ischemia and reperfusion. Isoflurane pretreatment 
also inhibited cytokine-induced cell death after ischemia-
reperfusion injury in vitro.32 Furthermore, isoflurane and 
sevoflurane preconditioned against neutrophil-induced 
contractile dysfunction through activation of adenosine 
receptors.33 Finally, neutrophils pretreated with volatile 
anesthetics lost their ability to cause cardiac dysfunction 
through decreased superoxide dismutase production and 
reduced adherence to coronary vascular endothelium.34 
Collectively, the results of these investigations suggested 
that beneficial actions of volatile anesthetics on coronary 
perfusion and neutrophil function may, to some degree, 
be responsible for protection against ischemia-reperfu-
sion injury.

Other mechanisms for APC have been intensively 
investigated. The beneficial effects of APC may be attrib-
uted to a favorable reduction in myocardial O2 demand 
(reductions in ischemic burden) concomitant with pres-
ervation of energy-dependent vital cellular processes 
because volatile anesthetics cause direct negative inotro-
pic, lusitropic, and chronotropic effects and are vasodi-
lators. However, the older anesthetic halothane exerted 
protective effects during complete functional arrest of the 
heart induced by cardioplegia. Isoflurane, desflurane, and 
sevoflurane also protected against ischemic injury when 
administered solely during reperfusion. These data sug-
gest that preferential alterations in myocardial O2 supply-
demand relationships are not solely responsible for the 
antiischemic actions of volatile anesthetics. Isoflurane 
and halothane may significantly lower excessive intracel-
lular Ca2+ during reperfusion by directly reducing the net 
transsarcolemmal Ca2+ transient resulting from partially 
inhibited Ca2+ channel activity. Indeed, APC accelerated 
inactivation of cardiac L-type Ca2+ channels, an action 
that may attenuate intracellular Ca2+ overload during 
ischemia-reperfusion injury.3 In contrast to this relatively 
nonspecific intracellular Ca2+ reduction hypothesis, 
other data convincingly demonstrated that APC occurs 
as a consequence of the activation of several redundant 
endogenous signaling pathways that lead to myocardial 
protection. To date, KATP channels, G protein–coupled 
receptor ligands, isoforms of protein kinase C (PKC), 
protein tyrosine kinase (PTK), reactive O2 and nitrogen 
species, and key components of the prosurvival reperfu-
sion injury salvage kinase (RISK) cascade including the 
mitochondrial permeability transition pore (mPTP) have 
all been shown to mediate APC. We will now discuss each 
of these elements in greater detail. Events within the 
myocardial cell itself are not solely responsible for APC, 
because paracrine crosstalk between factors produced by 
coronary vascular endothelium (e.g., NO, hypoxia-induc-
ible factor) and the myocardium is essential to this pro-
cess as well.35

The KATP channel plays a central role in IPC and APC. 
The KATP channel is a heteromultimeric complex consist-
ing of an inward-rectifying K+ channel (Kir) and a sulfo-
nylurea receptor (SUR). Pharmacologically distinct KATP 
channels have been identified in cardiac sarcolemmal and 
mitochondrial membranes. It was originally proposed 
that opening of sarcolemmal KATP protects ischemic myo-
cardium by shortening action potential duration and pre-
venting intracellular Ca2+ overload. However, subsequent 
studies performed after the discovery of the mitochondrial 
KATP indicated that the beneficial actions of KATP channel 
opening occurred independent of action potential dura-
tion. Nevertheless, IPC was not observed in the absence 
of the sarcolemmal Kir channel in transgenic mice, sug-
gesting that protection against ischemic injury requires 
sarcolemmal KATP. Despite this controversy about the rel-
ative role of sarcolemmal KATP in IPC, it is very clear that 
mitochondrial KATP is a primary mediator of IPC, because 
preservation of mitochondrial bioenergetic function 
appears to be vital for cellular protection against myo-
cardial ischemia. Mitochondrial KATP openers maintained 
intracellular Ca2+ homeostasis and inhibited mitochon-
drial Ca2+ overload. These actions enhanced myocyte 
survival by preventing tissue necrosis and apoptosis (pro-
grammed cell death). Necrosis causes generalized cellular 
destruction and is associated with a profound inflamma-
tory response, whereas apoptosis is a highly regulated, 
energy-dependent process in which cell membrane archi-
tecture is preserved, inflammation is absent, and DNA is 
selectively cleaved. Mitochondrial KATP opening inhibited 
apoptosis in rat ventricular myocytes by attenuating oxi-
dant stress during reperfusion.36 Alteration of the mito-
chondrial oxidation-reduction state by mitochondrial 
KATP opening may also promote cellular protection.37 
Experiments conducted in isolated cardiac mitochondria 
indicated that membrane depolarization, matrix swell-
ing, and uncoupling of ATP synthesis occur as a result of 
increased O2 consumption are associated with the open-
ing of mitochondrial KATP. These actions may preserve 
cellular viability during IPC.37 Opening of mitochondrial 
KATP depolarized the inner mitochondrial membrane and 
caused a transient swelling of the mitochondrial matrix, 
resulting from a shift in the ionic balance. Mitochondrial 
KATP opening initially reduced ATP production as a result 
of membrane depolarization, but subsequently stimulated 
a compensatory increase in respiration that optimizes 
the efficiency of oxidative phosphorylation, in part by 
regulating energy-dependent matrix volume. Potassium 
influx into the mitochondria occurred as a consequence 
of the balance between K+ influx through mitochondrial 
KATP and K+ efflux produced by the mitochondrial K+-H+ 
antiporter. The mitochondrial KATP opener diazoxide pro-
moted K+ influx and caused matrix alkalinization in iso-
lated myocardium.38 ATP and the selective mitochondrial 
KATP blocker 5-hydroxydecanoate (5-HD) abolished these 
effects. Thus, a moderate disturbance of mitochondrial 
homeostasis caused by mitochondrial KATP opening may 
promote myocardial tolerance to ischemic stress by alter-
ing bioenergetic systems to reduce Ca2+ overload, prevent 
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the activation of necrotic or apoptotic pathways, or atten-
uate oxidant stress.

It is hypothesized that a “trigger” (e.g., a brief ischemic 
episode, exposure to a volatile anesthetic) initiates a cas-
cade of signaling events leading to activation of an 
“end-effector” that is responsible for resistance to injury. 
Both sarcolemmal KATP and mitochondrial KATP have been 
strongly implicated as important end-effectors in APC. 
Administration of isoflurane and sevoflurane preserved 
myocyte viability using a cellular model of ischemia in con-
trast to cells that were not exposed to a volatile anesthetic.20 
The selective mitochondrial Katp (5-HD) but not the selec-
tive sarcolemmal KATP antagonist HMR-1098 abolished this 
protective effect.20 The nonselective KATP channel blocker 
glyburide attenuated the recovery of contractile function 
produced by isoflurane in stunned myocardium (Fig. 28-7). 
Isoflurane-induced reductions in canine myocardial infarct 
size and its ATP-sparing effects also were abolished by 
glyburide. 5-HD inhibited APC produced by exposure to 
isoflurane in rats,18 rabbits,39 and isolated human myocar-
dium,40 whereas both HMR-1098 and 5-HD abolished the 
protective effects of desflurane in dogs.41 These latter data 
supported a role for both sarcolemmal KATP and mitochon-
drial KATP in APC. However, HMR-1098 did not affect APC 
in human atrial myocardium, suggesting that sarcolemmal 
KATP was not involved in this process.42
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Figure 28-7. Percent segment shortening (%SS) in the intermittently 
ischemic and reperfused left anterior descending coronary artery (LAD) 
region. %SS decreases significantly (P < .05) from baseline during 
each 5-minute LAD occlusion and reperfusion in all groups. Significant 
decreases in %SS during each 5-minute reperfusion and throughout 
180 minutes of final reperfusion are observed in dogs pretreated with 
glyburide, a nonselective KATP channel antagonist, in the presence or 
absence of isoflurane. %SS recovers to baseline values after reperfusion 
in dogs receiving isoflurane alone. †Significantly (P < .05) different from 
dogs pretreated with drug vehicle. ‡Significantly (P < .05) different from 
dogs receiving glyburide and isoflurane. §Significantly (P < .05) differ-
ent from dogs pretreated with glyburide. MAC, Minimum alveolar con-
centration. (From Kersten JR, Schmeling TJ, Hettrick DA, et al: Mechanism 
of cardioprotection by isoflurane: role of adenosine triphosphate–regulated 
potassium [KATP] channels, Anesthesiology 85:794-807, 1996.)
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Despite some results suggesting that sarcolemmal 
KATP opening is not required for APC to occur in vivo, 
it is clear, based on findings obtained from many care-
fully conducted in vitro experiments, that volatile anes-
thetics have profound effects on sarcolemmal KATP. 
Isoflurane stimulated outward K+ current through sar-
colemmal KATP in isolated ventricular myocytes during 
patch- clamping.43 Volatile anesthetics also reduced sar-
colemmal KATP sensitivity to inhibition by ATP, thereby 
increasing the open state probability. Furthermore, vola-
tile anesthetics enhanced sarcolemmal KATP current by 
facilitating channel opening after initial activation. The 
epsilon isoform of PKC (PKC-ε) was shown to prime sar-
colemmal KATP to open in the presence of isoflurane.44 
Facilitation of sarcolemmal KATP current by isoflurane 
during reduced intracellular ATP concentrations (such 
as those observed during ischemia) was also dependent 
on PKC-dependent signaling.45 ROS contributed to iso-
flurane-induced sensitization of sarcolemmal KATP to the 
opener pinacidil.46 Isoflurane also directly opened sarco-
lemmal KATP during experimentally induced intracellular 
acidosis similar to that present during ischemia.47 Sarco-
lemmal KATP acted as an effector during APC against oxi-
dative stress in adult ventricular myocytes.48 The effects 
of volatile anesthetics on sarcolemmal KATP function may 
persist beyond the duration of administration,45 sug-
gesting a cellular basis for the early “memory” phase of 
APC in vivo. Isoflurane APC produced prolonged sen-
sitization of sarcolemmal KATP to opening through a δ 
isoform of PKC (PKC-δ–mediated mechanism)49 or by 
enhancing PKC induction of sarcolemmal KATP current.45 
APC caused persistent reductions in the sensitivity of 
sarcolemmal KATP to inhibition by ATP and adenosine 
5′-diphosphate.50 The nucleotide-binding domains of the 
regulatory sulfonylurea receptor SUR2A were also shown 
to play important roles in isoflurane-induced facilitation 
of sarcolemmal KATP activity during moderate intracellu-
lar acidosis similar to that encountered during early isch-
emia.51 These data provided support for the contention 
that isoflurane directly interacts with subunits of cardiac 
sarcolemmal KATP. Notably, age does not appear to affect 
the ability of isoflurane to interact with the sarcolemmal 
KATP in human atrial myocytes.52

It is also clear that volatile anesthetics directly or indi-
rectly open mitochondrial KATP in vitro. Isoflurane and 
sevoflurane increased mitochondrial flavoprotein oxi-
dation, an index of mitochondrial KATP open state, in 
guinea pig cardiac myocytes; 5-HD inhibited this increase 
in fluorescence.53 Isoflurane directly opened mitochon-
drial KATP reconstituted in lipid bilayers54 and protected 
human embryonic cardiac progenitor cells against oxi-
dative stress through a mitochondrial KATP-mediated 
mechanism.55 Isoflurane-induced increases in mito-
chondrial flavoprotein fluorescence were not blocked 
by pretreatment with adenosine, PKC, PTK, or mitogen-
activated protein kinase (MAPK) inhibitors, suggesting 
that isoflurane may directly open mitochondrial KATP.56 
In contrast, isoflurane and sevoflurane failed to directly 
enhance flavoprotein fluorescence in rat ventricular myo-
cytes, but these volatile anesthetics did enhance mito-
chondrial KATP agonist diazoxide-induced fluorescence.20 
The data suggested that volatile anesthetics indirectly 
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prime mitochondrial KATP by acting on other intracellu-
lar signaling elements that modulate the open state of 
the channel. Sarcolemmal KATP also may be linked to the 
function of the inner mitochondrial membrane. The ROS 
generated by mitochondria may act to open sarcolemmal 
KATP. An uncoupler of mitochondrial oxidative phosphor-
ylation reversibly activated sarcolemmal current concom-
itant with nicotinamide adenine dinucleotide oxidation. 
These and other data led to the contention that crosstalk 
may occur between sarcolemmal KATP and mitochondrial 
KATP during IPC and pharmacologic preconditioning,57 
but such crosstalk has yet to be specifically demon-
strated during APC. To summarize, experimental results 
collected to date provide somewhat conflicting results 
about a possible direct action of volatile anesthetics on 
sarcolemmal KATP and mitochondrial KATP open state. 
Nevertheless, it is clear that volatile anesthetics prime 
the opening of KATP channels in both sarcolemmal and 
mitochondrial membranes. It is also important to rec-
ognize that not all myocardial protection during APC is 
due to KATP channel opening. For example, APC preserved 
crucial Ca2+ cycling proteins (e.g., Ca2+-release channels, 
Ca2+-adenosine triphosphatase) independent of sarco-
lemmal KATP and mitochondrial KATP opening, suggesting 
that protection of major regulators of intracellular Ca2+ 
homeostasis against ischemia-reperfusion injury does not 
depend entirely on the actions of volatile anesthetics on 
KATP channel function.58

KATP channels in vascular smooth muscle cells are also 
essential regulators of coronary vascular tone when ATP 
production is reduced. Glyburide attenuated volatile 
anesthetic–induced coronary vasodilation,59 indicating 
an important role for KATP channels in this process. Thus, 
it is possible that the beneficial actions of APC may be 
partially attributed to increases in myocardial O2 supply 
mediated by KATP channel–dependent coronary vasodila-
tion. However, sevoflurane increased coronary collateral 
blood flow in the presence of glyburide in vivo, indicat-
ing that this volatile anesthetic may enhance coronary 
collateral blood flow independent of KATP channel open-
ing. Sevoflurane-induced increases in collateral perfusion 
also occurred as a result of BKCa and not KATP channel 
opening.60 Thus, it appears highly unlikely that myocar-
dial protection produced by volatile anesthetics is solely 
related to favorable alterations in coronary vascular tone 
mediated by KATP channels.

The sequential activation of several intracellular ele-
ments in a transduction pathway may facilitate amplifi-
cation of the initial signal between other systems. This 
concept was clearly illustrated by the observation that 
the direct KATP channel opener nicorandil enhances the 
protective effects of isoflurane against ischemia-reperfu-
sion injury. G protein–coupled receptor ligands and their 
downstream signaling elements converge on the KATP 
channel during APC. Pertussis toxin abolished reduc-
tions in infarct size produced by isoflurane, indicating 
that inhibitory guanine (Gi) nucleotide-binding proteins 
are linked to the signaling pathways that mediate APC.61 
In contrast, pertussis toxin did not prevent the benefi-
cial effects of direct KATP channel opening produced by 
nicorandil. These data strongly supported the contention 
that volatile anesthetics modulate KATP channel activity 
through an action similar to that of a second messen-
ger. Halothane-induced protection against infarction 
was completely abolished by A1 receptor blockade, and 
a selective A1 receptor antagonist also partially attenu-
ated the beneficial effects of isoflurane in stunned myo-
cardium. Isoflurane eliminated increases in interstitial 
adenosine during repetitive periods of coronary artery 
occlusion and reperfusion as demonstrated using a myo-
cardial microdialysis technique. These findings suggested 
that both ATP preservation and a subsequent reduction of 
adenosine released into the interstitium occur during iso-
flurane anesthesia. The results were very similar to those 
obtained during IPC and pharmacologic preconditioning 
produced by bimakalim. Thus, volatile anesthetics may 
either directly activate A1 receptors or indirectly enhance 
A1 receptor sensitivity to diminished endogenous adenos-
ine concentrations. The preservation of cardiac myocyte 
viability during ischemia produced by volatile anes-
thetics was also sensitive to adenosine receptor and Gi 
protein–mediated signaling blockade.20 Moreover, ade-
nosine enhanced APC through both mitochondrial KATP-
dependent and KATP-independent mechanisms in isolated 
hearts.62

The nonselective opioid antagonist naloxone abol-
ished APC in vivo,18 indicating the existence of an 
important link between volatile anesthetics and another 
family of Gi protein–coupled receptors and their puta-
tive ligands. Volatile anesthetics competitively inhibited 
the ligand-binding site of Gi protein–coupled receptors.63 
Thus, APC appears to be associated with the activation 
of at least two separate receptor-mediated pathways (A1 
and opioid) that are linked to cell signaling through Gi 
proteins. Interestingly, the combination of isoflurane and 
a selective δ1-opioid receptor agonist further amplified 
APC.64 This effect was synergistic and sensitive to inhibi-
tion by glyburide. The combined administration of iso-
flurane and morphine also markedly reduced infarct size 
in vivo, and this protective effect was abolished by mito-
chondrial KATP blocker 5-HD.18 Thus, combined admin-
istration of a volatile anesthetic and an opioid capable 
of agonist action at the δ1-opioid receptor subtype may 
stimulate similar or cooperative signaling cascades that 
amplify mitochondrial KATP opening to profoundly aug-
ment myocardial protection beyond that produced by 
either drug alone. A Gs protein–coupled receptor ligand 
system, the β1-adrenoceptor and its downstream target 
protein kinase A, also mediated APC,65 suggesting that 
both Gi and Gs may play important roles in APC in vivo.

IPC produces translocation and phosphorylation of 
several protein kinases, most importantly PKC, involved 
in the signaling responsible for myocardial protection.66 
The diverse PKC isoform family is a large group of serine-
threonine kinases that are distinguished by variable regu-
latory domains and cofactors. The PKC family displays 
diverse tissue and species distributions. G protein-coupled 
receptor ligands, including A1, δ1-opioid, and bradyki-
nin, activate PKC during pharmacologic precondition-
ing. Volatile anesthetics stimulated PKC translocation 
and activity, possibly by interacting with the regula-
tory domain of the enzyme. Inhibition of PKC partially 
attenuated isoflurane-induced augmentation of the func-
tional recovery of stunned myocardium. The beneficial 
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actions of halothane were entirely blocked by selective 
inhibition of PKC. Colchicine, a drug that depolymerizes 
microtubule assemblies, prevented isoflurane-induced 
reductions in myocardial infarct size. This result suggests 
that an intact cytoskeleton is essential for translocation 
of the PKC to occur. Indeed, volatile anesthetic–induced 
PKC translocation and activation appears to be required 
to open KATP channels. For example, a nonselective PKC 
antagonist abolished sevoflurane-induced increases in 
mitochondrial KATP open state and prevented protection 
against ischemic damage in rat ventricular myocytes.20 
Patch-clamp experiments demonstrated that isoflurane 
did not facilitate KATP channel opening in excised mem-
branes but enhanced KATP channel current in a whole-
cell configuration concomitant with PKC stimulation.67 
These observations were supported by findings that both 
adenosine and PKC enhance KATP channel open state dur-
ing IPC. Specific PKC consensus sites were demonstrated 
on KATP channels, thereby suggesting a molecular basis 
for phosphorylation and opening of the channel by this 
enzyme.68 Translocation of PKC-δ, but not PKC-ε, was 
initially shown to play an important role in APC in iso-
lated hearts.69 Phosphorylation of the serine 643 residue 
of PKC-δ appeared to mediate transfer of the precondi-
tioning stimulus (exposure to 1.5 MAC isoflurane) to 
mitochondrial KATP. Both PKC-δ and PKC-ε translocation 
were implicated in APC produced by isoflurane in vivo, 
and opening of mitochondrial KATP and generation of 
ROS accompanied this PKC activation.70 Another study 
implicated PKC-ε alone during APC produced by sevoflu-
rane,71 whereas PKC-α and PKC-ε, but not δ, specifically 
mediated the acute memory phase of sevoflurane APC 
in isolated guinea pig hearts.72 PKC-α was shown to be 
important in sevoflurane-induced myocardial protection 
via production of ROS in rat myocardium.73 A role for 
PKC-ε was also demonstrated in isoflurane APC in rats,74 
but only at lower concentrations (<0.5 MAC) of the vola-
tile anesthetic. Desflurane APC produced time-dependent 
translocation of PKC-ε through activation of extracellu-
lar signal-regulated kinases 1 and 2 (ERK1/2).75 In con-
trast, PKC-δ mediated APC by sevoflurane through ROS 
production independent of mitochondrial KATP.

76 This 
process depended on modulation of the reverse mode of 
the Na+-Ca2+ exchanger.73 When considered together, the 
data indicate that at least three different isoforms of PKC 
(α,ε, and δ) appear to be important mediators of APC, but 
PKC-ε has been most frequently implicated across various 
species, including humans.

PKC stimulates PTK and several MAPKs during IPC, and 
these latter proteins are also involved in APC indepen-
dent of receptor activation. A nonselective PTK inhibitor 
and a Src-selective inhibitor abolished APC by isoflurane 
in rats,70 but nonselective PTK inhibitors did not alter 
desflurane APC in rabbits.77 These findings suggest that 
the role of PTK in APC may be species-dependent. The 
MAPK proteins are also serine-threonine kinases that are 
crucial for signal transduction from the cell surface to the 
nucleus and are key regulators of apoptosis. ERK1/2 is a 
MAPK (p42/p44) that mediates cell division, prolifera-
tion, and survival.78 ERK1/2 is phosphorylated and acti-
vated by the upstream enzyme mitogen-activated protein 
kinase–extracellular signal-regulated kinase-1 (MEK-1) 
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through occupation of PTK or G protein–coupled recep-
tors. ERK1/2 was previously implicated in IPC and opioid-
induced preconditioning. Reductions in infarct size and 
ERK1/2 phosphorylation produced by administration of 
desflurane before ischemia and reperfusion were abol-
ished by a selective ERK1/2 inhibitor,75 providing the first 
evidence suggesting that ERK1/2 mediates APC. ERK1/2 
was also shown to trigger isoflurane APC in rabbits.79

ERK1/2-related signaling proteins control the expres-
sion of several genes essential for cell survival against 
ischemic stress, most notably, hypoxia-inducible factor-
1α (HIF-1α), an important DNA-binding complex whose 
activity is influenced by intracellular O2 tension. Myo-
cardial hypoxia is a potent inducer of HIF-1α expression, 
and the combination of reduced O2 tension and activa-
tion of ERK1/2 signaling are known to potentiate HIF-1α 
expression and activity.80 HIF-1α also up-regulates tran-
scription of vascular endothelial growth factor (VEGF), an 
important angiogenic protein that plays a central role in 
coronary collateral development in response to chronic 
myocardial ischemia.81 Enhanced expression of both 
HIF-1α and VEGF occurs during myocardial ischemia.82 
ERK1/2-dependent up-regulation of HIF-1α and VEGF 
was shown during IPC and hypoxic preconditioning.83 
Isoflurane APC also produced temporal up-regulation 
of HIF-1α and VEGF protein expression by activating 
ERK1/2 in rabbit myocardium.79,84 Another MAPK (p38) 
that was strongly implicated in IPC also mediated APC in 
isolated rat hearts.85 p38 MAPK interacts with the actin 
cytoskeleton through MAPK-activated protein kinase-2 
(MAPKAPK-2) and heat shock protein 27 (Hsp27). APC by 
isoflurane preconditioning was activated by both MAP-
KAPK-2 and Hsp27 downstream of PKC and p38 MAPK,86 
providing yet another link between APC and the cytoskel-
etal-specific translocation of signaling elements involved 
in myocardial protection. Two other protein kinases that 
deserve comment have been implicated in APC. 5′AMP-
activated protein kinase (5′AMPK) is a regulator of cellu-
lar energy status known to mediate IPC. Sevoflurane APC 
phosphorylated 5′AMPK and its downstream target endo-
thelial NO synthase (eNOS) concomitant with a reduc-
tion in myocardial infarct size in isolated rat hearts.87 A 
selective 5′AMPK inhibitor abolished these effects. Finally, 
Pim-1 kinase is a regulator of cardiac myocyte survival 
during physiologic stress that was also shown to mediate 
desflurane APC in mice.88

Phosphatidylinositiol-3′-kinase (PI3K) has been shown 
to be responsible for the phosphorylation of a variety of 
subcellular targets implicated in cell survival, protein syn-
thesis, and metabolism. Activation of this kinase pathway 
not only reduces cell necrosis but also contributes to the 
preservation of viable myocardium by inhibiting apop-
tosis and maintaining mitochondrial integrity.78 PI3K 
converts phosphatidylinositol-4,5-bisphosphate (PIP2) 
to phosphatidylinositol-3,4,5-trisphosphate (PIP3),89 and 
PIP3-stimulated phosphorylation of the serine- threonine 
kinase Akt (protein kinase B) by phosphoinositide- 
dependent kinase 1 (PDK1) subsequently inhibits the for-
mation of several proapoptotic proteins (e.g., Bad, Bax, 
caspases). PDK1 is a also a potent activator of other protein 
kinases,89 including PKC and PTK, implicated in APC.90 A 
role for PI3K signaling in APC by isoflurane was previously 
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demonstrated.91 A selective inhibitor of PI3K abolished 
reductions in infarct size and also blocked phosphoryla-
tion of the downstream enzyme target Akt produced by 
administration of isoflurane before prolonged coronary 
occlusion and reperfusion in rabbits. Isoflurane precondi-
tioning increased Akt phosphorylation and expression of 
the antiapoptotic B-cell lymphoma-2 (Bcl-2) protein and 
reduced expression of the apoptotic protein Bax in rabbits 
concomitant with decreases in infarct size and the number 
of apoptotic myocytes.92 Selective PI3K antagonists abol-
ished these actions, indicating that PI3K-induced modu-
lation of proapoptotic and antiapoptotic protein balance 
plays a role in APC produced by isoflurane. Activation of 
Akt by isoflurane protected rat atrial and ventricular myo-
cytes against apoptosis produced by exposure to hypoxia, 
hydrogen peroxide, or activated neutrophils concomitant 
with increased expression of Bcl-2.93 The antiapoptotic 
effect of APC was also mediated by phosphorylation of 
the apoptosis repressor with caspase recruitment domain 
through a PI3K-dependent mechanism.94 These results 
emphasize that APC-induced myocardial protection is at 
least partially caused by attenuation of apoptosis, similar 
to the findings during IPC.95,96

Opening of the nonspecific channel mPTP within the 
inner mitochondrial membrane abolishes the mitochon-
drial membrane potential (ΔΨm). This effect has several 
consequences that rapidly produce cell death, includ-
ing inhibition of oxidative phosphorylation, unimpeded 
swelling of the mitochondria, and stimulation of the 
release or activation of several apoptotic proteins, includ-
ing cytochrome c. The mPTP contains three major com-
ponents: a voltage-dependent anion channel, the enzyme 
adenine nucleotide translocase, and cyclophilin D, a cis/
trans peptidyl-propyl isomerase located within the mito-
chondrial matrix.97 Cyclophilin D was proposed to bind 
to adenine nucleotide translocase in the presence of 
pathologic elevations in intramitochondrial Ca2+ con-
centration. The combination of these moieties prevented 
nucleotide transport and caused the channel of the 
mPTP to form. However, knockout mouse models sug-
gest that neither the voltage-dependent anion channel 
nor adenine nucleotide translocase is truly essential for 
mPTP formation,98,99 whereas cyclophilin D appears to 
be a critical component of mPTP.100,101 Interestingly, the 
commonly used immunosuppressant medication cyclo-
sporin A (CsA) binds cyclophilin D and prevents mPTP 
formation.102,103 The combined effects of intramitochon-
drial Ca2+ overload, ROS, and inorganic phosphates accu-
mulated during ischemia because of exhausted adenine 
nucleotide metabolism cause mPTP to open; these abnor-
malities are especially apparent during early reperfusion. 
In contrast, adenine nucleotides, magnesium and other 
matrix cations, and acidosis inhibit mPTP formation.

mPTP opening has been strongly implicated as an end-
effector in myocardial necrosis and apoptosis resulting 
from ischemia-reperfusion injury.104 Activation of the 
PI3K-Akt and ERK1/2 pathways exert regulatory control 
over the transition state of mPTP.97 Administration of 
CsA reduced myocardial infarct size to a similar magni-
tude as IPC.105 A radiolabeled 2-deoxyglucose entrapment 
technique was used to show that IPC directly inhibits 
mPTP opening during reperfusion.106 Similarly, delayed 
mPTP opening in response to Ca2+ overload was observed 
in isolated cardiac mitochondria that had been previ-
ously exposed to IPC, CsA, or a cyclophilin D–selective 
CsA derivative. Delayed IPC regulated mPTP formation 
through enhanced expression of Bcl-2.107 Pharmaco-
logic preconditioning by mitochondrial KATP opener 
diazoxide105 or volatile anesthetics108 also involves mPTP 
inhibition. For example, APC improved the resistance 
of mPTP to Ca2+-induced opening in rabbit mitochon-
dria108 through a PKC-ε–dependent mechanism.109 CsA 
restored sevoflurane APC in the presence of hypergly-
cemia through inhibition of mPTP formation.110 Iso-
flurane selectively phosphorylated the Tyr194 residue 
of the adenine nucleotide translocase component of 
mPTP, thereby favorably regulating mitochondrial bio-
energetics.111 APC was shown to modestly reduce ΔΨm 
in stressed cardiac myocytes, thereby attenuating excess 
ROS production, delaying mPTP opening, and increasing 
cell survival through a decrease in mitochondrial Ca2+ 
uptake.112,113 Notably, reductions in ΔΨm were sustained 
after discontinuation of the volatile anesthetic, and this 
mitochondrial uncoupling may represent another con-
tributing factor to the memory phase of APC.112 Isoflu-
rane also modified the response of the voltage-dependent 
anion channel to O-linked-β-N-acetylglucosamine; this 
modification inhibited mPTP opening and conferred 
protection against ischemia-reperfusion injury in cardiac 
myocytes.114

Reperfusion of ischemic myocardium is associated 
with the release of large quantities of ROS that disrupt 
intracellular Ca2+ homeostasis, cause lipid peroxidation, 
damage cell membranes, depress contractility, and pro-
duce reversible and irreversible tissue injury.115 Volatile 
anesthetics, including isoflurane, have been shown to 
attenuate the toxic effects of O2-derived free radicals on 
LV pressure development in isolated hearts. Isoflurane 
decreased hydroxyl radical generation in the ischemic rat 
heart, and halothane had a similar effect in dogs. The pro-
tective effects of sevoflurane were associated with reduced 
dityrosine formation, an indirect marker of reactive O2 
and N2 species.116 These results supported the contention 
that volatile anesthetics may reduce the release of delete-
rious quantities of ROS immediately after coronary artery 
occlusion and reperfusion. In contrast to these data impli-
cating a pathologic role of large amounts of ROS, a variety 
of preconditioning stimuli, including brief ischemia, mito-
chondrial KATP openers, opioids, and volatile anesthetics, 
stimulate a small burst of ROS that initiates downstream 
signaling events and produces protection from subse-
quent ischemic injury. Pretreatment with low concentra-
tions of ROS mimicked the beneficial effects of IPC, and 
free radical scavengers administered before or during isch-
emia attenuated this myocardial protection. These find-
ings suggest that IPC is mediated by small quantities of 
ROS released during the preconditioning stimulus. Scav-
engers of superoxide anion and inhibition of nitric oxide 
synthase (NOS) abolished the beneficial actions of sevo-
flurane against ischemic damage.116 Thus, small amounts 
of superoxide anion may act to trigger APC, whereas NO 
may scavenge larger quantities of superoxide anion on 
reperfusion to reduce injury. NO also mediated desflurane 
APC.117 Scavengers of ROS attenuated isoflurane-induced 
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reductions in myocardial infarct size118 and inhibited the 
salutary actions of mitochondrial KATP opening.119 Iso-
flurane also directly increased superoxide anion forma-
tion in vivo independent of ischemia and reperfusion.120 
Thus, volatile anesthetics may be capable of producing 
small amounts of superoxide anion that exert protective 
effects during subsequent ischemia. These data provide 
compelling  evidence that small quantities of ROS play a 
critical role in APC.

ROS are important regulatory mediators in many sig-
naling processes that protect the cardiac myocyte from 
oxidative stress. ROS-induced PKC or MAPK activation121 
was implicated in IPC and pharmacologic precondi-
tioning. ROS also activated G proteins that play a role 
in IPC.122 Similarly, evidence connects ROS production 
by volatile agents to activation of protein kinases impli-
cated in the signaling pathways responsible for APC. 
For example, administration of ROS scavengers inhib-
ited isoflurane-induced PKC translocation and blocked 
APC.70 Scavenging of ROS blocked desflurane and sevo-
flurane APC and attenuated mitochondrial uncoupling 
associated with these volatile anesthetics in vitro.123 A 
cause-and-effect relationship between mitochondrial 
KATP opening and ROS production during IPC and APC 
also has been suggested. Mitochondrial KATP opening 
triggered IPC by generating ROS.119 Similarly, agonist-
induced mitochondrial KATP opening produced ROS that 
appeared to be essential for activation of MAPK and the 
subsequent beneficial effects against ischemic injury. For 
example, diazoxide enhanced cell viability after hypoxia 
and reoxygenation in vitro concomitant with ROS gener-
ation.124 These beneficial actions were attenuated in cells 
pretreated with 5-HD or ROS scavengers, suggesting that 
myocardial protection produced by mitochondrial KATP 
agonists occurred as a result of triggering by ROS. The G 
protein–coupled receptor ligand morphine increased the 
fluorescence intensity of a hydrogen peroxide–sensitive 
probe. These effects were blocked by 5-HD,125 thereby 
establishing a link between opioid-induced mitochon-
drial KATP opening and ROS production. Diazoxide and 
cromakalim (another mitochondrial KATP opener) directly 
caused release of superoxide anion from complex I of the 
electron transport chain in isolated rat heart mitochon-
dria concomitant with matrix alkalinization.126 In con-
trast to these studies indicating that mitochondrial KATP 
opening stimulates ROS production, other investigations 
suggest that ROS modulate mitochondrial KATP confor-
mational state. For example, xanthine oxidase–derived 
superoxide anion opened mitochondrial KATP obtained 
from bovine ventricular myocardium and reconstituted 
in lipid bilayers.127 ROS also triggered mitochondrial KATP 
opening, and this event subsequently generated addi-
tional quantities of both ROS and NO.128 Thus, whether 
mitochondrial KATP opening acts as a trigger or effector 
of IPC or pharmacologic preconditioning may be unre-
solved to some degree, but it is clear that a complemen-
tary interaction between ROS and mitochondrial KATP 
exists during these preconditioning phenomena.

Whether mitochondrial KATP opening by volatile anes-
thetics precedes or follows ROS production during APC 
also remains in question. Pretreatment with 5-HD or a 
ROS scavenger before exposure to isoflurane abolished 
8: Inhaled Anesthetics: Cardiovascular Pharmacology 723

ROS production in rabbits,39 whereas administration of 
5-HD after discontinuation of isoflurane, but before pro-
longed coronary artery occlusion, only partially attenu-
ated this effect. These results suggest that mitochondrial 
KATP opening acted as a trigger for APC by producing ROS. 
In direct contrast, sevoflurane-induced ROS production 
was not inhibited by 5-HD pretreatment in isolated guinea 
pig hearts.129 Despite these equivocal findings, it is quite 
evident that ROS play a major role in APC in conjunc-
tion with mitochondrial KATP. Interestingly, a quantity 
of ROS that exceeds a critical threshold produced open-
ing of the mPTP and a subsequent burst of ROS130 that 
stimulated further release of additional ROS from other 
mitochondria.131 This ROS-induced ROS release contrib-
uted to mPTP-dependent cell death in rat myocytes after 
ischemia-reperfusion.132 Thus, volatile agents and other 
mitochondrial KATP openers may prevent opening of the 
mPTP in an oxidant-sensitive fashion to produce myocar-
dial protection.

ROS derived from the mitochondrial electron trans-
port chain have been shown to mediate IPC and phar-
macologic preconditioning.125 Whereas a complex III 
antagonist inhibited hypoxia-induced and acetylcholine-
induced ROS production and abolished preconditioning 
in vitro, volatile anesthetics blocked complexes I and 
III in isolated cardiac mitochondria.133,134 Sevoflurane-
induced complex I inhibition was attenuated by a super-
oxide dismutase mimetic134 and an NOS inhibitor,135 
suggesting that ROS, NO, or their reaction products 
may inhibit mitochondrial respiration through a posi-
tive feedback mechanism to amplify free radical signals 
for triggering APC. Conversely, a complex III inhibitor 
abolished isoflurane-mediated myocardial protection and 
ROS generation,136 suggesting that complex III may be 
the source of ROS during APC. These data suggested the 
possibility that volatile anesthetics may modulate mul-
tiple sites of the electron transport chain either directly 
or indirectly through a ROS-mediated feedback mecha-
nism. Indeed, the results of a recent study demonstrated 
that isoflurane produces ROS at complexes I and III of 
the electron transport chain by attenuating complex I 
activity in isolated mitochondria.137 The actions of vola-
tile anesthetics on complex I appear to reduce unfavor-
able reverse electron flow within the electron transport 
chain, thereby attenuating excessive ROS release in the 
mitochondria during reperfusion. Interestingly, it is this 
volatile anesthetic–induced inhibition of complex I activ-
ity that may be responsible for the production of small 
quantities of mitochondrial ROS known to trigger myo-
cardial protection during APC.138,139 A selective inhibitor 
of cyclooxygenase-2 (COX-2), but not COX-1 or COX-3, 
blocked isoflurane-induced myocardial protection in rab-
bits,140 indicating that modulation of arachidonic acid 
metabolism by volatile anesthetics may represent another 
potential source of ROS during APC. Thus, at least three 
sources of O2- or N2-derived free radicals (mitochondrial 
electron transport, NOS, and COX-2) have been identified 
to date, but whether other enzymes (e.g., nicotinamide 
adenine dinucleotide oxidase, lipoxygenase, xanthine 
oxidase, cytochrome P450 [CYP450]) known to generate 
reactive intermediates are involved in APC remains to be 
determined.
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The precise identity of the ROS involved in APC has 
not been defined. Superoxide anion directly opened mito-
chondrial KATP in vitro,127 implicating this reactive inter-
mediate in IPC. Isoflurane directly enhanced ethidium 
fluorescence in rabbit myocardium independent of sub-
sequent ischemia and reperfusion.39,120 Dihydroethidium 
is oxidized by intracellular superoxide anion to produce 
ethidium that subsequently binds to DNA, further ampli-
fying its fluorescence. These data strongly suggested that 
superoxide anion mediates APC. Sevoflurane also gener-
ated superoxide anion before ischemia and reperfusion in 
isolated hearts.129 In contrast to these findings implicat-
ing superoxide anion as a putative mediator of precondi-
tioning, other results suggested that hydrogen peroxide 
may play a role in this phenomenon. Hydrogen peroxide 
stimulated PTK-dependent activation of phospholipase 
C in mouse embryonic fibroblasts, rendering these cells 
resistant to stress. Hydrogen peroxide has been shown to 
activate Gi and Go proteins122 and other protein kinases 
involved in reducing cellular injury. Hydrogen peroxide 
may be converted to more reactive species that subse-
quently modify cysteine residues specific to G proteins 
and selectively activate these proteins.141 Thus, hydro-
gen peroxide or its immediate free radical metabolites 
represent another group of ROS known to affect many 
of the signaling molecules implicated in APC. Dismuta-
tion of superoxide anion leads to production of hydrogen 
peroxide, hydroxyl radical, and peroxynitrite, and these 
radicals may differentially alter channel or protein kinase 
activity. For example, superoxide anion and hydrogen 
peroxide enhanced, but peroxynitrite reduced, BKCa 
channel function.1,42 Whether APC also produces other 
ROS that activate mitochondrial KATP or inhibit forma-
tion or intermediates such as peroxynitrite that adversely 
affect these channels has yet to be defined.

Heat shock proteins (Hsps) are constitutively expressed 
proteins that play essential roles in cell survival.143 Hsps 
usually act as molecular chaperones by easing proper 
folding of other proteins, assisting in protein complex 
assembly, maintaining the structural integrity of steroid 
receptors, and helping move proteins throughout the 
cell. Hsps are also synthesized in response to tissue injury 
(most notably, hyperthermia, but also ischemia, inflam-
mation, infection, and toxin exposure); this response 
stimulates restoration of denatured proteins and facili-
tates metabolism of proteins that are damaged beyond 
repair.144,145 Importantly, induction of Hsps transiently 
protects the cell from damage by subsequent, potentially 
lethal insults of similar or differing origin or intensity, 
in part by inhibiting apoptosis.144 Hsps are classified 
on the basis of molecular weight. The 70-kDa species 
(Hsp70) is one of the most thoroughly studied146 because 
it has been strongly implicated in myocardial protection 
against reversible and irreversible ischemic injury.147 For 
example, brief global or regional myocardial ischemia 
caused induction of Hsp70, and this increase in Hsp70 
protected myocardium against subsequent ischemic dam-
age. Repetitive, brief episodes of coronary artery occlusion 
conducted 24 hours before prolonged ischemia and reper-
fusion increased intracellular Hsp70 concentration con-
comitant with reductions in myocardial infarct size. Gene 
transfection of Hsp70 limited infarct size and preserved LV 
function after prolonged ischemia.148 Furthermore, the 
viability of mitochondria isolated from transgenic mice 
overexpressing Hsp70 was enhanced after hypoxia-reox-
ygenation in contrast to those obtained from wild-type 
mice.149 Hsp70 induction may also protect myocardium 
in patients undergoing coronary artery surgery.150

The role of Hsps in APC has been recently explored. 
Pharmacologic induction of Hsp70 24 hours before isch-
emia and reperfusion was shown to lower the threshold of 
sevoflurane APC in vivo.151 Whereas 0.5 MAC sevoflurane 
failed to provide myocardial protection alone, adminis-
tration of this concentration of the volatile anesthetic to 
rabbits pretreated with an Hsp70 inducer reduced myo-
cardial infarct size to a significantly greater extent than 
observed with the Hsp70 inducer alone. Similar to the 
results of other studies in which exposure to volatile anes-
thetics did not affect Hsp70 expression,152,153 sevoflurane 
APC failed to alter Hsp70 expression in the presence or 
absence of the Hsp70 inducer. Thus, it is unlikely that 
administration of a volatile anesthetic shortly before a 
prolonged ischemic episode produces myocardial protec-
tion by acutely enhancing Hsp70 transcription and trans-
lation. Like volatile anesthetics, Hsp70 exerts protective 
effects against ischemic injury through PKC activation and 
mitochondrial KATP opening. Thus, Hsp70 may enhance 
the beneficial actions of APC by simultaneously affecting 
these and other signaling components. In contrast to the 
findings with Hsp70, isoflurane APC was associated with 
up-regulation of lower molecular weight Hsps,152 and an 
important role for Hsp27 (a key mediator of cytoskeletal 
integrity) has been reported during APC.86 These results 
suggest that smaller Hsps also may be directly involved in 
APC. Finally, Hsp90-induced activation of eNOS colocal-
ization has been shown to mediate APC through a tetra-
hydrobiopterin-dependent mechanism.30,154

delAyed Preconditioning. Seven years after the publica-
tion of Murry’s original paper,11 two groups155,156 inde-
pendently reported that two discrete chronologic phases 
of IPC exist: an acute or “early” phase of intense protec-
tion against infarction that occurs shortly after the incit-
ing ischemic event and persists for a brief duration (1 to 
2 hours) and a delayed, “late,” or “second window” phase 
distinguished by a more protracted period (3 to 4 days) 
of myocardial protection against both reversible and irre-
versible injury that develops 6 to 12 hours after the initial 
ischemic event (Fig. 28-8). The mechanisms responsible 
for acute and delayed IPC are quite different. Whereas 
posttranslational modification of existing proteins medi-
ates the early phase (thereby explaining its rapid onset 
and relatively short duration of protection), synthesis of 
new proteins is required for the late phase (explaining 
its delayed onset and more prolonged duration of pro-
tection).12 An initial episode of ischemia is postulated to 
cause the release of small quantities of several molecules, 
including NO, ROS, and adenosine, that then stimulate 
a cascade of events culminating in delayed IPC. These 
molecules interact with endogenous signaling proteins, 
including PKC-ε, ERK1/2, the Src and Lck PTK isoforms, 
and the Janus-activated kinases 1 and 2, which then con-
verge on and activate transcription factors, including 
nuclear factor κB(NF-κB), HIF-1α, and STAT1 and STAT3. 



Chapter 28: Inhaled Anesthetics: Cardiovascular Pharmacology 725

Figure 28-8. Schematic illustration 
depicting the two phases of ischemic 
preconditioning. Myocardial protection 
(expressed as a percentage reduction in 
infarct size) is plotted against time. After 
the application of a preconditioning 
(PC) stimulus (e.g., brief ischemia), rapid 
development of a preconditioned state 
occurs that confers powerful protection 
(80% to 90% reduction in infarct size in 
some models). However, the protection is 
transient, lasting only 1 to 2 hours. This is 
followed by the slower development of a 
late phase of protection, which becomes 
fully manifested at 24 hours after the PC 
stimulus and persists for approximately 
72 hours. Thus, the duration of the late 
phase is 30- to 50-fold longer than that 
of the early phase of PC. (From Bolli R: Pre-
conditioning: a paradigm shift in the bio-
logy of myocardial ischemia, Am J Physiol 
Heart Circ Physiol 292:H19-H27, 2007.)
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These transcription factors are usually quiescent, but cause 
genetic up-regulation and synthesis of iNOS, COX-2, 
heme oxygenase-1 (HO-1), and several antioxidants (e.g., 
extracellular superoxide dismutase, aldose reductase) in 
response to physiologic stress, including ischemia. These 
newly synthesized enzymes and their products, including 
NO, prostacyclin (prostaglandin I2; PGI2), and prostaglan-
din E2, are considered to be the “mediators” of myocar-
dial protection by inhibiting intracellular Ca2+ overload, 
producing antioxidant effects, opening mitochondrial or 
sarcolemmal KATP channels, blocking β-adrenoreceptor 
signaling, and preserving the closed conformation of 
mPTP.157 Thus, a brief ischemic episode initiates several 
parallel and redundant events, including nuclear trans-
location of key transcription factors, stimulation of new 
protein synthesis, and release of new molecules, that pro-
duce late IPC through their actions on mitochondria and 
ion channels.

Remote administration of a volatile anesthetic before 
prolonged ischemia and reperfusion produces protec-
tive effects that are very similar to those of delayed 
IPC.158 This “delayed” APC was first demonstrated in 
rabbit hearts subjected to a 2-hour exposure to 1% iso-
flurane 24 hours before prolonged ischemia and reperfu-
sion.159 Reduced myocardial infarct size and enhanced 
LV-developed pressure recovery were observed after this 
remote administration of isoflurane. The magnitude of 
the delayed protective effect was similar to that observed 
during acute APC. Pretreatment with 5-HD abolished the 
beneficial effects of remote isoflurane exposure in this 
model, whereas HMR-1098 attenuated them. As discussed 
earlier, both mitochondrial KATP and sarcolemmal KATP 
appear to be essential for acute APC,90 and their involve-
ment in delayed APC is certainly not surprising. Never-
theless, the relative roles of these channels in delayed APC 
have yet to be definitively established. Crosstalk between 
mitochondrial and sarcolemmal KATP may explain the 
apparent dual roles of these channels in acute and delayed 
IPC,160 and a similar interaction between these channels 
may occur during delayed APC. Despite this minor contro-
versy, it is abundantly clear that mitochondrial KATP plays 
a central role in late APC. For example, brief (5 minutes) 
administration of 1.0 MAC sevoflurane caused a further 
reduction in myocardial infarct size after delayed IPC in 
open-chest rabbits.161 Pretreatment with 5-HD inhibited 
this beneficial effect of sevoflurane, indicating that the 
volatile anesthetic conferred additional protection in the 
presence of late IPC through mitochondrial KATP opening. 
Roles for BKCa channels and mPTP in desflurane-induced 
delayed APC have been recently suggested.162

In contrast to the aforementioned findings,159 another 
group simultaneously reported that a 6-hour exposure to 
1.0 MAC isoflurane did not cause late APC in a canine 
model, whereas acute APC was associated with substan-
tial myocardial protection independent of alterations 
in systemic hemodynamics or coronary collateral blood 
flow.163 The findings of this investigation appeared to 
contradict those of the previously discussed study159 
and suggested that isoflurane may not cause delayed 
APC in dogs or, alternatively, that late APC may be a 
 species-specific phenomenon. Late IPC and other forms 
of delayed pharmacologic preconditioning were observed 
in several canine models,164 but dogs may be less sus-
ceptible to preconditioning phenomena depending on 
the intensity of the initial stimulus, the temporal delay 
before the prolonged ischemic event, and the total dura-
tion of ischemia and reperfusion.165 Thus, the duration 
and dose of isoflurane pretreatment may be crucial fac-
tors in determining whether delayed APC occurs. Inter-
estingly, a 2-hour exposure to 1% isoflurane (≈0.5 MAC) 
caused robust myocardial protection in isolated rabbit 
hearts, but a 2-hour exposure to 2% isoflurane did not. 
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These results suggest that prolonged exposure to a greater 
isoflurane concentration did not cause a delayed APC 
effect, as suggested by the findings in dogs. Exposure to 
1.0 MAC sevoflurane for 60 minutes followed by global 
ischemia and reperfusion 24 or 48 hours later decreased 
myocardial necrosis, enhanced recovery of LV function, 
maintained intracellular ATP concentrations, preserved 
intracellular pH, and maintained Na+ and Ca2+ homeo-
stasis in isolated rat hearts in contrast to those not receiv-
ing sevoflurane pretreatment.166 Notably, the salutary 
actions of sevoflurane were greater 48 hours in contrast 
to 24 hours after exposure and may be functionally rel-
evant for as long as 2 weeks after ischemia-reperfusion 
injury.167 Similar findings were also described with isoflu-
rane168 and desflurane.169 When considered collectively, 
these results suggest that a latency period greater than 24 
hours after volatile anesthetic exposure may be needed 
to establish maximal protective effects in some experi-
mental models of late APC. Considering these data, it is 
certainly plausible that myocardial protection may have 
been observed in dogs as well, if prolonged ischemia and 
reperfusion had occurred more than 24 hours after isoflu-
rane pretreatment.

All investigations conducted after the single negative 
study in dogs demonstrated that remote administration 
of a volatile anesthetic before prolonged ischemia and 
reperfusion does, indeed, produce delayed protection 
against ischemic injury. For example, a 2-hour pretreat-
ment with 1.0 MAC isoflurane conducted 24 hours before 
a 30-minute coronary artery occlusion and 3 hours of 
reperfusion reduced myocardial infarct size by 43% in 
rabbits.170 The magnitude of the decreases in myocardial 
necrosis during late compared with early APC was nearly 
identical.39 Additional studies from the same laboratory 
subsequently confirmed these findings.171,172 Isoflurane 
(0.75 and 1.5 MAC) also caused dose-related and time-
related delayed myocardial protection in rats.168 Interest-
ingly, pretreatment of rats with 1.5 MAC isoflurane 48 
hours before ischemia and reperfusion caused the larg-
est reductions in myocardial infarct size and the greatest 
recovery of LV-developed pressure during reperfusion.168 
Similar findings with desflurane- or sevoflurane-delayed 
APC were also reported.169,173 Administration of a unique 
intravenous emulsified sevoflurane preparation did not 
produce sedation or respiratory depression in conscious 
rabbits, but the drug significantly reduced infarct size in 
contrast to lipid vehicle alone.174 Notably, the plasma 
concentration of sevoflurane required for this beneficial 
effect was equivalent to a MAC value of approximately 
0.17, suggesting that only a small amount of the volatile 
anesthetic may be required to produce delayed myocar-
dial protection.

The mechanisms responsible for late APC in experi-
mental animals have been incompletely studied to date. 
Bolli175 proposed that iNOS plays a central role in delayed 
IPC because ischemia stimulates iNOS synthesis. The NO 
that is subsequently produced from newly synthesized 
iNOS may then exert protective effects. Bolli and associ-
ates176 demonstrated that NO derived from eNOS triggers 
delayed IPC, whereas NO produced by iNOS mediates it. 
In contrast, targeted deletion of the iNOS gene also abol-
ished late IPC. NO derived from neuronal NOS (nNOS; a 
regulator of catecholamine release expressed in sympa-
thetic nerve terminals) may also mediate the late phase 
of IPC concomitant with activation of COX-2.177 Similar 
to the findings with late IPC, NO has been shown to play 
an essential role in delayed APC, but the precise source 
of NO (iNOS, eNOS, or nNOS) is controversial. iNOS was 
shown to be important during late APC in rats exposed 
to 0.75 or 1.5 MAC isoflurane for 2 hours before global 
ischemia and reperfusion was conducted 24 to 96 hours 
later.168 Remote exposure to isoflurane reduced infarct 
size, improved LV functional recovery, and enhanced 
iNOS expression and activity in a dose-dependent and 
time-dependent manner (Fig. 28-9). The maximal effects 
were observed 48 hours after exposure to 1.5 MAC isoflu-
rane, and a selective iNOS inhibitor abolished myocardial 
protection in this model. These data strongly implicated 
iNOS as the primary enzymatic source for NO that medi-
ates delayed APC.

Another group confirmed these findings in rats 
exposed to 1.0 MAC isoflurane for 1 hour followed by 
coronary artery occlusion and reperfusion 24 hours 
later.178 Reduced infarct size, enhanced iNOS protein 
expression, increased myocardial NO content, trans-
location of the p65 subunit of NF-κB from the cytosol 
to the nucleus, and augmented NF-κB DNA-binding 
activity were observed. Pretreatment with a nonselec-
tive NOS antagonist or a NF-κB inhibitor before admin-
istration of isoflurane or a selective iNOS inhibitor 
immediately before ischemia abolished the protective 
effects of isoflurane. NF-κB is an important transcrip-
tion factor involved in inflammatory response to oxida-
tive stress that is activated during ischemia-reperfusion 
injury. The inhibitory protein IκB sequesters the major 
subunits of NF-κB (p50 and p65) within the myoplasm, 
thereby maintaining the transcription factor in its qui-
escent state under resting conditions. However, isch-
emia causes phosphorylation and degradation of IκB, 
allowing the p50 and p65 NF-κB subunits to associate 
and translocate to the nucleus, bind to promoter gene 
regions, and initiate transcription. IPC has been shown 
to reduce NF-kB activation and blunt production of 
inflammatory cytokines, chemokines, and adhesion 
molecules, thereby contributing to a reduction in myo-
cardial necrosis. Sevoflurane preconditioning also atten-
uated NF-κB activation and reduced NF-κB–dependent 
inflammatory gene expression in isolated and intact 
hearts.179,180 A reduction in apoptosis appears to play 
an important role in this NF-κB–mediated effect during 
APC.181 Activation of NF-κB also was previously shown 
to play a central role in delayed IPC. The iNOS gene 
is a common target of NF-κB; binding of the transcrip-
tion factor to the promoter-enhancer region of the 
gene initiates the protein’s transcription. Thus, remote 
administration of isoflurane before prolonged ischemia 
and reperfusion generates NO and sequentially triggers 
activation of NF-κB, expression of iNOS, and synthesis 
of additional NO that the mediates delayed APC in rats. 
Administration of a NF-κB inhibitor before isoflurane 
exposure blocked the increases in NF-κB protein and its 
DNA-binding activity and inhibited myocardial protec-
tion. Thus, early activation of NF-κB may be an obligate 
step during delayed APC.
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Figure 28-9. A, Immunoblot study of inducible nitric oxide synthase (iNOS) protein expression. B, Quantitative analysis of iNOS protein expres-
sion. Values are mean ± standard error of the mean of five experiments. *P < .05 compared with control. C to E, Immunohistochemical analysis of 
iNOS protein expression in control heart (C), 48 hours after oxygen inhalation (D), and 48 hours after inhalation of 1.5 minimum alveolar concen-
tration isoflurane (E). Scale bars, 20 μm. (From Wakeno-Takahashi M, Otani H, Nakao S, et al: Isoflurane induces second window of preconditioning 
through upregulation of inducible nitric oxide synthase in rat heart, Am J Physiol Heart Circ Physiol 289:H2585-H2591, 2005.)
eNOS has been implicated in late APC. Administration 
of a nonselective NOS inhibitor, but not selective iNOS or 
nNOS inhibitors, either before remote isoflurane exposure 
or before coronary occlusion and reperfusion abolished 
reductions in infarct size produced by the volatile anes-
thetic concomitant with increases in eNOS but not iNOS 
transcription and translation in rabbits.171 Delayed APC also 
was observed in only adult male, but not female, rabbits.172 
Estrogen enhances eNOS expression, favorably modulates 
endothelial NO release, and stimulates eNOS binding to 
Hsp90. The latter effect substantially increases eNOS activ-
ity. The interaction between eNOS and Hsp90 was demon-
strated during acute APC.154 Thus, the gender specificity of 
delayed APC is most likely related to the actions of estrogen 
on eNOS expression and activity in female rabbits that con-
fers protection against infarction independent of any sub-
sequent remote administration of a volatile anesthetic.172 
These findings also indirectly suggest that the protective 
effect of NO may be derived from eNOS and not iNOS.

The experimental disagreement about the specific 
source of NO (iNOS versus eNOS) that mediates delayed 
APC merits further discussion. NO derived from eNOS fol-
lowed by iNOS acts as a trigger and mediator, respectively, 
of delayed IPC, but whether late pharmacologic precon-
ditioning occurs through such a clearly defined sequence 
of events is not so clearly defined. For example, eNOS 
may “masquerade” as iNOS during delayed precondition-
ing produced by adenosine.182 Selective iNOS inhibition 
before prolonged ischemia and reperfusion also did not 
alter the protective effects of remote administration of 
adenosine,183 in contrast to the findings during the late 
IPC. Activation of eNOS by Akt also mediated late precon-
ditioning produced by the mitochondrial KATP channel 
opener diazoxide.184 A central role for the PI3K cascade 
was previously demonstrated in volatile anesthetic pre-
conditioning and postconditioning.185 Thus, the apparent 
predominance of eNOS-derived compared with iNOS-
derived NO during delayed APC described in rabbits may 
be related, at least in part, to the relative importance of 
PI3K signaling in this species. Marked differences are seen 
in the type and distribution of NOS in rabbits, compared 
with rats and mice, which may profoundly influence cel-
lular response to ischemia.186 Thus, the animal species in 
which the studies were performed may partially account 
for observed variations in the source of NO. Nevertheless, 
experimental evidence accumulated to date indicates that 
NO is a critical trigger and mediator of delayed APC regard-
less of whether the source of the molecule is iNOS or eNOS.

ROS have been shown to trigger late APC.187 A 2-hour 
exposure to 0.8% isoflurane conferred protection against 
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infarction and improved recovery of LV-developed pres-
sure after global ischemia and reperfusion were imposed 
24 hours later.187 Administration of a superoxide anion 
scavenger 15 minutes before isoflurane abolished this 
myocardial protection. Isoflurane increased dihydro-
ethidium fluorescence consistent with ROS production; 
pretreatment with a mitochondrial electron transport 
chain inhibitor attenuated this effect. These results sug-
gested that the oxidative phosphorylation cascade was 
the source of ROS involved in delayed APC, similar to 
findings during acute APC and IPC.96 For example, ROS 
triggered IPC through mitochondrial KATP opening in 
rabbits.119 Isoflurane directly generated ROS independent 
of subsequent ischemia and reperfusion, and these reac-
tive intermediates mediated myocardial protection118 by 
opening mitochondrial KATP

39 and activating the electron 
transport chain.136 However, it remains unclear whether 
ROS produced during remote volatile anesthetic exposure 
stimulates transcription and translation of new protein 
mediators of delayed APC similar to the triggering actions 
of NO. This mechanism appears likely because ROS acti-
vated PKC-ε and caused nuclear translocation of NF-κB 
during late IPC.188

COX-2 and its metabolites are also important media-
tors of delayed IPC.12,189 COX-2 transcription and trans-
lation occurred 24 hours after an ischemic stimulus 
concomitant with elevated myocardial PGE2 and 6-keto-
PGF1α (a PGI2 metabolite) concentrations. Prostacyclin 
also was shown to produce salutary effects by stimulat-
ing mitochondrial KATP to open and abrogating oxidative 
damage as a result.190 In contrast, pretreatment with a 
COX-2 inhibitor (e.g., celecoxib) abolished prostaglandin 
production and blocked reductions in myocardial necro-
sis during late IPC.191 Coinduction of iNOS and COX-2 
occurred after brief ischemia. This observation suggested 
that interaction of these two proteins is crucial for cel-
lular defense in response to ischemia.192 In fact, iNOS 
was shown to be an upstream regulator that modulates 
COX-2 expression and activity during delayed IPC.192,193 
COX-2 and its metabolites also mediated late pharma-
cologic preconditioning through the δ-opioid recep-
tor.194 COX-2 was shown to mediate acute and delayed 
APC in vivo.140,170 Administration of celecoxib 2.5 hours 
before prolonged ischemia and reperfusion, but not 
immediately before isoflurane, abolished the myocardial 
protection associated with remote exposure to the vola-
tile anesthetic. These data suggested that COX-2 func-
tions as a mediator of delayed APC. Isoflurane exposure 
also produced time-dependent increases of COX-2 pro-
tein expression and activity that were associated with a 
decline in myocardial necrosis.195 Thus, it is clear that 
COX-2 and metabolites are key mediators of late APC.

Arachidonic acid released during ischemia may be 
metabolized by lipoxygenases and CYP450 isoforms to 
generate other products that elicit myocardial protec-
tion.196 For example, enhanced activity of  12-lipoxygenase 
and formation of 12-hydroxyeicosatetraenoic acid (12-
HETE) mediated the cardioprotective effects of acute IPC 
through a PKC-dependent mechanism. Remote exposure 
to a selective δ-opioid receptor agonist reduced infarct size 
and enhanced 12-lipoxygenase transcription and transla-
tion, and these effects were attenuated by administration 
of a 12-lipoxygenase inhibitor.197 A selective 12-lipoxy-
genase inhibitor also abolished the protective effect of 
exposure to 1.0 MAC isoflurane 24 hours before isch-
emia and reperfusion, suggesting that 12-lipoxygenase 
may be a mediator of delayed APC.196 12-Lipoxygenase 
expression was significantly increased 12 and 24 hours 
after isoflurane exposure; new protein was localized to 
the intercalated disk regions adjoining cardiac myocytes 
(Fig. 28-10). Conversely, another 12-lipoxygenase inhibi-
tor did not appear to affect late APC.195 Differences in 
experimental design and animal species may be respon-
sible for these apparently contradictory results. However, 
it is clear that delayed APC up-regulates expression and 
enhances activity of a key enzyme (12-lipoxygenase) that 
metabolizes arachidonic acid to hydroxyeicosatetraenoic 
acid products that have been implicated in other forms 
of acute and delayed preconditioning.197 Another arachi-
donic acid metabolite [15-deoxy-(12,14)-prostaglandin 
J2] known to activate peroxisome-proliferator–activated 
receptor γ also was shown to mediate desflurane-induced 
delayed APC in rabbits.198

Lipid rafts are small regions (0.01 to 0.2 μm) suspended 
in membrane phospholipid bilayers that contain high 
concentrations of glycosphingolipids, sterols, and scaf-
folding proteins (termed caveolins).199-201 Lipid rafts exist 
in myocardial sarcolemmal and mitochondrial mem-
branes and are dynamic regulators of signal transduction 
molecules.202 Caveolae are a type of lipid raft consist-
ing of small membrane invaginations (0.06 to 0.08 μm) 
that bind and regulate the activity of G protein–coupled 
receptors, ERK1/2, and eNOS. Caveolins are required for 
caveolae to form. Thus, expression of caveolins directly 
influences the number of caveolae available for signal 
modulation.203 Of the three known caveolin isoforms, 
caveolin-3 is the predominant type in myocardium.202 
Overexpression of caveolin-3 was shown to mimic IPC 
through a PI3K-mediated mechanism.204 Similarly, cave-
olin-3 also played an obligate role in acute APC.202,205 
Remote exposure to isoflurane reduced infarct size in 
wild-type and caveolin-1, but not caveolin-3, knock-
out mice concomitant with up-regulation of caveolin-3 
protein and microscopic evidence of caveolae.206 These 
data implicated caveolin-3 in delayed APC. Late APC also 
increased expression of glucose transporter-4 (GLUT-4; 
the major transporter for cellular uptake of glucose), and 
this protein was colocalized with caveolin-3.206 GLUT-4 
translocation from the intracellular compartment to 
caveolae may facilitate substrate delivery for anaerobic 
glycolysis during ischemia. GLUT-4 was also previously 
shown to mediate acute and delayed IPC through its inter-
action with caveolin-3 and signaling proteins, including 
PKC, Akt, and eNOS.207,208 Furthermore, NO and arachi-
donic acid metabolites caused transcription, translation, 
and translocation of GLUT-4.209,210 Taken together, these 
results suggest the GLUT-4 is another important compo-
nent of the delayed APC cascade that acts with caveolin-3 
downstream from NOS and COX-2.206

The previously discussed studies of the efficacy of, and 
mechanisms responsible for, delayed APC were conducted 
in healthy adult experimental animals. Whether late APC 
occurs in models of cardiac disease has not been exten-
sively studied. The effects of postinfarction remodeling 



Chapter 28: Inhaled Anesthetics: Cardiovascular Pharmacology 729

Figure 28-10. A, Immunoblots 
illustrating total 12-lipoxygenase 
(12-LO) after different recovery 
periods. Glyceraldehyde-3-phos-
phate dehydrogenase (GADPH) 
immunoblot was performed to 
determine equal protein loading. 
B, Densitometry of immunoblots 
in A was normalized to GADPH 
values. Isoflurane significantly 
increased 12-lipoxygenase protein 
at 12 and 24 hours of recovery 
(n = 3 in each group). Data are 
shown as mean ± standard error of 
the mean. *P < .05 versus control. 
C, Immunofluorescence analysis 
of the expression and localization 
of 12-lipoxygenase (red pixels) 
in mouse ventricular tissue after 
24-hour recovery period after isoflu-
rane. (From Tsutsumi YM, Patel HH,  
Huang D, Roth DM: Role of 12-lipox-
ygenase in volatile anesthetic-
induced delayed preconditioning 
in mice, Am J Physiol Heart Circ 
Physiol 291:H979-H983, 2006.)Control Isoflurane
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on delayed APC were examined in isolated Langendorff-
perfused hearts 6 weeks after coronary artery ligation.195 
This model is characterized by compensatory LV hyper-
trophy and chamber dilatation. Late APC was observed 
in postinfarction remodeled hearts, and the magnitude 
of this protection was similar to that observed in normal 
hearts, but several differences were noted. The duration 
of late APC was limited to only 24 hours after brief isoflu-
rane exposure in postinfarction remodeled hearts in con-
trast to at least 48 hours in normal hearts. Differences in 
COX-2 protein expression and activity between remod-
eled and normal hearts paralleled these findings. COX-2 
inhibitors abolished delayed APC in both normal and 
postinfarction remodeled hearts. Thus, COX-2 plays an 
obligate role in late APC in both models. However, postin-
farction remodeled hearts showed more pronounced sen-
sitivity to COX-2 inhibitors compared with normal hearts 
(Fig. 28-11). Remote exposure to isoflurane also caused 
nuclear translocation of the COX-2–related transcription 
factor HIF-1α in normal and infarct remodeled hearts. 
However, nuclear translocation of another important 
transcription factor, cyclic adenosine monophosphate 
(cAMP) response element–binding protein (CREB), did 
not occur in remodeled hearts. In addition, increased 
expression of the CREB antagonist inducible cAMP early 
repressor (ICER) was observed.195,211 It appears likely that 
the lack of isoflurane-induced CREB translocation after 
infarction may have contributed to the narrower window 
of delayed APC observed in this model.195

Two studies of isolated leukocytes provided evidence 
that remote exposure to a volatile anesthetic may abro-
gate the proinflammatory responses of white blood cells 
to ischemia-reperfusion injury.212,213 Leukocytes were col-
lected from healthy volunteers during and after a 60-min-
ute inhalation of sevoflurane (0.5% to 1.0%) and analyzed 
using gene microarray analysis and flow cytometry. Sevo-
flurane produced dramatic alterations in gene expression, 
including several key transcripts implicated in late IPC. The 
temporal changes in gene expression resulting from sevo-
flurane exposure bore many similarities to those observed 
during late IPC.214 Sevoflurane also reduced neutrophil 
surface receptor L-selectin (CD62L) expression and par-
tially inhibited neutrophil responsiveness to inflammatory 
stimuli 24 and 48 hours after exposure to the anesthetic. 
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Adhesion molecules, including L-selectin and β2-integrin, 
are responsible for neutrophil binding to injured vascu-
lar endothelium. These molecules stimulate leukocyte 
extravasation into the extravascular space during early 
reperfusion.115 Specifically, L-selectin facilitates tethering 
and rolling of neutrophils on the endothelial surface that 
initiates the extravasation process.215 Thus, inhibition of 
L-selectin expression by remote exposure to sevoflurane 
may contribute to a persistent reduction in neutrophil 
binding and activity during late APC, thereby abrogating 
the adverse effects of these leukocytes during reperfusion 
injury. Another research group examined superoxide anion 
production in response to receptor-dependent and recep-
tor-independent stimuli in canine neutrophils after remote 
administration of 1.0 MAC isoflurane.213 Exposure to iso-
flurane caused an immediate and sustained 50% reduction 
in superoxide anion formation in neutrophils activated by 
platelet activating factor or formyl-methionyl-leucyl-phe-
nylalanine. Late APC was also recently shown to be associ-
ated with improved antioxidant defenses as indicated by 
enhanced activity of superoxide dismutase, catalase, and 
glutathione peroxidase and reductase.216 When considered 
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Figure 28-11. The second window of preconditioning is different 
in healthy and remodeled hearts. The panels show the second win-
dow of preconditioning at 24 and 48 hours after isoflurane exposure 
(anesthetic preconditioning [APC]) in healthy (A) and infarct remod-
eled (B) hearts in the absence (solid line) and presence (dashed line) of 
celecoxib (0.1 μM). (From Feng J, Lucchinetti E, Fischer G, et al: Cardiac 
remodelling hinders activation of cyclooxygenase-2, diminishing protec-
tion by delayed pharmacological preconditioning: role of HIF1 alpha and 
CREB, Cardiovasc Res 78:98-107, 2008.)
collectively, the results of these studies suggest that inhi-
bition of neutrophil activity and enhanced antioxidant 
capability may be important contributors to delayed APC.

In summary, evidence accumulated over the past 10 
years indicates remote exposure to a volatile anesthetic 
before prolonged ischemia and reperfusion protects 
against myocardial infarction. The mechanisms respon-
sible for this late APC are very similar to those reported 
for delayed IPC. NO and ROS trigger synthesis of sev-
eral proteins, including iNOS, COX-2, 12-lipoxygenase, 
caveolin-3, and GLUT-4, through the concerted actions 
of NF-κB, HIF-1α, and CREB. These newly synthesized 
proteins produce several crucial mediators of late APC, 
including NO, PGE2 and I2, and 12-HETE; contribute to 
caveolae formation; and enhance anaerobic metabolism 
(Box 28-1). In addition, late APC also inhibits the activity 
of neutrophils during early reperfusion through modula-
tion of adhesion molecule expression. Sustained myocar-
dial and mitochondrial proteome remodeling involving 
proteins related to ATP generation and transport has been 
demonstrated during late APC, suggesting that favor-
able alterations in bioenergetic balance may represent 
yet another mechanism by which delayed APC produces 
antiischemic effects.217,218 Notably, the beneficial actions 
of delayed APC are attenuated in a model of chronic 
myocardial infarction, but whether other cardiac dis-
eases adversely affect this process is currently unknown. 
Volatile anesthetics may have the potential to produce 

Triggers

NO (iNOS)
ROS (mitoKATP or sarcKATP opening; electron transport chain)

TranscripTion FacTors

NF-κB
HIF-1α
CREB

new proTeins

iNOS
eNOS (?)
COX-2
12-Lipoxygenase
Caveolin-3
GLUT-4

MediaTors

NO
PGE2/PGI2
12-HETE
Caveolae
Neutrophil inhibition

BOX 28-1 Factors Implicated in Delayed 
Anesthetic Preconditioning

COX-2, Cyclooxygenase-2; CREB, cyclic adenosine monophosphate 
response element–binding protein; eNOS, endothelial nitric oxide 
synthase; 12-HETE, 12-hydroxyeicosatetraenoic acid; HIF-1α, hypoxia-
inducible factor 1α; iNOS, inducible nitric oxide synthase; mitoKATP and 
sarcKATP, mitochondrial and sarcolemmal adenosine triphosphate–sensi-
tive potassium channel, respectively; NF-κB, nuclear factor κB; NO, nitric 
oxide; GLUT-4, glucose transporter-4; PGE2 and PGI2, prostaglandin E2 
and I2, respectively;.

From Pagel PS, Hudetz JA: Delayed cardioprotection by inhaled anesthetics.  
J Cardiothorac Vasc Anesth 25:1125-1140, 2011.
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delayed myocardial protection in patients at risk for isch-
emic injury, but the potential clinical applicability of late 
APC remains to be determined.

Postconditioning. Reperfusion after coronary artery 
occlusion is a double-edged sword—it is obviously 
required to salvage ischemic myocardium, but it also 
contributes to further injury.115,219 Buckberg and col-
leagues first suggested that modification of reperfusion 
conditions favorably reduces the injury that occurs when 
coronary blood flow is restored. For example, selective 
low-pressure (40 to 50 mm Hg) reperfusion before full 
restoration of coronary blood flow reduced infarct size, 
enhanced LV systolic function, and mitigated myocardial 
tissue edema compared with abrupt reperfusion. Simi-
larly, elimination of compensatory increases in blood 
flow resulting from coronary vasodilation after ischemia 
(reactive hyperemia) during early reperfusion maintained 
myocardial metabolism, reduced intracellular Ca2+ accu-
mulation, and improved regional wall motion compared 
with conventional reperfusion. Gradual reperfusion of 
the ischemic territory during the first 30 minutes after 
prolonged coronary occlusion also preserved endothelial 
function in vitro. Thus, “gentle” or “staged” control of 
coronary blood flow during early reperfusion was shown 
to be important in preserving myocardial integrity and 
function after an ischemic episode. Nevertheless, these 
interesting observations were largely ignored because pre-
conditioning, and not events occurring at the onset of 
reperfusion, was the primary focus of experimental and 
clinical research in myocardial protection during the late 
1980s and 1990s. However, it is quite clear that coronary 
artery occlusion cannot be temporally predicted in the 
vast majority of patients with acute myocardial ischemia 
or infarction to any degree of certainty. As a result, appli-
cation of preconditioning is limited primarily to condi-
tions in which the onset of ischemia can be precisely 
determined. Inflation of an angioplasty balloon during 
cardiac catheterization, aortic cross clamp application 
during cardiopulmonary bypass, and temporary coro-
nary artery occlusion for anastomosis during off-pump 
coronary artery bypass grafting (OP-CAB) are notable 
examples of clinical situations in which myocardial isch-
emia occurs in a predictable fashion. Under such circum-
stances, preconditioning strategies may be both clinically 
relevant and genuinely applicable.

The conditions during which reperfusion conditions 
may be altered to favorably reduce myocardial injury 
were reexamined in 2003.220 In this seminal work, a series 
of brief (30-second) episodes of coronary artery occlusion 
interspersed with 30-second periods of complete reper-
fusion were used before coronary blood flow was fully 
reestablished in a canine model. This brief, repetitive 
occlusion-reperfusion technique (often termed “stutter-
ing” reperfusion) reduced infarct size, decreased neutro-
phil accumulation, blunted ROS production, partially 
preserved endothelial function, and inhibited apopto-
sis.220,221 The reductions in myocardial injury caused by 
this ischemic postconditioning (IPostC) phenomenon 
were very similar to those produced by IPC.220 ERK1/2 
activation and NO formation were initially shown to 
mediate IPostC.220,222 Subsequently, PI3K-Akt signaling 
8: Inhaled Anesthetics: Cardiovascular Pharmacology 731

also was implicated, including the downstream enzymes 
eNOS and mammalian target of rapamycin 70-kDa ribo-
somal protein s6 kinase (mTOR/p70s6K).223,224 The PI3K 
cascade modulates cellular necrosis and apoptosis by 
influencing the balance of proapoptotic and antiapop-
totic proteins, the activity of the regulatory enzyme gly-
cogen synthase kinase-3β (GSK-3β), and the transition 
state of mPTP97,157 (Fig. 28-12). A large number of other 
studies demonstrated that administration of G protein–
coupled receptor ligands (e.g., adenosine, bradykinin, 
opioid), insulin, statins, and growth factors immediately 
before or during early reperfusion mimicked the benefi-
cial actions of IPostC. Many components of prosurvival 
signaling implicated in IPostC were shown to mediate 
this pharmacologic postconditioning.78,225 Activation of 
the RISK pathway78 by IPostC also occurred in a model 
of postinfarction ventricular hypertrophy,226 suggesting 
that this phenomenon may be preserved in the presence 
of cardiac disease. Clinical evidence of IPostC was further 
demonstrated, because brief repetitive balloon inflation 
and deflation performed during coronary angioplasty 
preserved myocardial integrity and function in patients 
with acute myocardial infarction.227 Furthermore, peak 
creatine kinase release was lower in patients with acute 
coronary syndrome who received four or more balloon 
inflations during angioplasty compared with those treated 
with one to three inflations.228 These findings suggested 
that relief of sustained ischemia by stuttering reperfu-
sion protected against permanent myocardial damage. 
Similarly, IPostC improved coronary artery blood flow 
velocity after final reperfusion, mitigated cellular necro-
sis, enhanced regional LV systolic function 8 weeks after 
intervention, and stimulated recovery of endothelial-
dependent vasoreactivity compared with conventional 
reperfusion.229,230 Since its initial description 10 years 
ago, IPostC has attracted intense interest because reperfu-
sion is a controllable event in many patients with acute 
coronary syndrome.

Volatile anesthetics are capable of exerting protective 
effects when administered immediately before or dur-
ing reperfusion. Halothane prevented hypercontracture 
of cardiac myocytes during reoxygenation after hypoxia 
and also reduced reperfusion injury after regional myo-
cardial ischemia in rabbit hearts. Isoflurane enhanced the 
functional recovery of stunned myocardium, and des-
flurane and sevoflurane reduced infarct size, associated 
with brief and prolonged ischemia, respectively, when 
the volatile anesthetics were administered solely during 
reperfusion. Administration of sevoflurane after isch-
emia also improved contractile function, metabolism, 
and Ca2+ loading in guinea pig hearts.231 Halothane abol-
ished reoxygenation-induced attenuation of sarcoplasmic 
reticulum–dependent oscillations of Ca2+ concentration 
in cardiac myocytes, suggesting that volatile anesthet-
ics may prevent intracellular Ca2+ overload during early 
reperfusion. Additionally, isoflurane and sevoflurane 
reduced postischemic adhesion of neutrophils to reduce 
Ca2+ overload or attenuate the deleterious effects of neu-
trophils during early reperfusion.

Isoflurane (1.0 MAC) administered during the final 
3 minutes of coronary artery occlusion and the first 2 
minutes of reperfusion was shown to reduce myocardial 
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Figure 28-12. Schematic illustration depicting the potential sites of action of volatile anesthetics (VA) on myocardial protective signaling dur-
ing early reperfusion. G protein–coupled receptor ligands (e.g., adenosine A1, opioid δ1), VA, insulin, statins, and growth factors activate parallel 
phosphoinositol-3-kinase (PI3K) or extracellular signal–regulated kinase (ERK1/2) cascades to produce protection. G protein–coupled activation 
of protein kinase C (PKC) by phospholipases (PLC/D) through the second messengers diacylglycerol (DAG) and inositol triphosphate (IP3) also 
contributes to activation of PI3K and ERK1/2. PI3K phosphorylates phosphoinositide-dependent kinase (PDK1), which activates Akt (also known 
as protein kinase B [PKB]). This moiety stimulates the activity of antiapoptotic proteins (e.g., B-cell lymphoma-2 [Bcl-2]) and simultaneously inhib-
its activity of proapoptotic proteins (e.g., Bax, Bad, Bim, caspases). Akt/PKB also inhibits the β-isoform of glycogen synthase kinase (GSK-β) and 
activates endothelial nitric oxide synthase (eNOS), 70-kDa ribosomal protein s6 kinase (p70s6K), and murine double minute 2 (Mdm2) protein. 
p70s6K also inhibits GSK-β activity. Nitric oxide (NO) produced by eNOS inhibits whereas Mdm2-induced phosphorylation of the proapoptotic 
protein p53 opens the mitochondrial permeability transition pore (mPTP). Inhibition of GSK-β and activation of mitochondrial KATP channels also 
act to close mPTP. The transition state of the mitochondrial pore is critical for the preservation of mitochondrial integrity and cell viability during 
ischemia and reperfusion. Activation of ERK1/2 also inhibits GSK-β and blocks the formation of proapoptotic proteins. LY294002 and wortman-
nin, rapamycin, PD 098059, and L-arginine methyl ester (L-NAME) block the activity of PI3K, p70s6K, ERK1/2, and eNOS, respectively. Volatile 
anesthetics have been proposed to enhance the activity of PI3K-Akt, p70s6k, ERK1/2, and eNOS. Volatile anesthetics have also been suggested to 
directly inhibit GSK-β and mPTP concomitant with enhanced expression of Bcl-2 and inhibition of p53. Volatile anesthetic–induced activation of 
mitochondrial KATP channels also inhibits mPTP. These actions of volatile anesthetics may contribute to the cardioprotective effects during early 
reperfusion.
infarct size in rabbits.232 This experimental design was 
used to establish a plasma concentration of isoflurane 
and thereby create a pharmacologic effect immediately 
on reperfusion. The reductions in myocardial necro-
sis observed with this anesthetic postconditioning 
(APostC) were similar in magnitude to those obtained 
with IPostC and APC.39,232 Postconditioning with 0.5 
MAC isoflurane (an anesthetic concentration that did 
not decrease infarct size alone) also reduced the time 
threshold required for IPostC.232 A selective PI3K antag-
onist (wortmannin) abolished the salutary actions 
of APostC and also blocked isoflurane-induced phos-
phorylation of the PI3K downstream enzyme Akt (pro-
tein kinase B). The data demonstrated that activation 
of the PI3K signaling pathway was responsible for the 
protective effects of APostC in vivo. Exposure to equiv-
alent MAC concentrations of isoflurane, sevoflurane, 
and desflurane before and during early reperfusion were 
subsequently shown to produce almost identical reduc-
tions in myocardial infarct size in mice, indicating that 
the magnitude of APostC was very similar among mod-
ern volatile anesthetics.233 APostC most likely reduces 
reperfusion injury by recruiting other endogenous 
signaling kinases and preventing apoptosis through 
PI3K.232 APostC was also shown to be mediated by PI3K-
Akt signaling in human atrial myocardium.234 A central 
role for PI3K-Akt signaling in APostC was subsequently 
demonstrated in infarct-remodeled myocardium, sug-
gesting that APostC may be preserved after myocardial 
infarction235 (Fig. 28-13).



Chapter 28: Inhaled Anesthetics: Cardiovascular Pharmacology 733

Figure 28-13. Infarct size was determined by using 
1% triphenyltetrazolium chloride staining. Areas 
infarcted in vivo by coronary artery ligation were 
excluded from infarct size determination (A). The 
scarred chronic infarct (white) resulting from coro-
nary ligation was clearly distinguished from fresh 
infarcts (salmon pink). Release of lactate dehydro-
genase (LDH) during reperfusion (B) served as an 
independent method to estimate infarct size. Trans-
verse sections demonstrate representative experi-
ments (C). DMSO, Dimethyl sulfoxide (< 0.1%; used 
to dissolve PI3K antagonist LY294002); IPostC, isch-
emic postconditioning; ISCH, unprotected remod-
eled hearts exposed to ischemia-reperfusion alone; 
LY, LY294002 (15 μM); PostC, anesthetic postcondi-
tioning. Data are mean ± standard deviation (n = 5 
in each group). *P < .05 versus ISCH. (From Feng J, 
Fischer G, Lucchinetti E, et al: Infarct-remodeled myo-
cardium is receptive to protection by isoflurane post-
conditioning: role of protein kinase B/Akt signaling, 
Anesthesiology 104:1004-1014, 2006.)
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Reperfusion may initiate or accelerate apoptosis,236 
an observation that makes attenuation of apoptosis an 
especially important feature of postconditioning. Selec-
tive inhibition of apoptotic signaling by volatile anes-
thetics was crucial to minimize myocardial damage 
during early reperfusion. Brief administration of isoflu-
rane immediately before and during early reperfusion 
reduced cytochrome c translocation from mitochondria 
(an important early marker of apoptosis) and decreased 
the number of terminal deoxynucleotidyl transferase–
mediated dUTP nick end labeling (TUNEL [another index 
of apoptosis])-positive ventricular myocytes in situ.237 
Isoflurane-induced PI3K activation also protected atrial 
and ventricular myocytes against apoptosis in models of 
oxidative stress.93 Enhanced expression of Bcl-2 also was 
observed. Furthermore, volatile anesthetics abolished nor-
epinephrine-induced apoptosis in ventricular myocytes 
(e.g., reductions in TUNEL-positive cell staining, attenua-
tion of annexin V staining [an index of DNA laddering], 
and inhibition of caspase-9 activity).238 More recently, 
APostC was shown to prevent activation of caspase-3 and 
caspace-9 by phosphorylation of antiapoptotic signal-
ing proteins, including Akt, after ischemia-reperfusion 
injury.239 Thus, volatile anesthetics have been shown to 
attenuate apoptosis associated with many forms of severe 
myocardial stress.

G protein–coupled receptor-mediated activation of 
PI3K and ERK1/2 signaling during several forms of post-
conditioning, including APostC, was recently empha-
sized.237 For example, opioid-induced postconditioning 
was mediated by activation of δ1-opioid receptors, PI3K-
mediated signaling, and mitochondrial KATP.

240,241 Similar 
to the findings observed during opioid-induced precon-
ditioning, morphine (when administered in a dose that 
does not affect infarct size alone) lowered the thresh-
old of APostC by isoflurane in rabbits.237 The protective 
effects were abolished by pretreatment with a selective 
PI3K antagonist and naloxone, indication that PI3K and 
G protein–coupled opioid receptors were required for 
APostC and its augmentation by morphine. Like PI3K, 
ERK1/2 also stimulates prosurvival signaling to favor-
ably affect reperfusion injury.78 ERK1/2 mediated isch-
emic222 and pharmacologic postconditioning in vivo.242 
For example, activation of ERK1/2 during IPostC reduced 
infarct size in rabbit hearts.243 Administration of G pro-
tein–coupled receptor ligands, including an adenosine 
A1/A2 agonist and bradykinin, on reperfusion decreased 
necrosis concomitant with phosphorylation of Erk1/2. 
These actions were blocked by pretreatment with a selec-
tive MEK-1 inhibitor.242 Another A1/A2 receptor agonist 
also exerted protective effects during reperfusion through 
an ERK1/2-mediated mechanism.244,245 Reductions in 
infarct size produced by APostC were abolished by pre-
treatment with a selective MEK-1 inhibitor in rabbit246 
and human myocardium.247

Both PI3K-Akt and ERK1/2 phosphorylate and acti-
vate mTOR and its target p70s6K. The latter enzyme is 
an important regulator of protein translation and a key 
inhibitor of GSK-3β. 248 A selective mTOR inhibitor abol-
ished myocardial protection during IPostC.223 mTOR/
p70s6K was also implicated in pharmacologic postcon-
ditioning, because reductions in infarct size produced 
by administration of morphine or a δ1-selective opioid 
agonist during early reperfusion were blocked by an 
mTOR inhibitor.240 mTOR/p70s6K mediated the benefi-
cial effects of an A1/A2 agonist249 and insulin250 during 
reperfusion. Similarly, isoflurane-induced APostC was 
mediated by mTOR/p70s6K in rabbits.246 In addition, 
a selective PI3K inhibitor abolished isoflurane-induced 
phosphorylation of mTOR/p70s6K in infarct-remodeled 
rat myocardium when the volatile anesthetic was admin-
istered during the first 15 minutes of reperfusion.235 
These data suggested that APostC may retain its salutary 
actions in diseased myocardium through activation of 
the PI3K-Akt-mTOR/p70s6K axis. A role for mTOR was 
subsequently also implicated in APC.84
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Figure 28-14. Histograms illustrating infarct size (IF) presented as a percentage of left ventricular area at risk (AAR) in rabbits in the presence (+) 
or absence (−) of postconditioning with isoflurane (ISO; 0.5 or 1.0 minimum alveolar concentration [MAC]) or the mPTP inhibitor cyclosporin A 
(CsA; 5 or 10 mg/kg). Isoflurane (1.0 but not 0.5 MAC) and cyclosporin A (10 but not 5 mg/kg) reduced infarct size compared with control. The 
combination of subthreshold doses of isoflurane (0.5 MAC) and cyclosporin A (5 mg/kg) also reduced infarct size to an equivalent degree as 1.0 
MAC isoflurane and 10 mg/kg cyclosporin A. Data are mean ± standard deviation. (From Pagel PS: Postconditioning by volatile anesthetics: salvaging 
Other signaling molecules have been implicated in 
APostC. PI3K-Akt activates eNOS and thereby increases 
NO formation. A central role for eNOS-derived NO has 
been demonstrated in IPostC.220,223 A nonselective NOS 
inhibitor N-nitro-L-arginine methyl ester, but not selec-
tive inducible or neuronal NOS antagonists, abolished 
reductions in infarct size produced by the administration 
of isoflurane before and during early reperfusion, suggest-
ing that eNOS mediates APostC.246 Thus, administration 
of isoflurane during early reperfusion enhanced the pro-
tective effect of IPostC through an NO-dependent mecha-
nism. The eNOS-dependence of APostC was subsequently 
confirmed in knockout mice.251 APostC also increased 
eNOS expression through PI3K in infarct-remodeled 
myocardium.235 Thus, NO generated by eNOS mediated 
APostC through PI3K activation. NO is an important reg-
ulator of apoptosis, preserves ERK1/2 activity, nitrosates 
and inactivates several caspases, and blocks metabolism 
of Bcl-2. These actions combine to prevent mitochondrial 
disruption and cytochrome c release through inhibition 
of mPTP formation. These proposed intracellular actions 
of eNOS-derived NO were also implicated in APostC.251

mPTP opening is reperfusion-dependent, and inhibi-
tion of this process mediates IPostC.103,252 IPostC and a 
cyclosporin A analogue reduced infarct size and decreased 
the quantity of Ca2+ loading necessary to open the mPTP 
to equivalent degrees in intact hearts and isolated mito-
chondria, respectively. Not surprisingly, a role for mPTP 
inhibition has been demonstrated during APostC. The 
mPTP opener atractyloside abolished, whereas cyclospo-
rin A enhanced, decreases in myocardial necrosis pro-
duced by brief administration of isoflurane immediately 
before and during early reperfusion in rabbits253 (Fig. 
28-14). Atractyloside and a selective PI3K antagonist also 
abolished APostC in rats.254 A PI3K inhibitor blocked 
phosphorylation of Akt and GSK-3β and opened mPTP, 
thereby demonstrating a critical link between prosurvival 
signaling and mPTP conformation during APostC.254 
APostC inhibited mitochondrial permeability transition, 
preserved ΔΨm, and maintained ATP synthesis during 

ischemic myocardium at reperfusion by activation of prosurvival signaling, J C
reperfusion by attenuating respiration, reducing pH, and 
causing depolarization of mitochondria.255

Mitochondrial KATP opening is also a postulated end-
effector of APostC.253,256 As described previously, vola-
tile anesthetics either directly open mitochondrial KATP 
or prime their opening in response to other signaling 
molecules. Mitochondrial KATP opening during IPC alters 
intramitochondrial homeostasis and protects against sub-
sequent ischemic damage by regulating matrix volume 
through an mPTP-dependent mechanism.257 Mitochon-
drial K+ influx through mitochondrial KATP also favorably 
regulated matrix volume and enhanced mitochondrial 
function during simulated ischemia and reperfusion.258 A 
selective mitochondrial KATP antagonist inhibited APostC 
produced by isoflurane or sevoflurane.253,256 A similar 
effect was observed in human atrial myocardium exposed 
to desflurane APostC in vitro.247 A close interaction 
between mitochondrial KATP and mPTP was previously 
identified during APC.108 The finding that reductions in 
cyclosporin A–induced decreases in myocardial infarct 
size were abolished by 5-HD pretreatment emphasized 
this interaction.253 Adenine nucleotide translocase (a 
component of mPTP) was also shown to mediate H+ and 
K+ ion flux to the mitochondrial matrix produced by mito-
chondrial KATP openers. Thus, the effects of volatile agents 
on mitochondrial KATP may not be solely responsible for 
APostC, but may be dependent on an interaction between 
mitochondrial KATP opening and mPTP inhibition.

GSK-3β is a crucial regulator of cellular function. Acti-
vation of GSK-3β was implicated in the pathogenesis of 
diabetes mellitus and Alzheimer disease, whereas inhibi-
tion of the enzyme plays a key role in myocardial pro-
tection.259,260 Reductions in infarct size during IPC were 
associated with inactivation of GSK-3β through a PI3K-
dependent mechanism.259 Inactivation of GSK-3β by 
PI3K also stimulated angiogenic and antiapoptotic signal-
ing through the induction of VEGF, Bcl-2, and surviving 
during IPC.261 GSK-3β inhibition also mediated the pro-
tective effects of opioids240,262 and adenosine260 adminis-
tered either before ischemia or during early reperfusion. 

ardiothorac Vase Anesth 22:753-765, 2008.)
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Chronic hyperglycemia263 and estrogen deficiency asso-
ciated with age attenuated myocardial protection pro-
duced by PI3K-mediated GSK-3β inactivation associated 
with aging,264 suggesting a mechanism by which diabetes 
mellitus and postmenopausal reductions in estrogen con-
centration may be associated with a reduced myocardial 
tolerance to ischemic events. GSK-3β was shown to be 
not only an important target of several prosurvival signal-
ing enzymes but also a central regulator of mPTP forma-
tion.248 Thus, it appears that several redundant signaling 
pathways converge on and reduce the activity of GSK-
3β, thereby preventing mPTP opening and producing 
protection against reperfusion injury.265 Administration 
of isoflurane during the first 15 minutes of reperfusion 
inactivated GSK-3β concomitant with reductions in myo-
cardial infarct size in isolated hearts.254 These actions 
were abolished by pretreatment with a selective PI3K 
antagonist. In contrast, the mPTP opener atractyloside 
failed to block isoflurane-induced phosphorylation of 
PI3K and GSK-3β, but the drug did abolish reductions in 
infarct size through its direct actions on the mPTP. Iso-
flurane preserved mitochondrial function as indicated by 
accumulation of a mitochondrial-specific probe, and this 
action was also blocked by atractyloside pretreatment. 
Thus, APostC protects against reperfusion injury in nor-
mal myocardium by preventing mPTP opening through 
GSK-3β inhibition.254 Similar results were also reported 
in infarct-remodeled myocardium.235 A selective inhibi-
tor of GSK-3β lowered the threshold of APostC.266 The 
beneficial effects of GSK-3β inhibition and its augmen-
tation by isoflurane were inhibited by atractyloside but 
not the PI3K or mTOR/p70s6K antagonists. Thus, volatile 
anesthetics may also produce a direct inhibitory effect on 
GSK-3β independent of their actions on PI3K and mTOR/
p70s6K activity to cause APostC. Interestingly, the serine 
protease inhibitor and antifibrinolytic drug aprotinin was 
shown to abolish APostC through a GSK-3β–mediated 
mechanism in isolated hearts.267

The mechanisms by which APostC inhibits GSK-3β to 
prevent mPTP opening and to cause protection during 
early reperfusion are unknown. Activated GSK-3β binds to 
and promotes the actions of p53, and this tumor suppres-
sor protein subsequently causes mitochondrial disruption 
during apoptosis. Activated p53 translocates to mitochon-
dria and opens the mPTP through an interaction with the 
apoptotic protein Bax, thereby abolishing ΔΨm and caus-
ing the release of cytochrome c. Inhibition of p53 appears 
to play an important role in myocardial and neuronal 
protection against cellular injury. Hypoxia and ROS acti-
vated p53, which then stimulated apoptotic signaling,268 
enhanced transcription of other apoptotic proteins,269 
and caused cell death. IPC attenuated the increase in p53 
expression that is typically observed after ischemia and 
reperfusion in isolated ventricular myocytes.270 IPC also 
blunted p53 transcription and translation in hippocam-
pal pyramidal neurons in a model of global forebrain isch-
emia and reperfusion. Inhibition of p53 using a selective 
antagonist or augmented degradation of the protein by 
the regulatory murine double minute 2 protein (Mdm2; 
an oncogenic factor271) protected against ischemic injury 
in isolated hearts.272 Phosphorylated Mdm2 binds to and 
inactivates p53 by blocking its active site and promoting 
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its degradation through formation of a ubiquitin com-
plex.273 These data suggested that IPC blocks the detri-
mental effects of p53 through PI3K-Mdm2 signaling.272 
A selective antagonist of p53 protected against ischemia-
induced neuronal cell death.274 Targeted deletion of p53 
also prevented cardiac rupture after infarction in trans-
genic mice. This salutary effect most likely occurred 
because the protective effects of IPC were simulated by 
inhibition of p53-mediated apoptosis.275

Inhibition of p53 enhanced the beneficial actions of 
APostC in rabbits. Administration of a dose of a selec-
tive p53 inhibitor that did not affect the magnitude of 
irreversible ischemic injury alone lowered the threshold 
concentration of isoflurane required to cause APostC.276 
Atractyloside blocked this beneficial effect, suggesting 
that the myocardial protection was mediated by the 
combined actions of the selective p53 inhibitor and the 
volatile anesthetic on mPTP. Thus, APostC may favor-
ably modulate the interaction between GSK-3β and p53 
to prevent mPTP opening and thereby preserve myocar-
dial integrity. A PI3K inhibitor also blocked decreases in 
infarct size produced by a combination of subthreshold 
doses of the p53 inhibitor and isoflurane, demonstrating 
that this phenomenon was PI3K-dependent. This pro-
cess may depend on activation of Akt by isoflurane,232 
which leads to Mdm2 phosphorylation and subsequent 
inactivation and degradation of p53. Such an action may 
effectively prevent the latter protein’s deleterious inter-
action with GSK-3β. IPC activated Mdm2 and enhanced 
phospho-Mdm2-p53 binding in a PI3K-dependent man-
ner,272 but whether APostC specifically causes a similar 
phospho-Mdm2-p53 interaction is unknown.

The effects of APostC on another important regula-
tor of apoptosis during reperfusion were described.93,277 
The Bcl-2 protein is located in the outer mitochondrial 
membrane, regulates the transition state of mPTP, and 
has been implicated in myocardial protection against 
ischemia-reperfusion injury.278 Bcl-2 reduced damage 
associated with ischemia by preventing mitochondrial 
cytochrome c release, attenuating intracellular Ca2+ over-
load, and preserving endoplasmic reticulum integrity. 
IPC also reduced apoptosis by up-regulating Bcl-2 expres-
sion in isolated hearts. Intermittent hypoxia mitigated 
reperfusion-induced apoptosis by favorably influencing 
the balance of Bcl-2 to Bax in ventricular myocytes.279 
Overexpression of Bcl-2 in transgenic mice attenuated 
apoptosis and protected against myocardial ischemia-
reperfusion injury.280 An interaction between Bcl-2 and 
mPTP closure was also postulated during delayed IPC.107 A 
selective Bcl-2 inhibitor blocked increases in Bcl-2 expres-
sion and attenuated reductions in apoptosis produced 
by isoflurane in isolated myocytes subjected to cellular 
stress.93 Furthermore, a Bcl-2 inhibitor blocked APostC 
and IPostC, but not cyclosporin A–induced myocardial 
protection in rabbits.277 These results suggested that the 
salutary actions of APostC also may occur because the 
mPTP is maintained in its closed conformation by Bcl-
2.277 PI3K is known to phosphorylate and activate Bcl-2 
in concert with inactivation of Bad, Bax, and p53. Thus, 
activation of PI3K signaling by APostC most likely pro-
duces favorable changes in apoptotic protein homeostasis 
to promote myocardial protection.
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In summary, volatile anesthetics cause myocardial pro-
tection when exclusively administered immediately before 
or during early reperfusion after ischemia. The mecha-
nisms responsible for APostC share many similarities with 
those recognized for APC. Research data collected to date 
emphasize that APostC activates many prosurvival pro-
teins downstream from PI3K and ERK1/2 that favorably 
modulate mPTP. APostC also protects against apoptosis 
by shifting the balance between proapoptotic and anti-
apoptotic proteins. APostC will most likely protect the 
human heart from reperfusion injury in vivo because this 
process has been shown to occur in isolated human myo-
cardium in the laboratory234,247 and because IPostC has 
already been shown to do so in patients with acute myo-
cardial infarction.227 Notably, APostC most certainly has 
the potential to provide myocardial protection in clinical 
situations in which reperfusion is a predictable event.

Coronary Vascular Effects in Humans
Evaluation of the actions of volatile anesthetics on the 
human coronary circulation is difficult not only because 
the methods used to determine coronary blood flow in 
humans are limited but also because the interpretation 
of clinical findings during anesthesia are complicated 
by changes in hemodynamics, the impact of surgery, 
and the use of adjuvant anesthetics or vasoactive drugs. 
Halothane decreased MVo2 and variably altered coronary 
blood flow in patients with coronary artery disease, but 
metabolic or electrocardiographic evidence of ischemia 
has not been observed during halothane anesthesia. A 
report published in 1983281 described the occurrence of 
myocardial ischemia as indicated by new electrocardio-
graphic changes and abnormal myocardial lactate extrac-
tion in 10 of 21 patients anesthetized with isoflurane 
undergoing major vascular surgery. Five patients were 
treated with phenylephrine and pacing to return arte-
rial pressure and heart rate to control values, and after 
these interventions, electrocardiographic and metabolic 
derangements resolved in 2 of the 5 patients. Despite the 
apparent dependence of these new episodes of myocar-
dial ischemia on alterations in systemic hemodynam-
ics, the authors proposed that isoflurane had caused 
coronary steal in these patients, even though no specific 
evidence of blood flow redistribution between normal 
and collateral-dependent zones was presented. The data 
have not been uniformly supported by subsequent stud-
ies. Coronary blood flow remained unchanged during 
isoflurane anesthesia in patients undergoing coronary 
artery bypass graft surgery, but coronary sinus O2 content 
increased consistent with modest coronary vasodilation. 
Isoflurane alone did not produce electrocardiographic 
or metabolic evidence of ischemia. Instead, myocardial 
ischemia occurring during isoflurane anesthesia was 
most often associated with tachycardia or hypotension. 
In addition, isoflurane actually increases the tolerance to 
pacing-induced ischemia in patients with coronary artery 
disease. Comparisons of studies examining the effects of 
isoflurane on the incidence of intraoperative myocardial 
ischemia were also complicated by differences in patient 
age, surgical procedure, operative time, and preoperative 
LV ejection fraction. Importantly, compelling evidence 
demonstrating redistribution of coronary blood flow 
away from ischemic to normal myocardium in humans 
anesthetized with isoflurane has yet to be reported.

The incidence of intraoperative myocardial ischemia in 
susceptible patients has been difficult to define. Less than 
50% of intraoperative ischemic episodes have been linked 
to alterations in systemic hemodynamics.282 The stron-
gest predictor of intraoperative ischemia remains preex-
isting ischemia on arrival to the operating room and not 
anesthetic technique.283 The only hemodynamic event 
definitively related to intraoperative ischemia in patients 
undergoing CABG surgery is tachycardia.283 Perioperative 
use of β1-adrenoceptor antagonists to prevent myocardial 
ischemia strongly supports this contention. Sternotomy 
caused greater increases in calculated indices of MVo2, 
myocardial lactate production, and the incidence of 
hypertension requiring treatment with vasoactive drugs 
during morphine compared with halothane anesthe-
sia. In contrast, induction of anesthesia with desflurane 
in patients undergoing CABG surgery may be associated 
with tachycardia, hypertension, and a greater incidence of 
ischemia than occurring during induction with sufentanil. 
Steal-prone anatomy was identified in 23% of patients 
with coronary artery disease, but patients with steal-prone 
coronary anatomy did not have a greater incidence of isch-
emia during desflurane anesthesia than with other forms 
of coronary artery disease. The incidence of myocardial 
ischemia and adverse cardiac outcomes has been shown 
to be similar in patients with cardiac disease undergoing 
noncardiac surgery during sevoflurane versus isoflurane 
anesthesia. New electrocardiographic changes, incidence 
of postoperative myocardial infarction, and mortality were 
similar in patients undergoing CABG surgery independent 
of anesthetic technique or the presence of steal-prone 
anatomy. Thus, despite the findings that volatile anesthet-
ics are mild coronary vasodilators, these medications did 
not cause abnormal redistribution of myocardial perfusion 
resulting in ischemia when tachycardia and hypotension 
were avoided in patients with coronary artery disease.

Myocardial Protection in Humans
Volatile anesthetics protect human myocardium 
against ischemia-reperfusion or hypoxia-reoxygenation 
in vitro40,42 through mechanisms that bear striking 
similarity to those described in experimental animals. 
However, whether laboratory data in isolated human 
myocardium may be translated into meaningful improve-
ments in clinical outcome in patients at risk for myocar-
dial ischemia remains open to question. In 1999, two 
groups independently suggested that volatile anesthet-
ics had the potential to produce myocardial protection 
in cardiac surgical patients. Penta de Peppo and associ-
ates284 reported that administration of enflurane (0.5% to 
2.0%) before cardioplegic arrest enhanced postischemic 
functional recovery of contractility measured using LV 
pressure-area relations in 22 patients undergoing elec-
tive CABG.284 Belhomme and colleagues285 demonstrated 
that brief, 5-minute exposure to 2.5 MAC isoflurane dur-
ing cardiopulmonary bypass (before aortic cross clamp-
ing; analogous to APC) reduced postoperative release of 
troponin I and the myocardial form of creatine kinase 
(CK-MB) in 20 patients undergoing CABG. The results 
of these two small clinical trials suggested that APC with 
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Figure 28-15. Cardiac troponin I 
concentrations observed in the four 
groups before surgery (baseline), 
at arrival in the intensive care unit 
(T0), and after 6 (T6), 12 (T12), 24 
(T24), and 48 (T48) hours. Data are 
presented as mean ± standard devia-
tion (SD). *Statistically significant 
difference with the propofol group 
(P < .05). In all groups, a transient 
increase in troponin I concentrations 
was observed. Only in the SEVO all 
group was this increase significantly 
less than in the propofol group. For 
the sake of clarity, the SD bars are 
represented in only one direction. 
(From De Hert SG, ten Broecke PW, 
Mertens E, et al: Sevoflurane but not 
propofol preserves myocardial function 
in coronary surgery patients, Anesthe-
siology 97:42-49, 2002.)
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enflurane or isoflurane may enhance contractile function 
after and decrease myocardial necrosis associated with 
cardiopulmonary bypass in patients with coronary artery 
disease.284,285 These initial observations were extended 
by the findings of two subsequent studies in which sevo-
flurane or desflurane compared with propofol preserved 
myocardial function in patients undergoing CABG with 
or without preexisting LV dysfunction concomitant with 
a reduction in troponin I release.286,287 Another study 
indicated that sevoflurane maintains postoperative LV 
myocardial contractility (as assessed using the maximum 
rate of increase of LV pressure; +dP/dt) and decreases 
plasma troponin I concentrations during the first 36 
hours after surgery in contrast to a propofol-based anes-
thetic in patients with severe aortic valve stenosis (aor-
tic valve area of 0.6 to 0.7 cm2) undergoing aortic valve 
replacement.288 The incidence of atrial fibrillation early 
after CABG also may be reduced by sevoflurane compared 
with propofol or midazolam.289 Release of inflammatory 
mediators (interleukin-6 [IL-6], neutrophil integrins, and 
tumor necrosis factor-α [TNF-α]) was decreased and myo-
cardial function (LV stroke work index) was preserved in 
patients undergoing CABG receiving sevoflurane com-
pared with total intravenous anesthesia consisting of 
propofol, midazolam, and fentanyl.290 Troponin I release 
was also less pronounced when sevoflurane or isoflurane 
was used as the primary anesthetic compared with propo-
fol in patients undergoing CABG.291 Notably, volatile or 
intravenous anesthetics were administered continuously 
throughout the operation in each of these studies, and 
a preconditioning technique per se was not examined. 
Thus, the salutary effects of sevoflurane or desflurane 
observed in these investigations may have been due, at 
least in part, to favorable alterations in the determinants 
of myocardial O2 supply-demand relationships produced 
by the volatile anesthetic.

Myocardial protection associated with differing 
approaches to sevoflurane administration were examined 
and compared in 200 patients undergoing CABG.292 As 
in the previously described investigations, two groups 
of patients received either propofol or sevoflurane 
throughout surgery, but in this trial, two additional 
groups also received sevoflurane either before cardio-
pulmonary bypass alone or solely after construction of 
coronary anastomoses to mimic the effects of APC and 
APostC, respectively (Fig. 28-15). Sevoflurane signifi-
cantly reduced troponin I release and decreased inten-
sive care unit and hospital length of stay only when the 
volatile anesthetic was administered throughout the 
operation and not when preconditioning or postcondi-
tioning methods of administration were used.292 Nev-
ertheless, other investigators have suggested that APC 
may occur in patients undergoing CABG. For example, 
Meco and associates293 used a preconditioning protocol 
in which 28 patients undergoing CABG were exposed to 
2.5 MAC desflurane or placebo for 5 minutes followed by 
a 10-minute washout period before aortic cross clamp-
ing and cardioplegic arrest. This desflurane APC reduced 
postoperative troponin I and N-terminal pro-brain natri-
uretic peptide (NT-proBNP; a biochemical marker of 
global LV contractility) release and also enhanced LV 
function assessed using mitral valve annulus tissue Dop-
pler imaging. Inhalation of 4% sevoflurane for the first 
10 minutes of cardiopulmonary bypass in 18 patients 
undergoing CABG during baseline propofol-opioid anes-
thesia reduced postoperative release of NT-proBNP com-
pared with a control cohort (Fig. 28-16). These findings 
occurred concomitant with activation and translocation 
of PKC-δ and PKC-ε in atrial myocardial biopsies that had 
been obtained during cannulation294 (Fig. 28-17). Simi-
lar translocation of PKC isoforms was previously demon-
strated in experimental models of APC.20,70 However, no 
differences in ST-segment changes, troponin T or CK-MB 
release, or arrhythmias were observed between groups 
in this study.294 In contrast to the previous findings,292 
administration of sevoflurane before cardiopulmonary 
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Figure 28-16. Biomarkers of myocardial injury at various time points for the placebo (PLACEBO)-treated and sevoflurane (SEVO)-treated groups: 
N-terminal pro-brain natriuretic peptide (NT-proBP) (A), cardiac troponin T (cTnT) (B), total creatine kinase (CKtot) (C), and creatine kinase– 
myocardial bound (CK-MB) isoenzyme activity (D). Two-factor repeated-measures analysis of variance indicated that the groups significantly dif-
fered in plasma NT-proBNP concentrations (time effect, P < .001; group effect, P < .001; group-time interaction, P = .003). No difference was 
found for cTnT, CKtot, and CK-MB activity concentrations. Multiple t tests with the Bonferroni correction for multiple comparisons were used to 
compare the plasma concentrations of the different biomarkers at each time point with the respective preoperative baseline value within groups 
and to compare plasma concentrations at each time point between groups. (From Julier K, da Silva R, Garcia C, et al: Preconditioning by sevoflurane 
decreases biochemical markers for myocardial and renal dysfunction in coronary artery bypass graft surgery: a double-blinded, placebo-controlled multi-
center study,  Anesthesiology 98:1315-1327, 2003.)
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Figure 28-17. Translocation of protein kinase C ε (PKC-ε) to cardiac 
myocytes. A, Percentages of PKC-ε–positive myocytes. B, Representa-
tive nucleus of a PKC-ε–positive myocyte. C, Cardiac myocyte without 
PKC-ε but lipofuscin pigment in the nucleus. D, Cardiac myocyte with 
neither PKC-ε nor pigment in the nucleus. Pre-SEVO and post-SEVO, 
before and after sevoflurane preconditioning, respectively; pre-PLA-
CEBO, before placebo preconditioning; post-PLACEBO, time-matched 
control after placebo preconditioning. (From Julier K, da Silva R, Garcia C,  
et al: Preconditioning by sevoflurane decreases biochemical markers for 
myocardial and renal dysfunction in coronary artery bypass graft surgery: 
a double-blinded, placebo-controlled, multicenter study, Anesthesiology 
98: 1315-1327, 2003.)
bypass alone reduced postoperative myocardial necrosis 
(troponin T and CK-MB release) and enhanced global 
LV function (myocardial performance index) compared 
with continuous administration of sevoflurane or propo-
fol throughout surgery.295 However, cytokine release and 
lengths of stay in the intensive care unit and the hospital 
were similar between groups.295 Indeed, the specific pre-
conditioning protocol was shown to have an important 
impact on sevoflurane-induced myocardial protection in 
patients undergoing CABG. A single 5-minute exposure 
to 1.0 MAC sevoflurane followed by discontinuation of 
the volatile anesthetic for 10 minutes before beginning 
cardiopulmonary bypass did not reduce peak postopera-
tive troponin I concentrations compared with continuous 
administration of propofol, whereas two cycles of sevo-
flurane preconditioning significantly attenuated postop-
erative release of this biochemical marker of myocardial 
necrosis.296 Garcia and associates297 reported their results 
in 36 CABG patients receiving brief (10-minute) admin-
istrations of 4% sevoflurane or placebo during cardiopul-
monary bypass.297 Patients exposed to 4% sevoflurane 
had reduced platelet-endothelial cell adhesion molecule-1 
concentrations (PECAM-1; an important determinant of 
leukocyte migration through vascular endothelium dur-
ing ischemia-reperfusion injury) and increased catalase 
expression in atrial biopsies.297 Interestingly, late car-
diac events during the first year after surgery occurred 
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significantly less often in sevoflurane-treated patients 
than in controls (3% versus 17%, respectively; P = .038). 
Patients who suffered late cardiac events also had greater 
peak troponin T and NT-proBNP concentrations in con-
trast to those who did not sustain subsequent injury. The 
data supported the hypothesis that use of a volatile anes-
thetic in patients at risk for perioperative myocardial isch-
emia may exert a favorable long-term benefit by reducing 
the incidence of major adverse cardiac events. Neverthe-
less, it is essential to recognize that this small study297 is 
the only prospective clinical trial conducted to date to 
specifically demonstrate a long-term cardiovascular ben-
efit associated with administration of a volatile anesthetic 
to patients undergoing CABG. Finally, Amr and Yassin298 
randomized 45 patients scheduled for elective CABG to 
receive APC (a 10-minute exposure to 2.5% isoflurane 
followed by a 5-minute washout) or IPC (three episodes 
of brief aortic cross clamping interspersed with reperfu-
sion).298 The authors demonstrated that these protective 
strategies caused similar improvements in hemodynam-
ics, reductions in postoperative CK-MB and troponin 
I release, and decreases in inotrope requirements, but 
patients who did not receive either intervention were not 
studied in a control group.

The potential for volatile anesthetics to produce myo-
cardial protection in patients undergoing off-pump or 
minimally invasive direct CABG (OP-CAB or MID-CAB, 
respectively) has been examined. Transient coronary 
rtery occlusion is often required to construct new vascu-
ar anastomoses during these procedures, thereby provid-
ng a predictable setting in which ischemia-reperfusion  
njury may occur in patients who are already at risk 
or myocardial ischemia because of preexisting flow-
imiting coronary stenoses. Postoperative troponin I 
elease was reduced in sevoflurane-treated compared 
ith propofol-treated patients undergoing OP-CAB.299 
esflurane also reduced troponin I release, use of posi-

ive inotropic medications, and the number of patients 
equiring prolonged hospitalization compared with a 
ropofol-opioid–based anesthetic technique in patients 
ndergoing OP-CAB.300 Patients anesthetized with sevo-
urane undergoing MID-CAB had preserved LV systolic 
myocardial performance index) and diastolic (ratio of 
arly-to-late transmitral blood flow velocity; E/A) function 
n contrast to those receiving propofol anesthesia, but 
o differences in troponin T and CK-MB release were 
bserved between groups.301 Postoperative NT-proBNP 
oncentrations were lower and echocardiographically 
erived indices of LV function were preserved in patients 
ndergoing OP-CAB who were anesthetized with sevo-
urane compared with propofol.302 The plasma con-
entrations of a biochemical marker of atherosclerotic 
laque instability (pregnancy-associated plasma pro-
ein A) were also lower in sevoflurane-treated patients 
ompared with those receiving propofol 72 hours after 
urgery (Fig. 28-18). In addition, sevoflurane-induced 
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alterations in genetic regulatory control of myocardial 
energy metabolism appeared to be favorably modified 
in such a way that postoperative cardiac function may 
be relatively preserved in OP-CAB patients receiving the 
volatile anesthetic compared with propofol.302 Other 
studies also verified that sevoflurane and isoflurane may 
be used with equivalent protective efficacy in patients 
undergoing OP-CAB.303,304

Despite the generally compelling nature of the pre-
viously mentioned findings, the results of a number of 
other investigations have failed to show that volatile 
anesthetics exert any substantial myocardial protection in 
patients undergoing CABG with or without cardiopulmo-
nary bypass. The effects of sevoflurane-remifentanil and 
propofol-remifentanil anesthesia adjusted to equivalent 
bispectral index values on intraoperative hemodynam-
ics and postoperative myocardial necrosis (troponin I 
and CK-MB release) were examined and compared in two 
studies of patients undergoing OP-CAB.305,306 No differ-
ences in these end points were observed between groups, 
although both studies were most likely underpowered to 
exclude β error from the analysis. Piriou and colleagues307 
randomized 72 patients to receive 1.0 MAC sevoflurane for 
15 minutes followed by a 15-minute elimination period 
before cardiopulmonary bypass or placebo. Sevoflurane 
APC did not decrease postoperative troponin I release, nor 
did it affect the activities of several key protein kinases 
previously implicated in volatile anesthetic–induced myo-
cardial protection, including ecto-5′-nucleotidase, PKC, 
PTK, and p38 MAPK, which were measured in atrial tissue 
biopsies. Fewer patients exposed to sevoflurane APC had 
reduced postoperative cardiac output, but the number of 
patients requiring inotropic support was similar between 
groups.307 In the largest single-center, randomized clini-
cal trial of its kind conducted to date, De Hert and col-
leagues308 compared the effects of desflurane, sevoflurane, 
and propofol-based anesthesia on myocardial necrosis 
and long-term outcome in 414 patients undergoing CABG 
using cardiopulmonary bypass.308 Maximal troponin T 
release and 1-year mortality were similar between groups, 
but hospital length of stay was shorter in patients receiv-
ing volatile anesthetic compared with total intravenous 
anesthesia. Postoperative troponin I release, intensive care 
unit and hospital length of stays, and short-term and long-
term morbidity and mortality were also similar in a study 
of 100 patients undergoing CABG randomized to receive 
sufentanil with isoflurane or propofol.309 Interpretation of 
these results requires qualification because naturally occur-
ring (e.g., morphine) and synthetic opioids (e.g., fentanyl, 
sufentanil) also may be capable of producing myocardial 
protection in humans independent of volatile anesthetics 
or other medications implicated in pharmacologic pre-
conditioning.310,311 Peak troponin release and 1-year mor-
tality were similar in 100 patients with coronary artery 
disease receiving continuous sevoflurane compared with 
propofol anesthesia for mitral valve surgery.312 These data 
supported the findings of an earlier study demonstrating 
that desflurane APC (conducted using a 30-minute expo-
sure before cardiopulmonary bypass) did not exert a selec-
tive myocardial protective effect compared with propofol 
in patients without coronary artery disease undergoing 
mitral valve surgery.313
Three meta-analyses emphasized that use of a volatile 
anesthetic during cardiac surgery most likely reduces the 
severity of myocardial necrosis associated with the proce-
dure in contrast to intravenous anesthesia, but whether 
such a beneficial effect translates into an improvement 
in long-term clinical outcome was not definitively estab-
lished. Symons and Myles314 examined 27 clinical trials 
including 2979 patients undergoing CABG.314 Postopera-
tive troponin I release was decreased and cardiac index 
after cardiopulmonary bypass was greater, whereas the 
requirement for inotropic medications was diminished 
in patients receiving volatile compared with intravenous 
anesthetics, but no differences in the incidence of myo-
cardial ischemia, postoperative myocardial infarction, 
intensive care unit length of stay, or hospital mortality 
were observed between groups. Yu and Beattie315 ana-
lyzed 32 studies in which 2841 patients had been enrolled 
and confirmed that use of a volatile anesthetic during 
CABG surgery reduces postoperative troponin I release 
compared with an intravenous anesthetic technique.315 
Despite this observation, these authors were also unable 
to provide substantial evidence to support the hypothesis 
that a volatile anesthetic technique is linked to improved 
clinical outcome. In general, the overall conclusions of 
these two meta-analyses314,315 concurred with the results 
of several large-scale clinical trials documenting the safety 
of volatile anesthetics compared with opioid-based anes-
thesia in cardiac surgical patients published more than 2 
decades ago282,283 in response to the isoflurane and coro-
nary steal controversy. These latter studies continue to be 
vitally important because their results emphasized that 
anesthetic technique per se is not an important determi-
nant of outcome in the setting of cardiac surgery.

In direct contrast to conclusions drawn by the two 
previously discussed meta-analyses,314,315 another meta-
analysis of 22 studies with 1922 patients undergoing 
cardiac surgery suggested that use of volatile anesthetics 
were, in fact, associated with significant reductions in the 
incidence of postoperative myocardial infarction (2.4% 
versus 5.1%; P = .008) and mortality (0.4% versus 1.6%; P 
= .02) compared with intravenous anesthesia.316 The rea-
sons for these divergent conclusions are unclear, especially 
considering that many of the same original clinical trials 
were included in all three meta-analyses. Nevertheless, 
two other studies have provided additional, albeit rather 
indirect, evidence that use of a volatile anesthetic may 
be capable of enhancing long-term outcome compared 
with intravenous anesthetic techniques. A longitudinal, 
risk-adjusted analysis of 64 Italian cardiac surgery centers 
examined whether a correlation existed between the use 
of volatile anesthetics and a decline in 30-day mortality 
in 34,310 patients undergoing CABG.317 The authors con-
cluded that use of a volatile anesthetic was weakly but 
significantly correlated with a decline in 30-day mortality 
(r2 = .07; P = .035). The study’s uncontrolled, retrospec-
tive design and the statistical methods used to estimate, 
rather than directly measure, 30-day mortality limited 
interpretation of the results. Nevertheless, the data sug-
gest that there may be a positive relationship between the 
use of a volatile anesthetic and perioperative outcome in 
CABG patients. Similarly, a retrospective study of 10,535 
patients also suggested that sevoflurane anesthesia was 
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associated with lower 30-day mortality in patients who 
had not suffered a recent myocardial infarction or did 
not have unstable angina (which mimics the beneficial 
effects of IPC) compared with a propofol-based anesthetic 
technique (2.28% versus 3.14%; P = .015).318 However, no 
differences in 30-day mortality or the incidence of post-
operative myocardial infarction were observed between 
groups when the entire cohort was examined as a whole.

Collectively, the results of these clinical trials and 
meta-analyses suggest that use of a volatile anesthetic 
during cardiac surgery may be associated with a reduc-
tion in the magnitude of myocardial necrosis and relative 
preservation of postoperative LV function compared with 
an intravenous anesthetic technique. Some evidence of 
clinical myocardial protection using an acute precondi-
tioning strategy has been presented in the literature, but 
these data are certainly less convincing than the major 
findings from studies in which a volatile anesthetic was 
administered continuously throughout cardiac surgery. 
Whether delayed APC or APostC strategies have beneficial 
effects in cardiac surgical patients has yet to be examined. 
Perhaps most notably, few data have been presented to 
date directly indicating that use of a volatile anesthetic 
improves short-term or long-term outcome or decreases 
the incidence of major adverse cardiac events in patients 
undergoing cardiac or noncardiac surgery. When con-
sidered from the latter perspective, the recent American 
College of Cardiology Foundation and American Heart 
Association (ACCF/AHA) guidelines advocating the use of 
volatile anesthetics for myocardial protection in patients 
at risk for myocardial ischemia, including those undergo-
ing noncardiac surgery,319 may appear to be somewhat 
premature.320,321 Whether such a strict interpretation of 
the accumulated data is truly valid will now be discussed 
in further detail.

Several reasons explain why the clearly advantageous 
protective effects of volatile anesthetics observed in labo-
ratory settings of ischemia-reperfusion injury do not nec-
essarily translate into equally robust clinical benefits.322 
First, volatile anesthetics may substantially alter the deter-
minants of myocardial O2 supply and demand through 
their direct and indirect effects on systemic, pulmonary, 
and coronary hemodynamics and autonomic nervous 
system activity in a dose-related manner. These changes 
may reduce myocardial O2 consumption and ischemic 
burden under controlled conditions, but such beneficial 
effects may be offset or overcome in patients who are 
subjected to the profound stress associated with cardiac 
surgery and exposure to cardiopulmonary bypass. Most 
patients undergoing cardiac surgery are elderly and suf-
fer from multiple coexisting diseases (e.g., hypertension, 
diabetes mellitus, hypercholesterolemia) that may cause 
abnormal cardiovascular homeostasis. Indeed, age52 and 
diabetes29 have been shown to attenuate or abolish APC 
in laboratory animals. Cardiac surgical patients are very 
often chronically treated with a variety of medications 
to manage their comorbid disease states and, in addition, 
receive other anesthetics, analgesics, and other vasoactive 
drugs that may influence the potentially salutary actions 
of volatile anesthetics during cardiac surgery. Coronary 
collateral blood flow, a key factor in determining the tol-
erance of susceptible regions of myocardium to ischemic 
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stress, is relatively easy to quantify in experimental mod-
els of ischemia-reperfusion injury, but these alternative 
routes of myocardial perfusion are highly variable and are 
quite difficult to quantify in patients with coronary artery 
disease.

The relative amount of myocardium at risk for isch-
emic injury is probably the most important explanation 
why clinical investigations conducted to date have yet to 
demonstrate that volatile anesthetics favorably affect out-
come in patients undergoing cardiac surgery. The inten-
tional production of severe ischemia-reperfusion injury 
and the observation of its pathologic consequences with-
out any intervention to mitigate them are characteristic 
features of virtually all laboratory studies. For example, 
a prolonged coronary artery ligation followed by several 
hours of reperfusion is commonly used to produce a large 
myocardial infarction in intact hearts, the size of which 
often exceeds more than 50% of the LV area at risk. This 
experimental model provides a clear, easily measured 
end point (infarct size) that may be used to discriminate 
whether administration of a volatile anesthetic reduces 
the magnitude of injury. Other commonly used models 
(e.g., Langendorff preparation, atrial or ventricular myo-
cytes in vitro) may use other end points to quantify dam-
age, but these models share the common feature that the 
heart or its cellular constituents are exposed to profound 
ischemic or hypoxic insult followed by reperfusion or 
reoxygenation. In contrast, substantially less myocardium 
is typically at ischemic risk during elective cardiac surgery 
unless an unanticipated intraoperative coronary artery 
occlusion occurs. This is the case because systemic and 
topical hypothermia, intermittent or continuous admin-
istration of antegrade and retrograde cardioplegia, and 
myocardial decompression are routinely used to minimize 
global ischemic damage during cardiopulmonary bypass 
in patients undergoing conventional CABG or valve sur-
gery. Similarly, maintenance of coronary perfusion pres-
sure with intravenous fluids or vasoactive medications 
during changes in cardiac position and use of intracoro-
nary shunts to provide continuous coronary blood flow 
during construction of distal anastomoses are common 
techniques that also maintain global and regional myo-
cardial integrity during OP-CAB or MID-CAB operations. 
The role of the vigilant anesthesiologist also cannot be 
overemphasized in these procedures because active pre-
vention, prompt recognition, and immediate, aggressive 
treatment of myocardial ischemia are central objectives 
when caring for a patient undergoing cardiac surgery who 
is at risk for such an event. More subtle clinical end points 
(e.g., biochemical assays of myocardial necrosis or func-
tion, use of vasoactive medications, duration of intensive 
care unit or hospital stay) are also used to measure gener-
ally less intense ischemic injury.

The large differences in the amount of myocardium 
at risk for ischemia between experimental and clinical 
studies are emphasized when the following studies are 
considered. Peak and sustained troponins I and T release 
clearly predicted infarct size, LV dysfunction, and long-
term clinical outcome in patients with acute ST-segment 
elevation myocardial infarction after an occluded coro-
nary artery was reperfused in the cardiac catheteriza-
tion laboratory.323 Notably, the peak troponin I and 
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T concentrations (∼450 and 4.7 ng/mL, respectively) 
observed in these patients with acute myocardial infarc-
tion after percutaneous coronary intervention323 were 
at least several orders of magnitude greater than those 
that occur during sevoflurane or propofol anesthesia in 
patients undergoing CABG. For example, peak troponin 
I and T concentrations of approximately 6 and 1 ng/mL, 
respectively, were reported 24 hours after elective CABG 
in patients anesthetized with propofol.286,308 These data 
clearly demonstrate that the amount of myocardium 
that may sustain ischemic damage during CABG surgery 
is relatively limited compared with evolving infarction. 
Under such circumstances, it may be very difficult, if not 
virtually impossible, to extrapolate small but statistically 
significant decreases in myocardial necrosis observed 
with volatile anesthetics into demonstrable improve-
ments in short-term or long-term outcome without a 
well-conducted, large-scale, propensity-matched, ran-
domized clinical trial in which thousands of patients 
are enrolled. The results of a recent study demonstrat-
ing that remote IPC combined with APC fails to provide 
additional myocardial protection in patients undergo-
ing CABG may also be attributed to such an explanation 
because so little myocardium is actually at risk from the 
outset.324 Alternatively, the general consensus of clini-
cal data indicates that volatile anesthetics are capable of 
reducing injury and producing modest short-term ben-
efits, even when only a small amount of myocardium is 
at risk.320,321 Thus, when combined with the very clear 
conclusions of laboratory experiments, the observations 
of small clinical trials conducted to date provide com-
pelling, albeit circumstantial, evidence suggesting that 
volatile anesthetics may indeed exert important protec-
tive effects and thereby improve outcome when larger 
areas of myocardium sustain ischemia-reperfusion injury. 
From this standpoint, the ACCF/AHA Guidelines appear 
to be justifiable based on this circumstantial evidence. 
Nevertheless, additional research will be required in the 
operating room to convincingly answer whether volatile 
anesthetics do indeed exert clinically relevant antiisch-
emic effects by reducing the incidence and severity of 
major adverse cardiac events in patients undergoing car-
diac or noncardiac surgery.

NEURAL CONTROL OF THE CIRCULATION

Volatile anesthetics have been shown to depress barore-
ceptor reflex control of arterial pressure in experimental 
animals to varying degrees. This inhibition of barorecep-
tor reflex activity occurs as a result of depression of cen-
tral nervous system integration of afferent baroreceptor 
input, attenuation of efferent autonomic nervous system 
activity, and reductions in ganglionic transmission and 
end-organ response. Volatile anesthetics increased rest-
ing afferent nerve traffic and enhanced the sensitivity of 
arterial baroreceptors by a Ca2+-dependent mechanism. 
These anesthetic-induced increases in baroreceptor sen-
sitivity and discharge frequency tonically reduce over-
all sympathetic nervous system activity and attenuate 
sympathetic responses to declines in arterial pressure. 
Isoflurane, halothane, and enflurane inhibited pregan-
glionic sympathetic efferent activity at clinically relevant 
concentrations in vivo. Volatile anesthetics reduced post-
ganglionic sympathetic nerve activity, suggesting that 
attenuation of ganglionic transmission represents a major 
mechanism by which these medications depress sympa-
thetic nerve traffic. Reduction of sympathetic outflow 
caused by volatile anesthetics has also been suggested 
by examination of endogenous plasma norepinephrine 
kinetics. Isoflurane and halothane decreased plasma 
concentrations of norepinephrine to varying degrees by 
causing a more pronounced decrease in norepinephrine 
spillover than clearance. Volatile anesthetics may also 
attenuate parasympathetic nervous system function. Halo-
thane depressed vagal nerve efferent activity by direct 
measurement of parasympathetic nerve activity. These 
findings were supported by the results of several other 
studies demonstrating that volatile anesthetics inhibit 
reflex bradycardia in response to increases in arterial pres-
sure. Parasympathetic and sympathetic nervous system 
outflows appear to be depressed to equivalent degrees 
during halothane or isoflurane anesthesia.

The effects of volatile anesthetics on neural control of 
the cardiovascular system have been incompletely exam-
ined in healthy humans and have not been described in 
patients with autonomic nervous system dysfunction. 
Halothane and enflurane produced greater attenuation 
of baroreceptor reflex regulation of heart rate than equiv-
alent MAC concentrations of isoflurane. Depression of 
baroreceptor function by the older volatile anesthetics 
may be more profound compared with fentanyl, diaze-
pam, and N2O anesthesia. Baroreceptor-mediated control 
of peripheral arteriolar tone was also attenuated in young 
volunteers during halothane anesthesia. Steady-state 
anesthetic concentrations of sevoflurane were shown 
to cause greater depression of sympathetic nerve activ-
ity measured directly with microneurography in contrast 
to desflurane at equivalent levels of hypotension. These 
findings paralleled results demonstrating pronounced 
sympathetic hyperactivity during rapid increases in 
inspired desflurane concentration in humans. Impor-
tantly, the actions of volatile anesthetics on barorecep-
tor reflex control of the circulation may be profoundly 
altered during autonomic dysfunction in elderly patients 
or those with essential hypertension, diabetes mellitus, 
or heart failure.

NITROUS OXIDE AND CARDIOVASCULAR 
FUNCTION

CARDIOVASCULAR FUNCTION

Myocardial Contractility and Left Ventricular  
Diastolic Function
Experiments in papillary muscle and isolated heart prepa-
rations consistently demonstrated that N2O produces a 
direct negative inotropic effect, but conflicting results 
about the influence of N2O on contractility were observed 
in experimental animals and healthy volunteers. Several 
problems have contributed to apparently contradictory 
results in vivo. Observed changes in contractility may 
be influenced by the actions of N2O on the systemic cir-
culation or by autonomic nervous system reflex effects 
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because N2O may increase sympathetic nervous system 
tone. Studies using N2O alone are difficult to perform 
and interpret because the gas does not produce complete 
anesthesia at partial pressures less than 1 atm. The effects 
of N2O on contractility also may be influenced by dif-
ferent baseline anesthetics. Furthermore, lack of use of 
load-insensitive measures of myocardial contractility has 
allowed only qualitative assessment of the effects of N2O 
on intrinsic inotropic state in the intact heart.

Preload recruitable stroke work was used to demon-
strate that N2O depressed myocardial contractility in 
dogs anesthetized with isoflurane or sufentanil in the 
absence of autonomic nervous system activity. Seventy 
percent N2O decreased this index of contractility by 
28% and 41% during sufentanil and isoflurane anesthe-
sia, respectively. Thus, 70% N2O decreased contractility 
to approximately the same extent as 1 MAC isoflurane. 
Similar findings were reported using LV end-systolic pres-
sure-dimension relations in acutely instrumented dogs. 
N2O-induced myocardial depression may be offset by 
simultaneous increases in sympathetic nervous system 
tone. The negative inotropic effects of N2O may be more 
pronounced in the presence of preexisting LV dysfunc-
tion. Moreover, N2O-induced depression of contractile 
function appeared to overcome the mild sympathomi-
metic effect of the anesthetic gas in patients with coro-
nary artery or valvular heart disease and LV dysfunction 
because increases in baseline sympathetic nervous system 
activity were not further augmented by N2O under these 
clinical conditions.

The actions of N2O on LV diastolic function have 
been incompletely studied. Modest increases in maximal 
lengthening velocity and maximal rate of decline of force 
were observed in ferret papillary muscle concomitant 
with decreases in contractile state. No changes in the rate 
of isometric or isotonic relaxation were observed, indicat-
ing that N2O does not substantially modify myocardial 
relaxation. N2O modestly increased indices of LV cham-
ber stiffness and reduced early LV filling in acutely instru-
mented dogs. These findings were supported by evidence 
indicating that N2O may produce LV diastolic dysfunc-
tion after cardiopulmonary bypass in patients undergo-
ing CABG surgery. N2O caused dose-related reductions 
in the intracellular Ca2+ transient in vitro. This finding 
indicated that N2O-induced depression of myocardial 
contractility was related to decreases in Ca2+ availability 
for contractile activation. N2O did not affect myofibrillar 
sensitivity to Ca2+ or Ca2+ uptake and release from the SR. 
In addition, the diastolic Ca2+ transient was unaffected by 
N2O, suggesting that this anesthetic gas does not funda-
mentally alter myocardial relaxation kinetics.

Hemodynamics
Assessment of the hemodynamic effects of N2O in 
humans is often complicated by administration of vola-
tile anesthetics, opioids, or other medications in the pres-
ence or absence of cardiovascular disease. Typical clinical 
concentrations of N2O (e.g., 40% to 70%) caused mod-
est increases in heart rate in healthy volunteers. Small 
increases in heart rate also occurred when hyperbaric 
concentrations of N2O were administered or when the gas 
was added to a volatile anesthetic. Declines in heart rate 
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were observed with N2O in patients with coronary artery 
disease anesthetized with isoflurane. Modest reductions 
in heart rate were reported in patients anesthetized with 
morphine or fentanyl undergoing cardiac surgery. Sixty 
percent N2O caused small increases in arterial pressure in 
humans. Increases in arterial pressure also occurred under 
hyperbaric conditions or during volatile anesthesia in vol-
unteers, consistent with a mild sympathomimetic effect. 
Other studies indicated that partial substitution of N2O 
for a volatile anesthetic either did not affect or modestly 
increased arterial pressure during isoflurane or desflurane 
anesthesia in experiments conducted at constant MAC. 
In contrast, reductions in arterial pressure were observed 
in patients with coronary artery disease receiving N2O in 
the presence and absence of opioids.

Small increases in cardiac output and stroke volume 
were noted during administration of 60% N2O in O2 in 
volunteers, but cardiac output remained unchanged in the 
presence of hyperbaric N2O. Cardiac output was greater 
in volunteers anesthetized with N2O and halothane than 
in those receiving halothane alone concomitant with 
increases in sympathetic nervous system outflow. The 
addition of N2O to isoflurane or desflurane anesthesia 
also modestly increased cardiac output. In contrast, N2O 
reduced cardiac output and stroke volume in healthy 
volunteers and patients with cardiac disease receiving 
opioids. Hyperbaric N2O (1.5 MAC) caused a modest 
reduction in systemic vascular resistance. In contrast, sys-
temic vascular resistance was higher during administra-
tion of a volatile anesthetic in the presence versus the 
absence of N2O. Pretreatment with a ganglionic blocker 
attenuated the relative increase in systemic vascular resis-
tance observed during administration of halothane and 
N2O compared with halothane alone, findings that may 
be consistent with a reduction in sympathetic nervous 
system tone. N2O-induced increases in systemic vascular 
resistance were reported in volunteers and patients with 
cardiac disease anesthetized with opioids.

N2O increased venous tone and decreased venous 
capacitance in conscious volunteers. The gas also mod-
estly increased pulmonary artery pressures and pulmo-
nary vascular resistance in patients with coronary artery 
disease anesthetized with morphine and diazepam or 
a volatile anesthetic. Thus, the combined effects of 
enhanced venous return, elevated pulmonary vascular 
resistance, and depressed contractile function probably 
contributed to the increases in central venous pressure 
observed with N2O in humans. Hyperbaric N2O also 
enhanced central venous pressure in association with 
increases in pulmonary vascular resistance. N2O inhib-
ited norepinephrine uptake by the lung and subsequent 
increases in plasma norepinephrine levels detected in the 
pulmonary vasculature may be partially responsible for 
the characteristic increases in pulmonary vascular resis-
tance observed during administration of this gas. N2O-
induced increases in pulmonary vascular resistance may 
be more pronounced in adults with pulmonary hyperten-
sion and children with increased pulmonary blood flow. 
Elevations in pulmonary artery pressures and vascular 
resistance were described during administration of N2O 
in neonatal lambs. Such increases in pulmonary vascular 
resistance may potentially enhance right-to-left atrial or 
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ventricular shunts and thereby compromise arterial oxy-
genation in patients with congenital heart disease.

CARDIAC ELECTROPHYSIOLOGY

Reversible atrioventricular dissociation was reported in 
humans anesthetized with N2O and volatile or opioid-
based anesthetics. Addition of N2O to halothane lowered 
the threshold at which arrhythmias occur. This obser-
vation may result from a combination of sympathetic 
nervous system stimulation by N2O and myocardial sen-
sitization by halothane. The incidence of arrhythmias 
was reduced during combined N2O-opioid anesthesia 
compared with halothane alone.

CORONARY CIRCULATION

N2O does not produce direct effects on the coronary vas-
culature in vitro. The gas altered coronary blood flow in 
parallel with changes in MVo2 in dogs. N2O decreased 
myocardial segment shortening, increased postsystolic 
shortening, and redistributed transmural coronary blood 
flow preferentially to the subepicardium (decreased endo/
epi ratio) in experimental models of coronary artery dis-
ease. N2O decreased the recovery of contractile func-
tion of canine stunned myocardium, and, in contrast to 
the findings with isoflurane, did not reduce myocardial 
infarct size in rats.325 These data suggested that admin-
istration of N2O before or during transient or prolonged 
coronary artery occlusion and reperfusion is not asso-
ciated with myocardial protection. N2O-induced sym-
pathetic nervous system activation and imbalances of 
myocardial O2 supply and demand represented potential 
mechanisms for the absence of a beneficial effect during 
reversible or irreversible ischemic injury. In the presence 
of a volatile anesthetic, N2O decreased MVo2 and myo-
cardial O2 extraction and may exacerbate myocardial 
ischemia during concomitant reductions in arterial pres-
sure in patients with coronary artery disease. However, 
the addition of N2O to volatile or opioid anesthetics did 
not increase the incidence of new regional wall motion 
abnormalities as assessed using transesophageal echocar-
diography in this patient population.

NEURAL CONTROL OF THE CIRCULATION

N2O caused pupillary dilation, diaphoresis, and increases 
in systemic vascular resistance, central blood volume, and 
forearm vascular resistance in volunteers during volatile 
anesthesia, suggesting that N2O activates the sympathetic 
nervous system. A subsequent study demonstrated that 
N2O increases sympathetic nerve traffic measured using 
sympathetic microneurography in human volunteers, 
especially during the first 15 to 30 minutes of exposure 
to the gas. Baroreceptor reflex–mediated control of heart 
rate was impaired during administration of N2O, but 
regulation of sympathetic outflow to peripheral blood 
vessels was preserved. This finding suggested N2O does 
not alter sympathetic vasoconstrictor-induced mainte-
nance of arterial pressure and may be partially respon-
sible for the relative stability of hemodynamics during 
N2O anesthesia.
XENON

In 1939, Behnke and Yarbrough reported that United 
States Navy divers developed “stupefaction,” “men-
tal fogginess,” and neuromuscular impairment while 
breathing mixtures of argon or krypton and O2 under 
hyperbaric conditions.326 These seminal observations 
were the first to suggest that noble gases had the poten-
tial to produce anesthesia. Subsequent experiments with 
Xe conducted shortly after the end of World War II con-
firmed this hypothesis in mice327 and human volun-
teers.328 Xe has a very low blood-gas solubility coefficient 
(0.115) and produces rapid induction of and emergence 
from anesthesia. Xe is not teratogenic, does not undergo 
biotransformation, and exerts anesthetic and analgesic 
effects under normal atmospheric pressure conditions 
(1.0 MAC = 71%).15 Xe is derived from α particle decay of 
radioactive heavy metals such as uranium and thorium. 
Xe naturally occurs in the atmosphere in trace amounts 
(1:11.5 million [8.7 × 10−6 %]) and is extracted from liq-
uefied air by sequential cryogenic fractional distillation. 
Thus, Xe does not affect the ozone layer, unlike N2O 
and volatile anesthetics. This latter effect may be par-
ticularly important because currently used inhaled anes-
thetics have been identified as strong greenhouse gases 
that contribute to total anthropogenic radiative forcing 
of global climate change.329 Xe is expensive to produce 
because of its rarity; only a finite amount is available for 
use as a general anesthetic. Total world production of Xe 
is estimated to be approximately 9 to 12 million liters 
per year. Despite its relative scarcity and high produc-
tion costs, Xe was approved for clinical use in Russia, 
Germany, France, and the United Kingdom during the 
past decade. A closed-circuit anesthetic technique using 
a relatively simple modification of a conventional anes-
thesia machine and a new miniature cryogenic waste gas 
recycling system have recently been described that may 
eventually make the use of Xe more cost-effective and 
competitive with other inhaled anesthetics.330,331

Unlike volatile anesthetics and N2O, which produce 
diverse hemodynamic actions in the absence or pres-
ence of heart disease, Xe is essentially devoid of major 
cardiovascular effects.15,332 For example, Xe did not alter 
the amplitudes of Na+, L-type Ca2+, and inward-rectifier 
K+ channel currents over a range of voltages in the iso-
lated cardiac myocyte nor did the anesthetic noble gas 
affect indices of cardiac function in a Langendorff heart 
preparation (Figs. 28-19 and 28-20).333 No changes in the 
inotropic response to Ca2+, isoproterenol, or increased 
stimulation rate were observed during administration 
of Xe in isolated ventricular myocytes.334 In contrast 
to the equivalent MAC of halothane and isoflurane, Xe 
did not affect voltage-gated Ca2+ currents and caused 
minimal inhibition of transient outward K+ currents 
in human atrial myocytes in vitro.335 Xe anesthesia 
also did not adversely affect the circulatory response to 
moderate hypoventilation in vivo.336 Administration 
of Xe did not alter invasively derived indices of LV sys-
tolic and diastolic function or systemic hemodynam-
ics in isoflurane-anesthetized dogs before and after the 
development of congestive heart failure. Xe also pro-
duced minimal hemodynamic effects and did not affect 
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contractile function in a rabbit model of myocardial 
infarction and chronic LV dysfunction.337 In agreement 
with these experimental findings, the results of several 
clinical studies have also documented that Xe anesthe-
sia is associated with remarkable cardiovascular stability 
in patients with or without heart disease. Xe anesthesia 
was shown to produce minimal effects on coronary blood 
flow dynamics and regional cerebral perfusion evaluated 
using positron emission tomography in healthy volun-
teers.338,339 LV function assessed using transesophageal 
echocardiography was unchanged during 65% Xe-O2 
anesthesia in patients undergoing abdominal surgery. 
Systemic hemodynamics were unchanged and recovery 
from anesthesia was faster in patients who received 60% 
Xe-O2 compared with 60% N2O–0.5% isoflurane during 
elective surgery.340 Similarly, mean arterial pressure was 
maintained at conscious values during Xe-remifentanil 
but not propofol-remifentanil anesthesia in another 
study of patients undergoing elective surgery.341 Mainte-
nance of autonomic nervous system–mediated regulation 

IKir

ICa,L

–120

1 nA

10 ms

pA

100 pA

25 ms

–80 –40

–40

+40

+40 +80

mV

mV

–1000

–2000

200

–200

–400

–600

INa

pA

–80 –40 –20 +20–60
mV

–1000

–500

Control
Xenon (80 Vol%)

pA

250 pA

5 ms

Figure 28-19. Effects of 80 vol% xenon on cardiac ionic currents in 
single cardiac myocytes (left). Sample current traces recorded from 
three different myocytes were monitored at test potentials of −20 mV 
for INa, −110 mV for IKir, and +10 mV for ICa,L. Holding potentials were 
−110 mV for INa, −40 mV for IKir, and −50 mV for ICa,L. Corresponding 
current-voltage relationships for INa, IKir, and ICa,L are shown. (From 
Stowe DF, Rehmert GC, Kwok WM, et al: Xenon does not alter cardiac 
function or major cation currents in isolated guinea pig hearts or myocytes,

Anesthesiology 92:516-522, 2000.)
 28: Inhaled Anesthetics: Cardiovascular Pharmacology 745

of the circulation during Xe anesthesia was most likely a 
major contributing factor to this preservation of hemo-
dynamics.342 Mean arterial pressure and LV function 
were preserved during Xe anesthesia in patients with 
coronary artery disease undergoing noncardiac surgery343 
and those with congestive heart failure in whom a car-
dioverter-defibrillator was implanted.344 A phase I clini-
cal trial further demonstrated the cardiovascular safety of 
Xe in patients undergoing CABG using cardiopulmonary 
bypass.345

When considered within the context of these labo-
ratory and clinical findings, the ability of Xe to protect 
myocardium against ischemic injury is particularly strik-
ing. Preckel and associates346 first demonstrated that 
administration of 70% Xe during the initial 15 minutes 
of reperfusion after prolonged coronary artery occlusion 
(postconditioning) reduced myocardial infarct size in 
rabbits.346 Because Xe does not substantially affect the 
cardiovascular system, alterations in electrophysiology, 
inotropic state, coronary blood flow, and the hemody-
namic determinants of myocardial O2 supply-demand 
relations were most likely not responsible for the observed 
protective effects.346 Another study demonstrated that 
administration of 75% Xe before and after brief coronary 
artery occlusion and reperfusion enhanced the functional 
recovery of stunned myocardium independent of changes 
in systemic hemodynamics and coronary collateral per-
fusion.347 Weber and associates348 subsequently demon-
strated that three cycles of brief (5-minute) exposure to 
70% Xe-O2 interspersed with 5-minute periods of 70% 
N2-O2 before prolonged coronary occlusion and reperfu-
sion reduced myocardial infarct size in vivo.348 The mag-
nitude of the myocardial protection resulting from this 
Xe preconditioning (XePC) was similar to that produced 
by IPC and APC. The authors further demonstrated that 
pretreatment with PKC or p38 MAPK inhibitors abolished 
XePC. In addition, Xe caused posttranslational modifica-
tion and translocation of PKC-ε from the cytosol to the 
sarcolemmal membrane in a p38 MAPK–dependent fash-
ion consistent with enzyme activation (Fig. 28-21). These 
results were also similar to findings observed during IPC 
and APC.

Additional evidence supports the hypothesis that the 
mechanisms responsible for XePC are indeed very similar 
to those of other forms of preconditioning. For example, 
two important downstream targets of p38 MAPK—MAP-
KAPK-2 and Hsp27—were shown to be essential for the 
beneficial effect of APC and XePC.86 MAPKAPK-2 phos-
phorylates Hsp27, thereby promoting its translocation to, 
and facilitating its stabilization of, the actin cytoskeletal 
structure of the cardiac myocyte. Like APC, XePC phos-
phorylated MAPKAPK-2 and Hsp27, and these actions were 
abolished by pretreatment with PKC or p38 MAPK inhibi-
tors. Furthermore, XePC also enhanced Hsp27 transloca-
tion, increased F-actin polymerization, and colocalized 
phospho-Hsp27 and F-actin. Thus, XePC was linked to 
the cytoskeleton through p38 MAPK-mediated activation 
of MAPKAPK-2 and Hsp27. These data implicated selec-
tive transportation of specific proteins to unique cellular 
locations to facilitate myocardial protection during XePC. 
Essential roles for mitochondrial KATP and other signaling 
kinases known to be of central importance in other forms 
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Figure 28-20. Lack of effect of two con-
centrations of xenon dissolved in erythro-
cyte-Krebs-Ringer solution on eight cardiac 
variables in guinea pig isolated hearts per-
fused at constant pressure. AV, Atrioventric-
ular; LV pressure, left ventricular isovolumic 
pressure; Postcontrol, last control after Xe. 
(From Stowe DF, Rehmert GC, Kwok WM, 
et al: Xenon does not alter cardiac function 
or major cation currents in isolated guinea 
pig hearts or myocytes, Anesthesiology 92:  
516-522, 2000.)
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of preconditioning and postconditioning also have been 
demonstrated in XePC. For example, a selective mitochon-
drial KATP antagonist blocked XePC-induced reductions in 
infarct size, phosphorylation of PKC-ε, and membrane 
translocation of PKC-ε in vivo.349 Furthermore, a selective 
PI3K antagonist not only abolished myocardial protection 
produced by XePC but also inhibited phosphorylation of 
Akt and another PI3K-related enzyme.350,351 XePC directly 
enhanced phosphorylation and translocation of ERK1/2 
from the cytosol to the nucleus, whereas pretreatment 
with an antagonist of an upstream activator of this enzyme 
abolished XePC-induced protection against infarction.350 
Notably, XePC did not phosphorylate the stress-activated 
p46/p54 MAPK (also known as c-Jun-N-terminal kinases 
1/2 and 3 [JNK 1/2 and 3]), nor did a specific inhibitor 
of this enzyme complex abolish reductions in infarct size 
produced by the noble gas. These findings suggested that 
not only is Xe capable of selectively activating some sig-
naling kinases while leaving others unaffected, but also at 
least one important difference exists between XePC and 
IPC in which the involvement of p46/p54 was previously 
implicated.350,352 Despite this relatively minor difference 
in signal transduction between XePC and IPC, Xe directly 
inhibited Ca2+-induced mPTP opening in isolated ventric-
ular mitochondria,351 similar to the findings with APC108 
and IPC.105 As mentioned earlier, mPTP is considered a 
primary end-effector of preconditioning and postcondi-
tioning phenomena. Thus, preservation of mitochondrial 
integrity appears to be of central importance during XePC, 
as well (Fig. 28-22).
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Figure 28-21. Representative 
Western blots (A) and histograms 
(B) illustrating phosphorylation 
and membrane translocation of 
the epsilon isoform of protein 
kinase C ε (PKC-ε) during control 
conditions and in the presence of 
xenon or isoflurane precondition-
ing (Xe-PC and Iso-PC, respec-
tively). α-Tubulin was used as a 
standard to ensure uniform pro-
tein distribution on each blot. The 
histogram presents densitometric 
evaluation as times (x)-fold aver-
age light intensity (AVI). *Sig-
nificantly (P < .05) different from 
control. (From Weber NC, Toma O, 
Wolter JI, et al: The noble gas xenon 
induces pharmacological precon-
ditioning in the rat heart in vivo 
via induction of PKC-epsilon and 
p38 MAPK, Br J Pharmacol 144:  
123-132, 2005.)
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Xe may cause myocardial protection against reversible 
or irreversible ischemic injury by favorably modulating 
endothelium-neutrophil interaction. The effects of Xe 
on cell adhesion molecule expression were examined in 
isolated human neutrophils in the absence or presence 
of known stimulants of enhanced neutrophil activity.353 
Xe decreased neutrophil expression of the adhesion mol-
ecules P-selectin glycoprotein ligand-1 (a regulator of 
neutrophil rolling on the endothelial surface) and L-selec-
tin. Xe also inhibited exogenous stimulant-induced aug-
mentation of L-selectin but not β2-integrin (CD11a and 
CD11b) expression. Selectins initiate neutrophil-endothe-
lial cell contact, whereas β2-integrins are required for tight 
adhesion of neutrophils and their subsequent migration 
through endothelium. Thus, Xe may attenuate adhesion 
of neutrophils to endothelium, but the noble gas does 
not appear to affect their migration during ischemia-
reperfusion injury.353 Nevertheless, the results of another 
study failed to support these conclusions, because Xe did 
not affect cytokine and cell adhesion molecule expres-
sion in neutrophils activated by exposure to cardiopul-
monary bypass.354 More recently, the effects of Xe on 
TNF-α–induced cell adhesion molecule and NF-κB expres-
sion were studied in human umbilical vein endothelial 
cells.28 Similar to the findings with volatile anesthetics, 
Xe blocked stimulated cell adhesion molecule expres-
sion by TNF-α and attenuated transcriptional activity of 
NF-κB, suggesting that Xe may protect against ischemic 
injury by favorably modulating these factors in vascu-
lar endothelium. In addition, Xe and isoflurane caused 
reductions in plasma TNF-α and IL-6 concentrations of 
similar magnitude in a porcine model of RV infarction.355

Like volatile anesthetics, Xe also causes delayed pre-
conditioning in vivo. Weber and colleagues356 demon-
strated that a single 15-minute exposure to 70% Xe-O2 
performed 24 hours before prolonged coronary artery 
occlusion and reperfusion protects myocardium against 
infarction.356 The magnitude of reductions in myocardial 
necrosis observed during this late XePC were similar to 
those observed during acute XePC.348 Analogous to the 
findings during late APC,170 pretreatment with a selective 
COX-2 antagonist blocked delayed XePC.356 An increase 
in COX-2 activity was also shown to mediate late XePC. 
It is highly likely that other signaling molecules, protein 
kinases, and transcription factors previously implicated 
in delayed APC and IPC also play important roles in late 
XePC, but further studies will be required to confirm this 
hypothesis.

The mechanism(s) by which Xe selectively interacts 
with biologically active molecules to produce myocardial 
protection against ischemia-reperfusion injury remains 
a mystery.15,332 Xe is not entirely inert despite com-
pletely filled electron orbitals and may be ionized or form 
covalent bonds in the presence of very strong oxidizing 
agents at low temperatures,357 but the noble gas is essen-
tially nonreactive under normal physiologic conditions. 
Intraatomic dipole formation within the outer electron 
orbitals ([Kr]5s24d105p6) of the relatively large Xe atom 
may account for its ability to interact with ion channels, 
enzymes, or receptors, but this theory fails to account for 
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Figure 28-22. Effect of xenon pre-
conditioning on isolated mitochondrial 
permeability transition pore (mPTP) 
opening. A, Typical chart recording 
showing mitochondrial membrane 
potential at state 2 with increasing cal-
cium concentration ([Ca2+]). The arrows 
denote the addition of Ca2+ in 5-μM 
increments. Depolarization was detect-
able by opening mPTP and releasing 
Ca2+ from mitochondria through the 
mPTP with sequential Ca2+ loading. 
Xe preconditioning delayed depolar-
ization, indicating inhibition of mPTP 
opening. Open circle, Control; solid 
circle, Xe preconditioning. Depolariza-
tion was not observed in the presence 
of mPTP inhibitor cyclosporin A. B, His-
tograms summarizing the results. CON, 
Control; Xe, xenon preconditioning (n 
= 6 per group). (From Mio Y, Shim YH, 
Richards E: Xenon preconditioning: the 
role of prosurvival signaling, mitochon-
drial permeability transition and bioener-
getics in rats, Anesth Analg 108:858-66, 
2009.) B
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the selectivity with which such an interaction may occur. 
Other nonanesthetic noble gases (e.g., helium, neon) 
have been shown to exert protective effects against myo-
cardial ischemia-reperfusion injury,358 and their electron 
orbital structures are not conducive to intraatomic dipole 
formation. X-ray crystallography studies demonstrated 
that the catalytic sites of several serine proteases contain 
specific binding cavities for Xe. Many of the prosurvival 
signaling kinases implicated in XePC are serine proteases 
that display conserved structural homology among spe-
cies. These observations suggest a plausible mechanism 
by which Xe may activate protein kinases to mitigate 
ischemic injury. Nevertheless, extrapolation of x-ray crys-
tallography findings to the intact heart may be difficult 
because the crystallography experiments were conducted 
using crystallized proteins under hyperbaric conditions 
(Xe pressures between 8 and 20 atm). Xe and N2O were 
shown to occupy the heme pocket of CYP450 monooxy-
genase and competitively inhibit the enzyme’s catalytic 
activity under standard atmospheric pressure conditions. 
However, only Xe, and not N2O, is capable of producing 
myocardial protection.325 Molecular modeling and elec-
trophysiology studies suggested that Xe and isoflurane 
selectively inhibit the N-methyl-D-aspartate (NMDA) 
receptor by binding to its glycine agonist site359 through 
the phenylalanine 758 residue.360 These data suggested 
that Xe was capable of selectively interacting with a com-
plex protein in vitro. However, it is unclear why Xe may 
activate some kinases or receptors while leaving others 
unaffected. As discussed, ERK1/2, but not c-Jun N-terminal 
kinases, mediated XePC in vivo,350 whereas both kinase 
types are known to play roles in IPC. Thus, the precise 
biochemistry of selective Xe-protein interaction remains 
elusive, but strong pharmacologic evidence shows that Xe 
protects myocardium against ischemia-reperfusion injury 
by activating many of the same signaling pathways that 
are responsible for other forms of preconditioning and 
postconditioning. Whether Xe produces myocardial pro-
tection in humans is currently unknown and will require 
clinical trials to determine.

SUMMARY

Volatile anesthetics exert profound effects on the cardio-
vascular system by altering the inotropic, chronotropic, 
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dromotropic, and lusitropic state of the heart. Volatile 
anesthetics also produce significant actions on both the 
preload and afterload systems. These pharmacologic 
effects cause dramatic changes in hemodynamics that 
may be accentuated in patients with underlying cardio-
vascular disease. Less profound but equally important 
effects are observed with N2O and Xe. Volatile anesthetics 
and Xe, but not N2O, have been shown to cause myocar-
dial protection, thereby directly reducing the sequelae of 
ischemia and reperfusion injury. The use of inhaled anes-
thetics requires a clear understanding of their complex 
cardiovascular pharmacology.

Complete references available online at expertconsult.com.
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K e y  P o i n t s

 •  If there is any possibility that the workstation or the breathing circuit is a potential 
cause of difficulty with ventilation or oxygenation, switching to a self-inflating 
resuscitation bag is an appropriate decision. Ventilate and oxygenate first —
troubleshoot later.

 •  The most important part of the preuse anesthesia workstation checkout procedure 
is verifying the presence of a self-inflating resuscitation bag.

 •  The Diameter Index Safety System (DISS) is designed to prevent the misconnection 
of hospital gas supply lines to the anesthesia workstation. The Pin Index Safety 
System (PISS) is designed to prevent incorrect gas cylinder connections in the 
anesthesia workstation. Neither system is immune from failure.

 •  If the hospital pipeline becomes crossed or contaminated, two actions must be 
taken. The backup oxygen cylinder valve must be opened, and the wall supply 
sources must be disconnected. Otherwise, hospital pipeline gas will continue to 
flow to the patient.

 •  Fail-safe valves and proportioning systems help minimize delivery of a hypoxic 
mixture, but they are not always effective. Delivery of a hypoxic mixture can  
result from (1) the wrong supply gas, (2) a defective or broken safety device,  
(3) leaks downstream from these safety devices, (4) administration of a fourth  
inert gas (e.g., helium), and (5) dilution of the inspired oxygen concentration by 
high concentrations of inhaled anesthetic agents (e.g., desflurane).

 •  The low-pressure section (LPS) of the gas supply system is a highly vulnerable 
area of the anesthesia machine because it is subject to breakage and leaks. The 
LPS is located downstream from all safety features of anesthesia machines, except 
the breathing circuit oxygen analyzer, and it is the portion of the machine that is 
missed if an inappropriate LPS leak test is performed.

 •  The LPS must be checked for leaks before an anesthetic agent is administered 
because leaks in the LPS can cause delivery of a hypoxic mixture or an inadequate 
concentration of anesthetic agent that could result in a patient’s awareness during 
anesthesia (see also Chapter 44).

 •  Because many older Datex-Ohmeda anesthesia machines and some modern GE 
Healthcare machines have a one-way check valve in the LPS, a negative-pressure 
leak test is required to detect leaks in the LPS on these machines. On machines 
without a check valve in this location, manual positive-pressure testing or 
automated testing is used to test the LPS for leaks.

 •  Internal vaporizer leaks can be detected only when the vaporizer is turned on. 
This is true even during machine self-tests. The GE/Datex-Ohmeda Aladin cassette 
vaporizer and the Maquet FLOW-i anesthesia workstation vaporizer are exceptions 
to this rule.

 •  Saturated vapor pressure is a physical property of a liquid, and it depends on 
temperature. It is not affected by barometric pressure.

 •  The main purpose of the temperature compensation device within variable bypass 
vaporizers is to compensate for the liquid cooling that results from evaporation of 
volatile anesthetic liquid.

 •  Because of desflurane’s low boiling point and high vapor pressure, controlled 
vaporization of desflurane is not possible using a variable bypass vaporizer.
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 •  Misfilling a variable bypass vaporizer with desflurane could theoretically be 
catastrophic and potentially cause delivery of a hypoxic mixture and a massive 
overdose of inhaled desflurane.

 •  Increasing the fresh gas flow rate into the circle breathing system causes less 
rebreathing of volatile anesthetic gas and more waste gas.

 •  Before an anesthetic agent is administered, the circle system must be checked for 
leaks and flow. To test for leaks, the circle system should be pressurized to 30 cm 
H2O, and the circle system airway pressure gauge should be observed (static test). 
An automated test may perform this function on many modern machines. To 
check for appropriate flow, to rule out obstruction and faulty valves, the ventilator 
or the breathing bag and a test lung (another breathing bag) can be used 
(dynamic test).

 •  Inhaled anesthetic agents can interact with carbon dioxide absorbents and 
produce potentially harmful degradation products. During sevoflurane anesthesia, 
compound A can be formed, particularly at low fresh gas flow rates. During 
desflurane anesthesia, carbon monoxide can be produced, particularly with 
desiccated absorbents (see also Chapter 26). The minimization of strong bases in 
absorbents decreases this risk.

 •  Anesthesia ventilators with ascending bellows (bellows ascending during the 
expiratory phase) are safer than descending bellows because disconnections are 
readily manifested by failure of ascending bellows to refill.

 •  Piston ventilators and descending bellows ventilators can potentially draw room air 
into the breathing circuit if a leak is present.

 •  With machines that do not have a fresh gas decoupling feature, oxygen flushing 
during the inspiratory phase can cause volutrauma or barotrauma, or both 
(particularly in pediatric patients) (see also Chapter 93). Therefore, the oxygen 
flush should never be activated during the inspiratory phase of mechanical 
ventilation.

 •  On older-generation anesthesia machines, tidal volume and airway pressure during 
positive-pressure ventilation are increased by increases in fresh gas flow rate. 
Most newer-generation machines compensate for changes in fresh gas flow rate. 
Obviously, anesthesia providers should know whether their machines compensate 
for these changes.

 •  Workstations that use bellows ventilators that scavenge gas from both the patient 
and the ventilator drive have substantially increased volumes of scavenged gas. 
Thus, the scavenging systems must be set appropriately (e.g., adequate vacuum) 
to accommodate the increased volume, or pollution of the operating room 
environment could result.

 •  Obstruction of the scavenging system transfer tubing (segment between the 
breathing circuit and the scavenging interface) can result in increased breathing 
circuit pressure and barotrauma.

 •  An inadequate vacuum to an open scavenging interface can cause leakage of 
anesthetic gases into the room.

 •  The American Society of Anesthesiologists Recommendations for Pre-Anesthesia 
Checkout Procedures (2008) serves as an excellent template for the creation 
of machine-specific checkout procedures. However, it is not a one-size-fits-all 
checklist.

K e y  P o i n t s — c o n t ’ d
Modern anesthesia delivery systems have evolved from 
the ether-soaked sponges and rags used in the mid-1800s. 
During that era, spontaneous breathing was the only mode 
of ventilation, no safety features existed besides vigilance, 
and the norm was uncertainty regarding the delivered 
anesthetic concentration. Today, anesthesia workstations 
are capable of safely delivering controlled concentrations 
of volatile anesthetic agents and other gases, along with 
providing positive-pressure ventilation, scavenging waste 
anesthetic gas, and monitoring for hazardous condi-
tions or output failures. Newcomers to the specialty often 
find the anesthesia machine to be both mysterious and 
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intimidating, even though these practitioners often have 
some experience with other ventilation equipment, such 
as the intensive care unit (ICU) ventilator. The following 
requirements highlight the unique demands placed on 
the anesthesia workstation and help explain why it func-
tionally differs from its ICU counterpart.

 •  Deliver volatile anesthetic gas at precise concentrations.
 •  Allow rebreathing of the exhaled anesthetic gases after 

removing carbon dioxide.
 •  Individually meter oxygen and two or more other 

breathing gases, and continuously enrich the inhaled 
gas with these vapors.

 •  Provide a manual mode of breathing (“bag” ventilation) 
with adjustable breathing circuit pressure control.

 •  Eliminate (“scavenge”) excess gas from the patient’s 
breathing circuit, and remove this gas from the room.

 •  Continuously measure the inspired oxygen 
concentration.

 •  Prevent hypoxic gas mixtures caused by operator error 
or gas supply failure.

 •  Provide a breathing circuit manual oxygen flush 
feature.

 •  Possess a backup supply of oxygen.
 •  Display gas pipeline and backup tank supply pressures.
  

Anesthesia workstations undergo steady innovation 
and change that make maintaining a current knowledge 
base difficult for many practitioners to achieve. Under-
standing anesthetic equipment is important because the 
workstation is one of the most essential pieces of equip-
ment used by anesthesia care providers. Some design 
and engineering changes enhance ease of use and effi-
ciency, and some enhance patients’ safety. In fact, closed 
claims analysis of adverse anesthetic outcomes related to 
the anesthesia delivery system have declined and now 
account for only approximately 1% of the claims in the 
American Society of Anesthesiologists (ASA) closed claims 
database.1 However, although claims related to the medi-
cal gas delivery system are infrequent, when they do 
occur they are usually severe, involving death or perma-
nent brain injury.2

Although anesthesia workstation engineering advances 
may decrease the incidence of mishaps and injuries to  
patients, adverse events will never be eliminated. In 
addition, with new technologies come new poten-
tial problems. To prevent mishaps, providers must be 
aware of the operational characteristics and functional 
anatomy of their anesthesia workstations. Many work-
stations and their components share very similar char-
acteristics, but the variation among them is growing. 
Similarly, the operational and preuse checkout proce-
dures are becoming more divergent, thus mandating 
device-specific familiarity. Unfortunately, a lack of 
knowledge pertaining to the anesthesia workstation 
and a lack of understanding and application of a proper 
preuse check are common.3-8 The increasing diversity 
in the design and function of these machines could 
potentially worsen the anesthesia provider’s knowl-
edge deficit. The safe use of today's anesthesia worksta-
tion requires a solid generic understanding, as well as 
knowledge of machine-specific features and checkout 
procedures.
Because anesthesia workstations consist of numerous 
subsystems, it is useful to learn about the machine in a 
manner that addresses each subsystem individually and 
as they relate to the system as a whole. This functional 
anatomy approach is familiar and useful. The chapter is 
therefore arranged as follows:

 1.  Standards and guidelines for anesthesia workstations
 2.  Functional anatomy sections
 a.  Gas supply system
 b.  Anesthetic breathing circuits
 c.  Anesthetic vaporizers
 d.  Waste gas scavenging systems
 3.  Anesthesia machine preuse checkout
  

For several decades, anesthesia workstation design 
remained fairly similar, barring some differences in sub-
system design. In particular, the circle breathing circuits 
were virtually identical, and the schematic was requi-
site knowledge for the anesthesiology consultant. With 
moderate effort, a comprehensive understanding of the 
entire machine was attainable. Today, these worksta-
tions have increasing numbers of differences in terms of 
features and design nuance. Variability is now the norm. 
The ASA’s current Recommendations for Pre-Anesthesia 
Checkout states more clearly than earlier versions that 
the checkout serves as a guide for users to create their 
own machine-specific checkout procedures, whereas the pre-
vious version could be more universally applied.9,10 Ear-
lier machines also tended to be more mechanical and 
less electronic. Further, with older machines the com-
ponents were more exposed and therefore were easier 
to see and functionally understand. Newer workstations 
are more modular, and many of the components are 
concealed from view. An obvious analogy is the automo-
bile. Arguably, our generic understanding and ability to 
troubleshoot issues with automobiles have diminished 
as a result of their increasing complexity, diversity, and 
component concealment.

Providing a detailed description of each gas system, 
subsystem component, and patient’s breathing circuit 
is not practical within the scope of a single chapter. 
However, because anesthesia workstations must adhere 
to basic standards, a generic approach to learning is a 
suitable starting point. Although several subsystems are 
described in detail in this chapter, anesthesia providers 
must acquire a functional understanding of their own 
workstations and ensure that their local preuse checkout 
procedures are suitable for their machines.

STANDARDS AND GUIDELINES  
FOR ANESTHESIA WORKSTATIONS

Standards for medical devices and anesthesia worksta-
tions provide guidelines for manufacturers regarding 
device minimum performance, design characteristics, 
and safety requirements. For the anesthesia workstation, 
many of these requirements are outlined in the standards 
of ASTM International (formerly known as the American 
Society for Testing and Materials). ASTM International is 
a developer of international voluntary consensus stan-
dards.11 The current standards are defined within the 



Standard Specification for Particular Requirements for Anes-
thesia Workstations and Their Components F1850-00, found 
within ASTM volume 13.02, September 2012, Medical and 
Surgical Materials and Devices.12 Additional ASTM Inter-
national standards address anesthesia breathing systems, 
anesthetic gas scavenging systems, and alarm signals. 
ASTM International standards also apply the Interna-
tional Electrotechnical Commission (IEC) 60601-1 stan-
dards, which pertain to medical electrical equipment 
safety. The IEC 60601-1 serves as parent standards for 
numerous medical device standards. Additional key stan-
dards for machine subsystems arise from the Compressed 
Gas Association (CGA) and the Institute of Electrical and 
Electronics Engineers (IEEE), although other standards 
may directly or indirectly affect workstation design.12

The ASTM International specification describes the 
anesthesia workstation as a “system for administration of 
anesthesia to patients” consisting of “the anesthesia gas 
supply device, anesthesia ventilator, monitoring devices, 
and protection devices.”12 The standards define numerous 
aspects of design and construction, including protection 
against common hazards, protection against incorrect 
machine output, monitoring standards, alarm standards, 
and the requirements for several other safety systems. 
Although these standards are too long to describe here 
comprehensively, several of them are addressed in this 
chapter as they pertain to various subsystems.

The ASA publishes several guidelines pertaining to 
the anesthesia workstation.9 The Recommendations for 
Pre-Anesthesia Checkout, which was updated last in 2008, 
serves as a general guideline for individual departments 
and practitioners to design preanesthesia checkout pro-
cedures specific to their anesthetic delivery systems.9 The 
ASA Guidelines for Determining Anesthesia Machine Obsoles-
cence helps to assist anesthesia providers and other health 
care personnel, administrators, and regulatory bodies 
determine when an anesthesia machine is obsolete by 
applying both absolute and relative criteria.9 Finally, the 
ASA also publishes Standards for Basic Anesthetic Monitor-
ing, which outlines minimal monitoring standards per-
taining to oxygenation, ventilation, circulation, body 
temperature, and the requirements for the presence of 
anesthesia personnel. Standards and recommendations 
pertaining to the anesthesia workstation are published by 
several other national anesthesiology societies.13,14

FUNCTIONAL ANATOMY OF THE 
ANESTHESIA WORKSTATION

GAS SUPPLY SYSTEM

Regardless of the increasing electronic complexity of 
the anesthesia machine, it remains a fundamentally 
pneumatic device. Central to its function is the safe 
delivery and metering of the breathing gases, particu-
larly oxygen, from the gas supply sources to the vapor-
izers and finally to the patient’s breathing circuit. These 
are the functions of the gas supply system. Figures 
29-1 and 29-2 demonstrate typical anesthesia worksta-
tion gas supply systems. The gas supply system of the 
workstation is usually concealed from view, with the 
Chapter 29: Inhaled Anesthetics: Delivery Systems 755

exception of the pipeline gas inlets, the gas tanks and 
their mounts, the flowmeters, the vaporizers, and the 
oxygen flush button. Despite being cloaked within the 
anesthesia workstation, this section of the anesthesia 
machine contains numerous key pneumatic safety fea-
tures. Although some diversity in gas supply systems 
exists among workstations, these systems do retain 
many similarities because of required safety standards 
and performance expectations.

The overview of the gas supply system is as follows: 
Oxygen and the other breathing gases flow from the hos-
pital pipeline sources to the flow control valves, through 
the flowmeters (or flow sensors), and through or past an 
anesthetic vaporizer. From there they are introduced into 
the patient breathing circuit through a fresh gas supply 
line. Throughout this course, safeguards are present to 
detect low oxygen supply pressure and prevent a hypox-
emic gas mixture from being delivered to the patient 
regardless of the flows selected by the user. Machine-
mounted gas cylinders can be used as an alternate source 
of oxygen or of other gases. Permanent safeguards are in 
place to prevent connecting the wrong gas to the wrong 
inlet or connecting the wrong gas tank to the wrong tank 
receptacle. The machine can directly and rapidly flush 
100% oxygen into the patient’s breathing circuit, and 
oxygen is usually available from an auxiliary flowmeter. 
These two features are usually available even when the 
machine is not turned on.

The gas supply system can be divided functionally into 
high-pressure, intermediate-pressure, and low-pressure 
sections. The high-pressure section involves the segments 
exposed to the high pressures within the E-cylinder aux-
iliary gas tanks (e.g., ≤2000 pounds per square inch gauge 
[psig] for air and oxygen). This section extends from the 
tanks to the primary or high-pressure regulators. The inter-
mediate-pressure section includes the segments exposed to 
hospital pipeline pressures (50 to 55 psig) and lower pres-
sures in the range of 15 to 30 psig when secondary pres-
sure regulators are used. The low-pressure section of the 
gas supply system extends from the flow control valves, 
through the flowmeters (or flow sensors), through the 
anesthetic vaporizers, and out the fresh gas supply line. 
This description begins with the gas supply source inlets 
and moves through to the fresh gas line that leads to the 
patient’s breathing circuit.

High-Pressure Section
AuxiliAry E-CylindEr inlEt. During normal operat-
ing conditions, the hospital’s central gas supply sys-
tem serves as the primary gas source for the anesthesia 
machine. However, it is a requirement to have at least 
one attachment for an oxygen cylinder to serve as a 
backup source of oxygen in case of failure of the hospi-
tal supply source. Many machines have up to three and 
sometimes four E-cylinder attachment points to accom-
modate oxygen, air, and nitrous oxide. Some machines 
have attachments for two oxygen tanks, and some rare 
systems can accommodate carbon dioxide or helium 
tanks used for special applications. The cylinders are 
mounted to the anesthesia machine by the hanger yoke 
assembly, as seen in Figure 29-3. The hanger yoke assem-
bly orients and safely supports the cylinder, provides  
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Figure 29-1. Anesthesia workstation gas supply system represented by the GE Healthcare Aespire anesthesia workstation. The high-pressure 
system extends from the gas cylinders to the high-pressure regulators (dashed lines around 02 high-pressure section). The intermediate-pressure 
section extends from the high-pressure regulators to the flow control valves and also includes the tubing and components originating from the 
pipeline inlets. The low-pressure section (dashed lines) extends from the flow control valves to the breathing circuit. See text for additional details. 
(From Datex-Ohmeda: S/5 Aespire anesthesia machine: technical reference manual, Madison, Wis., 2004, Datex-Ohmeda.)
a gas-tight seal, and ensures unidirectional flow of gases 
into the machine.15 Each yoke assembly must have 
a label designating which gas it is intended to accept. 
Each hanger yoke is also equipped with the Pin Index 
Safety System (PISS), which is a safeguard to reduce the 
risk of a medical gas cylinder error caused by interchang-
ing cylinders. Two metal pins on the yoke assembly are 
arranged to project precisely into corresponding holes 
on the cylinder head–valve assembly of the tank. Each 
gas or combination of gases has a specific pin arrange-
ment.16 Although infrequent, failures of the PISS have 
been reported, and like all safety systems, the PISS should 
be considered partial protection. Conditions in which 
failure occurred have included the following: excessive 
seating (jamming) of the pins back into the hanger yoke; 
the presence of bent or broken pins; and an excessive use 
of washers between the cylinder and the yoke that can 
override pin alignment, yet allow for a gas-tight seal.17-19 
Medical gas cylinder errors can have tragic outcomes, so 
it is critical to ensure that the proper gas is being con-
nected to the proper inlet by also checking the tank and 
yoke labels.20
Once a gas cylinder valve is opened by the opera-
tor, gas flows first through a filter to entrap any par-
ticulate matter from the tank inflow. The maximum 
pressure in the E-cylinders ranges from approximately 
750 psig for nitrous oxide, approximately 2000 psig for 
air, and approximately 2000 psig for oxygen. This pres-
sure is much higher than the normal hospital pipeline 
supply pressure of 50 to 55 psig. Each cylinder supply 
source line must therefore have a pressure-reducing 
mechanism known as the high-pressure regulator, which 
reduces the variable high pressures present in the cyl-
inders to a lower, nearly constant pressure suitable for 
use in the anesthesia machine (see Figs. 29-1 and 29-2). 
The high-pressure regulators are adjusted to provide gas 
from the E-cylinders at a pressure of approximately 45 
psig (but it can be as low as 35 psig).15,16,21 Although 
this specific value may vary among machines, the prin-
ciple is to keep high-pressure regulator output pressure 
lower than the normal pipeline supply pressures. This 
approach ensures that the hospital’s central gas supply 
will serve as the main supply of gas to the machine if 
a cylinder is open as long as the hospital supply line 
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pressure remains higher than the regulator output pres-
sure. In other words, the E-cylinders, even when open, 
will not provide gas to the anesthesia machine if the 
hospital supply line pressure is within or higher than 
the normal range. Therefore, in a case of known or sus-
pected hospital pipeline oxygen supply contamination 
or pipeline crossover, in which oxygen is substituted for 
another gas but pipeline pressure maintained, only by 
disconnection of the oxygen pipeline source hose from 
the wall outlet will the machine be able to use E-cylinder 
oxygen.

After the high-pressure regulator, cylinder gas flows 
through a one-way valve called the cylinder check 
valve, which prevents any backflow of machine gas out 
through an empty yoke or back into a nearly empty cyl-
inder (see Figs. 29-1 and 29-2). On some older machines, 
the yoke check valve is located before the high-pressure 
regulator. With this arrangement, and when two oxygen 
tanks could be mounted on the machine on a common 
manifold, the yoke check valve also (1) minimizes the 
transfer of gas from a cylinder at high pressure to one 
with lower pressure, (2) allows an empty cylinder to be 
exchanged for a full one while gas flow continues from 
the other cylinder into the machine, and (3) minimizes 
leakage from an open cylinder to the atmosphere if one 
cylinder is absent.15,21 Note the location of the cylinder 
pressure gauges and pressure sample sites in Figures 29-1 
and 29-2. Auxiliary tank pressure gauges (or electronic 
displays) must be located in plain sight on the front of 
the machine. In the gas supply system seen in Figure 
29-2, electronic transducers relay tank pressure (when 
their valves are opened) to a display on the front of the 
machine.

Although gas usually does not flow from the open 
tanks when pipeline supply pressures are normal, the 
gas supply cylinder valves should be closed when they 
are not in use, except during the preoperative machine 
checkout. If the cylinder supply valves are left open, the 
reserve cylinder supply can be silently depleted if pres-
sure inside the machine decreases to a value lower than 
the regulated cylinder pressure. For example, oxygen 
pressure within the machine can decrease to less than 
45 psig with oxygen flushing or possibly even during use 
of a pneumatically driven ventilator, particularly at high 
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Figure 29-3. E-cylinder hanger yoke assembly. A, Standard E-cylinder hanger yoke assembly highlighting the gas-specific indexing pins, sealing 
gasket, and yoke plug. The yoke plug should be inserted when a tank is not in place. B, Pin Index Safety System holes machined into the cylinder 
head–valve mechanism of the compressed gas cylinders. C, Nitrous oxide yoke with indexing pins. Compare the image with the nitrous oxide 
pattern in B. (A and B, From Yoder M: Gas supply systems. In Understanding modern anesthesia systems, Telford, Pa., 2009, Dräger Medical.)
inspiratory flow rates. Additionally, the pipeline supply 
pressures of all gases can fall to less than 45 psig if prob-
lems exist in the central piping system. If the cylinders 
are left on when this occurs, they will eventually become 
depleted, and no reserve supply may be available if a pipe-
line failure occurs.15,21 Moreover, the yoke hanger seal is 
vulnerable to leakage.
Intermediate-Pressure Section
PiPElinE inlEt: HosPitAl CEntrAl GAs suPPly sourCE. 
The main supply source of oxygen in a large hospital is 
usually a massive cryogenic bulk oxygen storage system, 
although some sites may use smaller cryogenic storage 
units or large H-type oxygen cylinders connected by man-
ifold. Centrally supplied nitrous oxide arises from a bank 



of H-type cylinders. On-site compressors supply medical 
air, which is stored in holding tanks until needed. From 
these sources, a piping system delivers these gases to out-
let points within patient care areas. The pipeline pressure 
for oxygen, medical air, and nitrous oxide in the United 
States is 50 to 55 psig.

The medical gas outlets throughout patient care areas 
in the hospital may have a variety of gas-specific connec-
tor types. However, medical gas from the hospital’s cen-
tral supply always enters the anesthesia machine through 
Diameter Index Safety System (DISS) connectors, as seen 
in Figure 29-4.12 The purpose of these connectors is to 
prevent the connection of the wrong gas to the wrong 
inlet. DISS connectors work by matching the shoulders of 
the stem assembly on the end of the supply hose to the 
bores of the appropriate inlet receptacle on the anesthesia 
machine.16 Once the gas enters the machine through the 
DISS connector, it encounters a filter followed by a pipe-
line check valve. This one-way valve prevents the reverse 
flow of machine gas from the machine into the medical 
gas pipeline system or into the atmosphere from an open 
inlet. Interposed between the DISS inlet and the pipeline 
check valves is a sample port to measure pipeline oxy-
gen pressure by gauge or transducer. The pipeline pres-
sure must always be clearly visible on the front of the 
machine.

oxyGEn FlusH VAlVE. The oxygen flush valve is probably 
one of the oldest safety features on the machine, and it 
remains a machine standard today.12,22 The valve pro-
vides manual delivery of a high flow rate of 100% oxygen  

Body Nut and stem

B

A

Figure 29-4. Diameter Index Safety System (DISS). DISS connectors 
are used for noninterchangeable, removable medical gas connections 
at pressures less than 200 psig. They are also used for suction and 
waste gas connections. Indexing is accomplished through differing 
diameters of the connection components, resulting in keylike fitting 
when matched connectors come together. The oxygen connector is 
additionally distinguished from the other gas connectors by a unique 
threaded fitting diameter and a unique thread count. A, DISS con-
nector cross section. B, Nut and stem connectors for (left to right) 
vacuum, air, nitrous oxide, and oxygen. (A, Modified from Yoder M: 
Gas supply systems. In Understanding modern anesthesia systems,  
Telford, Pa., 2009, Dräger Medical.)
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directly to the patient’s breathing circuit. Flow from 
the oxygen flush valve bypasses the anesthetic vaporiz-
ers (see Figs. 29-1 and 29-2). The intermediate-pressure 
segment of the gas supply system feeds the valve, which 
remains closed until the operator opens it. The feature is 
usually available even when the machine is not turned 
on because the valve is usually located upstream from 
the machine’s pneumatic power switch. Flow from the 
oxygen flush valve enters the low-pressure circuit down-
stream from the vaporizers at a rate between 35 and 75 
L/minute, depending on the machine and the segment 
operating pressure.12,22

Several hazards have been reported with the oxy-
gen flush valve. A defective or damaged valve can stick 
in the fully open position and result in barotrauma.23 
A valve sticking in a partially open position can result 
in a patient’s awareness because oxygen flow from the 
incompetent valve dilutes the inhaled anesthetic.24,25 
Improper use of normally functioning oxygen flush 
valves also can cause problems. Overzealous intraop-
erative oxygen flushing can dilute inhaled anesthetic 
agents. Oxygen flushing during the inspiratory phase of 
positive-pressure ventilation can produce barotrauma if 
the anesthesia machine does not incorporate a fresh gas 
decoupling feature or an appropriately adjusted inspira-
tory pressure limiter. Fresh gas decoupling prevents the 
fresh gas inflow from either the flowmeters or the oxy-
gen flush valve from increasing the delivered ventilator 
tidal volume presented to the patient’s lungs (see the sec-
tion on fresh gas decoupling). With most older anesthe-
sia breathing circuits, excess volume could not be vented 
during the inspiratory phase of mechanical ventilation 
because the ventilator relief valve was closed and the 
breathing circuit adjustable pressure-limiting (APL) valve 
was either out of circuit or closed.26

The oxygen flush valve can potentially provide a high-
pressure, high-flow oxygen source at the machine’s fresh 
gas outlet suitable for jet ventilation, but it has potential 
limitations. First, on many modern anesthesia machines, 
the fresh gas outlet is no longer easy to access. Next, even 
on machines with accessible fresh gas outlets, not all are 
necessarily capable of generating pressures at the outlet 
that are sufficient to deliver jet ventilation.27,28 If jet ven-
tilation is going to be considered a contingency, it would 
be prudent to investigate whether it can be supported by 
the machine’s oxygen flush function. If not, an alternate 
source of high-flow oxygen should be sought.

PnEumAtiC sAFEty systEms. The pneumatic safety devices 
within the gas supply system are engineered to help 
delivery of a hypoxemic gas mixture to the patient. Oxy-
gen is the primary gas within the gas supply system cir-
cuitry, and it influences the flow of all other gases. On 
much older anesthetic delivery devices, the oxygen and 
nitrous oxide flows existed as independent entities, and 
they were not pneumatically or mechanically interfaced. 
Therefore, abrupt or insidious oxygen pressure failure 
had the potential to deliver a hypoxic gas mixture or 
possibly nitrous oxide alone. One of the primary safety 
goals of contemporary anesthesia machines is to prevent 
delivery of a hypoxemic gas mixture, and in particular 
to guard against the potential of delivering an excessive 
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concentration of nitrous oxide relative to oxygen. ASTM 
standards state the following: “The anesthesia gas supply 
device shall be designed so that whenever oxygen supply 
pressure is reduced to below the manufacturer specified 
minimum, the delivered oxygen concentration shall not 
decrease below 19% at the common gas outlet.”12 Gas 
supply systems have several safety devices that minimize 
the risk of delivery of a hypoxic gas mixture in case the 
oxygen pressure were to decrease significantly.

Oxygen Supply Failure alarm SenSOr. Within the oxy-
gen circuit of the intermediate-pressure section of the ma-
chine is a sensor that will provide an audible and visual 
warning to the clinician if the oxygen pressure drops be-
low a manufacturer-specified minimum (see Fig. 29-1). The 
alarm is an ASTM requirement, and it cannot be silenced 
until the pressure is restored to the minimum value.12 An 
example is a loss or significant decrease of pipeline pres-
sure, or a nearly empty oxygen tank if the machine were 
using the tank as an oxygen source. During normal opera-
tion, an alarm signal serves as a prompt for the operator 
to open the oxygen E-cylinder on the machine and trou-
bleshoot the oxygen pipeline source. Numerous types of 
pneumatic-electrical switches can serve as this sensor. 
Because pipeline pressure standards vary significantly 
throughout the world, the minimum threshold pressure 
for an alarm condition differs among manufacturers and 
models. For example, early Dräger Narkomed (Dräger 
Medical, Lubeck, Germany) machines had a set point of 
37 psig because they were designed for line pressures of 
50 to 55 psig (the U.S. standard). However, Dräger Fabius 
series machines, which are sold internationally, are set to 
alarm at 20 psig to accommodate fluctuations in normal 
operating pressures as low as 41 psig, which can be seen 
in other countries.22 The gas supply system seen in Figure 
29-2 has no separate oxygen supply failure sensor compo-
nent. The pipeline and tank electronic pressure transduc-
ers send information to a central processor, which will 
create an alarm if pressures drop below predetermined 
minimums.22

Oxygen Failure prOtectiOn DeviceS Or Fail-SaFe valveS. 
The so-called fail-safe valves are safeguards intended to 
link the flow of other gases in the gas supply system to 
the pressure of oxygen. They are present within some 
anesthesia workstations, but not all. Controlled by the 
oxygen supply pressure in the intermediate-pressure seg-
ment, the fail-safe valves shut off or proportionally de-
crease the flow of the other breathing gases before the 
flow control valves (e.g., nitrous oxide, air, helium) as 
the oxygen supply pressure decreases. Fail-safe valves 
either are binary (from open to closed at a threshold 
pressure) or close proportionally as the oxygen supply 
pressure decreases. Figure 29-1 demonstrates a propor-
tioning-type fail-safe valve used on the nitrous oxide 
pathway within the GE Aespire (GE Healthcare, Little 
Chalfont, United Kingdom) gas supply system (called 
the “balance regulator” by the manufacturer). Unfortu-
nately, the term fail-safe as it pertains to these valves 
is a misnomer and has led to the misconception that 
they can independently prevent the administration of 
a hypoxic mixture. In fact, if a gas other than oxygen 
adequately pressurizes the oxygen circuit as a result  
of hospital pipeline contamination or crossover, the  
fail-safe valves will remain open. In such a case, only the 
inspired oxygen concentration monitor and clinical acu-
men would protect the patient.

AuxiliAry oxyGEn FlowmEtEr. Although auxiliary oxy-
gen flowmeters are not mandatory, they are commonly 
encountered. During normal operation, the auxiliary 
flowmeter is a convenience feature that allows the use of 
low-flow oxygen for devices independent of the patient’s 
breathing circuit. Similar to the oxygen flush feature, 
oxygen flow from the flowmeter is usually accessible 
even when the machine is not turned on, because the 
flowmeter is typically fed before the pneumatic power 
switch in the intermediate-pressure section. Therefore, 
the auxiliary oxygen flowmeter can also serve as a safety 
feature because it allows the use of an oxygen delivery 
source (e.g., a manually powered self-inflating resuscita-
tion bag) even in the case of a system power failure as 
long as oxygen is available from the pipeline inlet or from 
an attached E-cylinder. The auxiliary oxygen flowmeter 
may potentially serve as gas source for a jet ventilation 
contraption; however, not all machines can generate suf-
ficient working pressure.27

The operator should be aware that the source of oxy-
gen for the auxiliary flowmeter is the same as for the other 
oxygen flow control valves (see Figs. 29-1 and 29-2). This 
is an important consideration in cases of suspected hos-
pital oxygen pipeline contamination or crossover. If the 
pipeline oxygen supply line is connected to the machine 
and the pressure is sufficient, the gas source will be the 
pipeline source even if the auxiliary oxygen tank valve is 
opened (described earlier). In a simulation experiment, 
a nitrous oxide–oxygen pipeline crossover situation was 
created whereby the inspired oxygen concentration 
became alarmingly low, and the “patient” became hypox-
emic after turning the nitrous oxide flow off. Researchers 
noted that many study participants tried to make inap-
propriate use of the auxiliary oxygen flowmeter and oxy-
gen E-cylinders on the machine as an external source of 
oxygen without disconnecting the pipeline source.29 The 
participant’s suboptimal management was attributed to a 
lack of knowledge of the anesthesia machine and its gas 
supply.

sECond-stAGE PrEssurE rEGulAtors. Many machines 
have second-stage regulators located downstream from 
the gas supply sources in the intermediate-pressure circuit 
(see Figs. 29-1 and 29-2). These regulators supply constant 
pressure to the flow control valves and the proportion-
ing system regardless of potential fluctuations in hospital 
pipeline pressures. They are adjusted to lower pressure 
levels than the pipeline supply, usually between 14 and 
35 psig, depending on the workstation.16,30-32

Low-Pressure Section
The low-pressure section of the gas supply system begins 
at the flow control valves and ends at the outlet of the 
fresh gas line (see Figs. 29-1 and 29-2). Key components 
include the flow control valves, the flowmeters or flow 
sensors, the vaporizer manifold, and the anesthetic vapor-
izers. The low-pressure section is the most vulnerable sec-
tion to leaks within the gas supply system.



FlowmEtEr AssEmbliEs. The flowmeter assembly consists 
of the flow control valves and the flowmeters, and its pur-
poses are precise control and measurement of gas flow 
traveling to the common gas outlet (Fig. 29-5). The valves 
themselves represent an important anatomic landmark 
within the anesthesia workstation because they separate 
the intermediate-pressure section from the low-pressure 
section. The operator regulates flow entering the low-
pressure circuit by adjusting the flow control valves. Flow 
control valves have historically been controlled mechani-
cally; however, on many newer workstations they are con-
trolled by electronic interface. The oxygen and nitrous 
oxide flow control valves are either linked mechanically 
or affiliated pneumatically to a proportioning system to 
help prevent inadvertent delivery of a hypoxic mixture 
involving excess nitrous oxide (see the later section on 
proportioning systems). After leaving the flowmeters, the 
mixture of gases travels through a common manifold 
and may be directed through an anesthetic vaporizer if 
selected. The total fresh gas flow and the anesthetic vapor 
then travel toward the common gas outlet.15,21

FlOw cOntrOl valveS. The flow control valve assembly 
consists of a flow control knob, a tapered needle valve, a 
valve seat, and a pair of valve stops.15 The inlet pressure 
to the assembly is determined by the pressure character-

Gas outlet
to manifold

Float stop

Tapered flow tube

Float

Float stop

Valve stops

Flow control knob
(fluted)

Needle

Oxygen inlet
(16 psig)

Valve seat

Figure 29-5. Oxygen flowmeter assembly. The oxygen flowmeter 
assembly is composed of the flow control valve assembly and the flow-
meter subassembly. See text for details. (From Bowie E, Huffman LM: 
The anesthesia machine: essentials for understanding, Madison, Wis., 
1985, Ohmeda, BOC Group.)
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istics of the intermediate-pressure segment of the respec-
tive machine. As described earlier, secondary pressure 
regulators are often used before the flow control valves to 
provide stable input pressure despite fluctuations in hos-
pital pipeline supply pressure. The location of the nee-
dle valve in the valve seat changes to establish different 
orifices when the flow control valve is adjusted. Gas flow 
increases when the flow control valve is turned coun-
terclockwise, and it decreases when the valve is turned 
clockwise. Because their use is frequent and the conse-
quences of damage are significant, the controls must be 
constructed so extremes of rotation will not cause disas-
sembly or disengagement. Some newer machines have 
a fully digital interface in which the control of flow is 
performed remote from the valve; however, even these 
workstations possess a backup manual oxygen flow con-
trol and valve flowmeter in case of system or electrical 
failure.33,34

Safety Features. Contemporary flow control valve 
assemblies have numerous safety features. The oxygen 
flow control knob must be physically distinguishable 
from the other gas knobs. It is distinctively fluted, may 
project beyond the control knobs of the other gases, and 
is larger in diameter than the flow control knobs of other 
gases. All knobs are color coded for the appropriate gas, 
and the chemical formula or name of the gas must be per-
manently marked on each knob. Flow control knobs are 
recessed or protected with a shield or barrier to minimize 
inadvertent change from a preset position. If a single gas 
has two flow tubes, the tubes are arranged in series and 
are controlled by a single flow control valve.12

FlOw tubeS. Although electronic flowmeters are becom-
ing increasingly common, calibrated flow tubes histori-
cally have been the means of measuring gas flows on the 
anesthesia workstation and are still frequently encoun-
tered. With a traditional flowmeter assembly, the flow 
control valve regulates the amount of flow that enters a 
tapered, transparent flow tube known as a variable orifice 
flowmeter. A mobile indicator float inside the calibrated 
flow tube indicates the amount of flow passing through 
the associated flow control valve. The quantity of flow 
is indicated on a scale associated with the flow tube.15,21 
Referred to as variable orifice area flow tubes or Thorpe tubes, 
these glass tubes are narrowest at the bottom and widen 
vertically. An indicator float is housed within the tube 
that is free to move vertically. Opening the flow control 
valve allows gas to travel through the space between the 
float and the flow tube. This space is known as the an-
nular space, and it varies in size depending on the posi-
tion of the indicator in the tube (Fig. 29-6). The indicator 
float hovers freely in an equilibrium position in the tube 
where the upward force resulting from gas flow equals 
the downward force on the float resulting from gravity at 
a given flow rate. The float moves to a new equilibrium 
position in the tube when flow is changed. These flow-
meters are commonly referred to as constant-pressure flow-
meters because the decrease in pressure across the float 
remains constant for all positions in the tube.15,35,36

Flow through the annular space can be laminar or 
turbulent, depending on the gas flow rate (Fig. 29-7). 
The characteristics of a gas that influence its flow rate 
through a given constriction are viscosity (laminar flow) 
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and density (turbulent flow). Because the annular space 
behaves as a tube at low flow rates, laminar flow is pres-
ent, and viscosity determines the gas flow rate. Con-
versely, at high flow rates the annular space behaves like 
an orifice with turbulent gas flow in which the density of 
the gas predominantly influences the flow. Because the 
viscosity and density of the gas affect flow through annu-
lar space around the float, the calibrated flow tubes are 

Figure 29-7. Flow tube constriction. The lower pair of illustrations 
represents the lower portion of a flow tube. The clearance between 
the head of the float and the flow tube is narrow. The equivalent chan-
nel is tubular because its diameter is less than its length. Viscosity is 
dominant in determining the gas flow rate through this tubular con-
striction. The upper pair of illustrations represents the upper portion 
of a flow tube. The equivalent channel is orificial because its length is 
less than its width. Density is dominant in determining the gas flow 
rate through this orificial constriction. (Redrawn from Macintosh R,  
Mushin WW, Epstein HG, editors: Physics for the anaesthetist, ed 3, 
Oxford, 1963, Blackwell Scientific.)
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Figure 29-6. The annular space. The clearance between the head of 
the float and the flow tube is known as the annular space. It can be 
considered equivalent to a circular channel of the same cross-sectional 
area. (Redrawn from Macintosh R, Mushin WW, Epstein HG, editors: 
Physics for the anaesthetist, ed 3, Oxford, 1963, Blackwell Scientific.)
gas specific. The tube, the float, and the scale are insepa-
rable. Although temperature and barometric pressure can 
influence gas density and viscosity, under normal clini-
cal circumstances flow tube accuracy is not significantly 
affected by mild changes in temperature or pressure.

The float or bobbin within the flow tube is usually con-
structed so that it rotates to indicate that gas is flowing 
and that the indicator is not stuck in the tube. A stop 
at the top of the flowmeter tube prevents the float from 
occluding the outlet. Two flowmeter tubes are sometimes 
placed in series, with a fine flow tube displaying low flows 
and a coarse flow tube indicating higher flows.

electrOnic FlOw SenSOrS. As mentioned earlier, newer 
anesthesia workstations are increasingly equipped with 
electronic flow sensors instead of flow tubes with either 
conventional control knobs or an electronic interface to 
control gas flow. Flows can be displayed numerically or 
sometimes graphically in the form of a virtual, digitalized 
flowmeter. Numerous types flow sensor technologies can 
be applied, such as hot-wire anemometers, a differential 
pressure transducer method, or mass flow sensors. An ex-
ample of an electronic mass flow sensor is seen in Figure 
29-8. The illustrated device relies on the principle of spe-
cific heat to measure gas flow.16 As gas streams through 
a heated chamber of known volume, a specific amount 
of electricity is required to maintain the chamber tem-
perature. The amount of energy required to maintain the 
temperature is proportional to the flow of the gas and the 
gas’s specific heat. Regardless of the mechanism of flow 
measurement, these systems depend on electrical power 
to provide a display of gas flow. When system electrical 
power is totally interrupted, some backup mechanical 
means usually exists to control (mechanical flow control) 
and display (flow tube) oxygen gas flow.

ProblEms witH FlowmEtErs

leakS. Flow tube leaks are a potential hazard because the 
flowmeters are located downstream from antihypox-
emia safety devices, except the breathing circuit oxygen 
analyzer.37 Leaks can occur at the O-ring junctions be-
tween the glass flow tubes and the metal manifold or 
from cracked or broken glass flow tubes, so these tubes 
have historically been a very fragile pneumatic compo-
nent of the workstation. Even though gross damage to 
conventional glass flow tubes is usually apparent, subtle 

Figure 29-8. Electronic mass flow sensor. Gas flows past a heated 
chamber of known volume. The amount of heat (electrical energy) 
that is required to maintain a set chamber temperature is proportional 
to the specific heat of the gas and its rate of flow through the chamber. 
Because the specific heat of the gas is relevant to the calculation, 
each gas must have its own mass flow sensor. Flow is accurately 
extrapolated from the energy required to keep the chamber at a 
constant temperature. (Modified from Yoder M: Gas supply systems. In 
Understanding modern anesthesia systems, Telford, Pa., 2009, Dräger 
Medical.)



cracks and chips may be overlooked and can cause in er-
rors in delivered flow.38 The use of electronic flowmeters 
and removal of conventional glass flow tubes from many 
modern anesthesia workstations may help eliminate this 
potential source of leaks.

In the 1960s, investigators established that in the pres-
ence of a flowmeter leak, a hypoxic mixture is less likely 
to occur if the oxygen flowmeter is located downstream 
from all other flowmeters.36,39 Figure 29-9 illustrates 
this potential problem. In the examples given in Figure 
29-9, the unused air flow tube has a large leak, and the 
nitrous oxide and oxygen flow rates are assumed to be 
set at a ratio of 3:1. A potentially dangerous arrangement 
is shown in Figure 29-9, A and B, because the nitrous 
oxide flowmeter is located in the downstream position. A 
hypoxic mixture can occur because a substantial portion 
of the oxygen flow passes through the leak in the air flow 
tube, and mainly nitrous oxide is directed to the common 
gas outlet. Safer configurations are shown in Figure 29-9, 
C and D, in which the oxygen flowmeter is located in the 
downstream position. A portion of the nitrous oxide flow 
escapes through the leak, and the remainder goes toward 
the common gas outlet. A hypoxic mixture is less likely 
because all the oxygen flow is advanced by the nitrous 
oxide (this principle is known as the Eger flow sequence). 
ASTM standards state that “where oxygen and other 
gases are delivered by their respective flow indicators into 
a common manifold, the oxygen should be delivered 
downstream of all other gases.”12

A leak in the oxygen flow tube may result in creation 
of a hypoxic mixture even when oxygen is located in the 
downstream position (Fig. 29-10).37,38 Oxygen escapes 
through the leak, and nitrous oxide continues to flow 
toward the common outlet, particularly at high ratios of 
nitrous oxide to oxygen flow.

inaccuracy. Flow measurement error can occur even 
when flowmeters are assembled properly with appropri-
ate components. Dirt or static electricity can cause a float 
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Figure 29-9. The flowmeter sequence is a potential cause of hypoxia. 
In the event of a flowmeter leak, a potentially dangerous arrange-
ment exists when nitrous oxide is located in the downstream position  
(A and B). A safer configuration exists when oxygen is located in the 
downstream position (C and D). See text for details. (Modified from 
Eger EI II, Hylton RR, Irwin RH, et al: Anesthetic flowmeter sequence: a 
cause for hypoxia, Anesthesiology 24:396, 1963.)
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to stick, and the actual flow may be higher or lower than 
that indicated. Sticking of the indicator float is more com-
mon in the low-flow ranges because the annular space is 
smaller. A damaged float can cause inaccurate readings 
because the precise relationship between the float and the 
flow tube is altered. Backpressure from the breathing cir-
cuit can cause a float to drop so that it reads less than the 
actual flow. Finally, if flowmeters are not aligned properly 
in the vertical position (plumb), readings can be inaccu-
rate because tilting distorts the annular space.15,38,40

ProPortioninG systEms. The proportioning system is prob-
ably the most important pneumatic safety component 
within the gas supply system of the machine. Manufac-
turers equip anesthesia workstations with proportioning 
systems in an attempt to prevent the creation and delivery 
of a hypoxic gas mixture. The ASTM standard states that 
the “the anesthesia workstation shall be provided with a 
device to protect against an operator selected delivery of a 
mixture of oxygen and nitrous oxide having an oxygen 
concentration below 21% oxygen (v/v%) in the fresh gas 
or in the inspiratory gas.”12 In other words, no matter 
how high the operator attempts to turn up the nitrous 
oxide, or how low the operator tries to turn down the 
oxygen flow when nitrous oxide is running, the machine 
will automatically limit the amount of nitrous oxide 
flow so that a hypoxemic gas mixture will not be deliv-
ered. This is accomplished by a pneumatic-mechanical  
interface between the oxygen and nitrous oxide flows or 
by mechanically linking the oxygen and nitrous oxide 
flow control valves. The specific devices used to accom-
plish this control vary among manufacturers in design. 
Two examples are discussed here.

nOrth american Dräger SenSitive Oxygen ratiO  
cOntrOller SyStem. The North American Dräger sensitive 
oxygen ratio controller system (SORC) is a pneumatic-
mechanical, oxygen–nitrous oxide interlock system de-
signed to maintain a ratio of no less than 25% oxygen to 
75% nitrous oxide flow into the breathing circuit by lim-
iting the nitrous oxide flow when necessary.22 The SORC 
is located between the flow control valves and the elec-
tronic flow sensors. A schematic of the SORC is shown in 
Figure 29-11. The SORC consists of an oxygen chamber 
with a diaphragm, a nitrous oxide chamber with a dia-
phragm, and a nitrous oxide proportioning valve. All are 

O2

Dräger GE/Datex-Ohmeda

AirN2O N2O O2Air

A B
Figure 29-10. An oxygen leak from the flow tube can produce a 
hypoxic mixture regardless of the arrangement of the flow tubes (A 
shows a Dräger [Dräger Medical, Telford, Pa.] system, and B shows 
a GE Healthcare/Datex-Ohmeda [Datex Ohmeda, Madison, Wis.] 
system).



PART III: Anesthetic Pharmacology764

interconnected by a mobile horizontal shaft. Pneumatic 
input into the device comes from the oxygen and nitrous 
oxide flow control valves.

As oxygen flows out of the SORC, it encounters a resis-
tor that creates backpressure. This backpressure is trans-
mitted to the oxygen chamber diaphragm, which causes 
the diaphragm to move to the right, thereby opening the 
nitrous oxide proportioning valve. As the oxygen flow is 
increased, so too is the backpressure and the rightward 
motion of the shaft. If the nitrous oxide flow is now 
turned on, it will also flow into the SORC, through the 
proportioning valve, and past its resistor to create back-
pressure that will press on the diaphragm in its respective 
chamber. The counterbalance between the two gas flows 
(backpressures) determines the positioning of the nitrous 
oxide proportioning valve.22 If the oxygen is turned down 
too low (<25% of the nitrous oxide flow), the shaft will 
move to the left and thus limit the nitrous oxide flow. If 
the operator tries to turn up the nitrous oxide too high 
relative to the oxygen flow, the SORC will limit the nitrous 
oxide flow regardless of how far the flow control valve is 
opened. If the oxygen flow is decreased to less than 200 
mL/minute, the proportioning valve will close completely 
(see Fig. 29-11, B).41
Datex-OhmeDa link-25 prOpOrtiOn-limiting cOntrOl 
SyStem. A mechanical proportioning system that remains 
in use today on many conventional and modern anes-
thesia machines is the GE/Datex-Ohmeda Link-25 system 
(Datex-Ohmeda, Madison, Wis.). The system is based on 
a mechanical integration of the nitrous oxide and oxy-
gen flow control valves and a difference in the taper of 
the needles of the oxygen and nitrous oxide flow control 
valves. It allows independent adjustment of either valve, 
yet it automatically intercedes to maintain a minimum 
oxygen concentration with a maximum nitrous oxide–
oxygen flow ratio of 3:1. The Link-25 automatically  
increases oxygen flow when then nitrous oxide flow is 
increased to more than a certain point relative to oxygen 
flow to prevent delivery of a hypoxic mixture.

Figure 29-12 illustrates the Link-25 system. A 15-tooth 
sprocket is attached to the nitrous oxide flow control 
valve, and a 29-tooth sprocket is attached to the oxygen 
flow control valve. A chain physically links the sprock-
ets. When the nitrous oxide flow control valve is turned 
through two revolutions, or 28 teeth, the oxygen flow 
control valve will revolve once because of the 2:1 gear 
ratio (see Fig. 29-12, A). The final 3:1 flow ratio results 
because the flow control valve needle for nitrous oxide 
Figure 29-11. North American Dräger 
sensitive oxygen ratio controller system 
(SORC) (Dräger Medical, Telford, Pa.). The 
SORC is a pneumatic-mechanical inter-
lock system designed to maintain a ratio 
of no less than 25%/75% nitrous oxide 
regardless of operator input. A, Main com-
ponents. Differential oxygen and nitrous 
oxide flows and the resultant chamber 
backpressures determine the position of 
the nitrous oxide proportioning valve. See 
text for details. B, Complete closure of the 
proportioning valve when the oxygen flow 
is decreased to less than 200 mL/minute. 
(Modified from Yoder M: Gas supply systems. 
In Understanding modern anesthesia sys-
tems, Telford, Pa., 2009, Dräger Medical.)
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Figure 29-12. GE/Datex-Ohmeda Link-25 nitrous oxide: oxy-
gen proportioning system. The system prevents the operator 
from selecting more than a 75% nitrous oxide–25% oxygen 
(3:1) mixture by two separate but interdependent means. A, 
Mechanical linkage of the control valves maintains no more than 
a 2:1 ratio. B, A faster taper of the nitrous oxide valve needle 
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through the oxygen valve per turn, thus resulting in the maximal 
3:1 ratio. A stable and equal pressure supply to the valves is pro-
vided by the secondary pressure regulator for oxygen and a bal-
ance regulator for nitrous oxide. See text for additional details. 
(Personal communication, GE Healthcare, Little Chalfont, United 
Kingdom, 28 February, 2013.)
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has a faster taper than does the oxygen valve needle 
(see Fig. 29-12, B). This situation results in more nitrous 
oxide flow per turn relative to flow through the oxygen 
valve per turn. Earlier versions of the system relied on 
a differential supply pressure to the valves rather than 
different needle tapers. With the current version, the 
pressure supplied to the valves is equal. Oxygen is sup-
plied by a secondary regulator at 30 psig, and nitrous 
oxide is supplied by a balance regulator that is piloted 
by the oxygen supply pressure (see Fig. 29-1). If the oxy-
gen pressure were to decrease, the nitrous oxide pres-
sure would decrease by an equal amount. In this way, 
the balance regulator is also acting as a fail-safe valve. 
The Link-25 proportioning system can be thought of as 
a system that increases oxygen flow when necessary to 
prevent delivery of a fresh gas mixture with an oxygen 
concentration of less than 25%. In contrast, pneumatic 
systems such as the SORC work by limiting nitrous 
oxide flow.

limitatiOnS. Proportioning systems are not immune 
from failure, and workstations equipped with propor-
tioning systems can still deliver a hypoxic mixture under 
certain conditions. The following sections briefly present 
some situations in which this can occur.

Proportioning System Malfunction. Reports of propor-
tioning system malfunction have described failures that 
resulted in an inability to administer oxygen without 
nitrous oxide or to increase oxygen flow or allowed cre-
ation of a hypoxic mixture.42-46

Wrong Supply Gas. Both mechanical and pneumatic 
proportioning systems can be defeated if a gas other than 
oxygen is present in the oxygen pipeline. If the pressure 
in the oxygen circuit is adequate, then the only device 
that will save the patient from experiencing a hypoxemic 
gas mixture is the oxygen analyzer within the patient’s 
breathing circuit.

Leaks Downstream. Proportioning systems function at 
the level of the flow control valves. A leak downstream 
from these devices, such as a broken oxygen flow tube 
(see Fig. 29-10), can result in delivery of a hypoxic mix-
ture to the common gas outlet. In this situation, oxy-
gen escapes through the leak, and the predominant gas 
delivered is nitrous oxide. The inspired oxygen monitor 
is the only machine safety device that can detect this 
problem.

Dilution of Inspired Oxygen Concentration by Volatile 
Inhaled Anesthetic Agents. Volatile inhaled anesthetic 
agents are added to the mixed gases downstream from 
both the flowmeters and the proportioning system. 
Concentrations of less potent inhaled anesthetic agents 
such as desflurane may account for a larger percentage 
of the total fresh gas composition than is the case with 
more potent agents. This situation can be seen when the 
maximum vaporizer dial settings of the various volatile 
agents are examined (e.g., a desflurane maximum dial 
setting of 18% versus an isoflurane maximum dial set-
ting of 5%). Because significant percentages of these 
inhaled anesthetic agents may be added downstream of 
the proportioning system, the resulting gas-vapor mix-
ture may contain an inspired oxygen concentration less 
than 21% despite a functional proportioning system. The 
anesthesia care provider must be aware of this possibility, 
Chapter 29: Inhaled Anesthetics: Delivery Systems 765

particularly when high concentrations of less potent vol-
atile inhaled anesthetic agents are used.

VAPorizEr mount And intErloCk systEm

vapOrizer mOunting SyStemS. Modern vaporizer mounts 
allow for detachment and replacement of the anesthetic 
vaporizers by the workstation operator. The benefits of 
detachable vaporizer mountings include ease of main-
tenance, the need for fewer vaporizer positions on the 
workstation, and the ability to remove the vaporizer in 
the setting of malignant hyperthermia.47 The problems 
associated with detachable mounting systems stem from 
an increased potential for low-pressure systems leaks or 
fresh gas flow obstruction as a result of an inappropriately 
seated vaporizer or other connection-related failures.47-51 
After adding a vaporizer to the anesthesia machine, the 
operator should make sure it is properly and securely 
seated and cannot be removed once locked. The opera-
tor should then perform a low-pressure system leak test.47 
With all but the Datex-Ohmeda Anesthesia Delivery Unit 
(ADU) vaporizer and the Maquet (Maquet Critical Care, 
Solna, Sweden) vaporizer, the operator will need to turn 
the vaporizer on to test it for a leak.

vapOrizer interlOck DeviceS. All anesthesia worksta-
tions must prevent fresh gas from flowing through more 
than one vaporizer at time.12 The design of vaporizer in-
terlock devices varies significantly. Operators should be 
aware that these devices are not immune from to failure, 
and anesthetic overdose is the potential consequence.52-55

outlEt CHECk VAlVE. Many older Datex-Ohmeda anes-
thesia machines and a few contemporary workstations 
(e.g., GE/Datex-Ohmeda Aestiva and Aespire) have a one-
way check valve located between the vaporizer and the 
common gas outlet in the mixed-gas pipeline (see Fig. 
29-1). The purpose of this valve is to prevent backflow 
into the vaporizer during positive-pressure ventilation, 
thereby minimizing the effects of intermittent fluctua-
tions in downstream pressure on the concentration of 
inhaled anesthetic (see the discussion of intermittent 
backpressure in the section on vaporizers). The presence 
or absence of this check valve historically influenced 
which manual preoperative leak test of the low-pressure 
system was indicated because it precluded positive-pres-
sure tests to detect for leaks upstream of the valve (see the 
section on checking anesthesia workstations).

ANESTHETIC VAPORIZERS

In 1846, William T. G. Morton performed the first public 
demonstration of ether anesthesia using an ingenious, yet 
simple inhaler (Fig. 29-13).56-58 Although the device was 
effective in delivering anesthetic vapor, Morton’s ether 
inhaler had no means of regulating its output concentra-
tion or compensating for changes in temperature caused 
by vaporization of the liquid anesthetic and the ambient 
environment. These two issues were central to the subse-
quent development and evolution of modern anesthetic 
vaporizers. Modern variable bypass–type vaporizers are 
temperature compensated and can maintain desired out-
puts accurately over a wide range input gas flow rates. In 
1993, with the introduction of desflurane to the clinical 
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setting, a unique and even more sophisticated vaporizer 
was introduced to handle the unique physical properties 
of this agent. Vaporizers blending both old technology 
and new computerized control technology also emerged 
in “cassette” vaporizer systems. An injection-type vaporizer 
has also been reintroduced. This vaporizer sprays precise 

Figure 29-13. Morton’s ether inhaler: A replica of the inhaler used 
by William T.G. Morton during his public demonstration of ether 
anesthesia in October of 1846 at Massachusetts General Hospital in 
Boston. (Courtesy the Wood Library–Museum of Anesthesiology, Park 
Ridge, Ill.)
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100% O2 (v/v%)
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592.6 mm Hg N2
78% N2 (v/v%)

7.6 mm Hg other
1% other (v/v%)

A B

Figure 29-14. Partial pressures. A, Theoretical chamber containing 
100% oxygen by volume at ambient pressure, which in this case is 
1 atm (760 mm Hg). The oxygen molecules within the container 
account for the entirety of the wall tension. Ptotal = Poxygen = 760 mm 
Hg. B, Pure oxygen is replaced with air, and now the sum of the 
nitrogen, oxygen, and the other molecules present in air accounts for 
the wall tension. Ptotal = Poxygen + Pnitrogen + Pother = 760 mm. See text 
for more details.
amounts of liquid anesthetic agent into the fresh gas 
stream. Before discussing any of these systems, certain 
physical principles are briefly reviewed to facilitate an 
understanding of the operating principles, construction, 
and design of contemporary anesthetic vaporizers.

Physics
dAlton’s lAw oF PArtiAl PrEssurEs. When a gas exists 
within a container, the gas molecules bombard the con-
tainer walls and create a pressure that is proportional to 
the number of molecules of gas present within the space. 
The units usually used to express this pressure when 
describing the anesthetic breathing gases are millimeters 
of mercury (mm Hg) or kilopascals (kPa). In Figure 29-14, 
A, oxygen fills a theoretical container that is open to the 
ambient environment through a very small hole. The 
pressure in the container is equal to the ambient pressure, 
which in this case is 760 mm Hg. The oxygen molecules 
create all the wall tension within the space. In Figure 
29-14, B, the container has now been filled with air, and 
the sum of the oxygen and nitrogen molecules creates the 
wall tension. If the container were to be sealed and only 
the oxygen molecules were removed, the pressure in the 
container would become subatmospheric, represented 
only by the pressure created by the nitrogen molecules 
(≈593 mm Hg). When a mixture of gases exists in a space 
such as the example container, each gas creates its own 
pressure, which is the same pressure as if it occupied the 
container alone (Dalton’s law of partial pressures).59 The 
individual gas tensions exerted by each of the constituent 
gases are referred to as partial pressures.

 Pressuretotal = P1 + P2 + P3 + … 

In the context of describing the breathing gases in 
anesthesiology, the sum total of the partial pressures of 
the constituent gases is equal to the ambient or atmo-
spheric pressure. At sea level, the ambient pressure is 760 
mm Hg, which can also be expressed as 1 atm or 101.325 
kPa.

EVAPorAtion And VAPor PrEssurE. Inhaled anesthetic 
agents are termed volatile because, like other volatile liq-
uids, they possess a high propensity to evaporate, or vapor-
ize. When a liquid such as an inhaled anesthetic agent is 
exposed to air or other gases, molecules at the fluid sur-
face that have sufficient energy escape from the liquid 
phase and enter the vapor phase. This process is known 
as evaporation, which is purely a surface phenomenon. If 
this process occurs within a contained environment, such 
as the vaporizing chamber of a variable bypass anesthetic 
vaporizer, the number of molecules entering the vapor 
phase will eventually equal those returning to the liquid 
phase (Fig. 29-15). The concentration of molecules in the 
vapor then remains constant, and the vapor is said to be 
“saturated” with anesthetic. At this point of evaporative 
equilibrium, the anesthetic molecules in the vapor phase 
are bombarding the walls of the container and creating a 
partial pressure known as the saturated vapor pressure, or 
simply vapor pressure. Substances with a high propensity 
to evaporate generate higher vapor pressures.

Vapor pressure is a physical property of a substance, 
with each substance having its own unique value at any 



given temperature (Fig. 29-16). Vapor pressure is temper-
ature dependent and is not affected by changes in atmo-
spheric pressure.60 As illustrated in Figure 29-17, if the 
temperature of a liquid, such the anesthetic agent isoflu-
rane, is decreased, evaporation is diminished because fewer 
molecules possess the energy to enter the vapor phase. 
Conversely, if the liquid temperature increases, evapora-
tion is enhanced, and vapor pressure increases. Although 
ambient temperatures can alter liquid anesthetic vapor 

760 mm Hg O2
100% O2 (v/v%)

522 mm Hg O2
69% O2 (v/v%)

238 mm Hg isoflurane
31% isoflurane (v/v%)

A B

Figure 29-15. Evaporation (vaporization) and vapor pressure. A, 
Theoretical chamber containing 100% oxygen at 1 atm (760 mm Hg). 
The oxygen molecules within the container account for the entirety of 
the wall tension. Ptotal = Poxygen = 760 mm Hg. B, Isoflurane is added 
to the container, and the temperature is maintained at 20° C (68° F). 
Evaporation commences, and isoflurane molecules begin to displace 
oxygen molecules out of the container. Once as many isoflurane 
molecules reenter the solution as leave it, the gas space above the 
liquid is said to be “saturated” with the vapor. The partial pressure 
of the isoflurane at this point is called the saturated vapor pressure 
(SVP), which at this temperature equals 238 mm Hg. Ptotal = Poxygen + 
Pisoflurane = 760 mm.
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Figure 29-16. Vapor pressure–versus-temperature curves for desflu-
rane, isoflurane, halothane, enflurane, sevoflurane, and water. Note 
that the vapor pressure curve for desflurane differs dramatically from 
that of the other contemporary inhaled anesthetic agents. Also note 
how the vapor pressure curves of the volatile agents compare with 
that of water (From inhaled anesthetic package insert equations and 
Susay SR, Smith MA, Lockwood GG: The saturated vapor pressure of des-
flurane at various temperatures, Anesth Analg 83:864-866, 1996.)
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pressure, the cooling influence of evaporation has a far 
more pronounced and dynamic effect. The impact of evap-
orative temperature change on vaporizer and anesthetic 
inhaler output has been recognized since the mid-1800s, 
and addressing this phenomenon has been one of principal 
factors in the evolutionary design of anesthetic vaporizers.

Because vapor pressure values are unique to each liq-
uid anesthetic agent, anesthetic vaporizers must be con-
structed in an agent-specific manner. If agent-specific 
vaporizers are inadvertently misfilled with incorrect liquid 
anesthetic agents, the resulting mixtures of volatile agents 
may demonstrate properties uniquely different from those 
of the individual component agents. The altered vapor 
pressure and other physical properties of the resulting 
azeotropic mixtures caused by combining various agents 
may change the output of the anesthetic vaporizer (see the 
discussion of misfilling in the section on variable bypass 
vaporizers).61,62

ExPrEssinG GAs ConCEntrAtions And minimum AlVEolAr 
ConCEntrAtion. When describing the proportion of a sin-
gle gas in a sample containing a mixture of gases, we can 
refer to the individual gas in terms of its partial pressure 
(mm Hg) or by its percentage by volume relative to the 
sum volume of the all the gases present, which is known 
as volume percent or volume-volume percent (v/v%)63:

 Volume percent = Volume of gas x

Total gas volume
 

The volume that a gas occupies at a given tempera-
ture and pressure is related to the number of molecules 
of gas present, not the size (type) of the molecules;  

610 mm Hg O2
80% O2 (v/v%)

150 mm Hg isoflurane
20% isoflurane (v/v%)

522 mm Hg O2
69% O2 (v/v%)

238 mm Hg isoflurane
31% isoflurane (v/v%)

P total = P oxygen + P isoflurane = 760 mm Hg

20° C (68° F) 10° C (50° F)

A B

Figure 29-17. The impact of temperature on vapor pressure. 
A, Chamber containing oxygen and isoflurane at its SVP at 20° C  
(68° F). At evaporative equilibrium, the SVP of isoflurane in the 
container represents 31% of the entire gas composition by volume 
(v/v%). B, Decreasing the temperature by 10° C (16° F) to 10° C (50° 
F) substantially decreases the isoflurane vapor pressure to 150 mm Hg 
and causes isoflurane to represent only 20% of the entire gas volume 
(v/v%). This example assumes that some oxygen can enter the con-
tainer to replace the liquefied isoflurane molecules.
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this is know as the Avogadro Hypothesis. Therefore, 
because partial pressure is directly proportional to the 
number of molecules of a gas that are present in the sam-
ple, we can also use partial pressure as a means to calcu-
late the volume percent of any constituent gas64:

 Volume percent = Partial pressure of a gas (mm Hg)

Atmospheric pressure (mm Hg)
 

Using air at sea level as an example:

Partial pressures
  

 
760 mm Hg ≈ 160 mm Hg oxygen + 592 mm Hg

nitrogen + 8 mm Hg other gases  

Volume percent (v/v%)
  

 
100% air ≈ 21 % oxygen + 78% nitrogen

+ 1% other gases  

When anesthesiologists describe inhaled and exhaled 
anesthetic concentrations, they typically do so using vol-
ume percent. All anesthesiology practitioners understand 
the meaning of 1% isoflurane, but providing the value as 
7.6 mm Hg isoflurane (the same amount at sea level) is 
typically out of context:

 1% isoflurane = 7.6 mm Hg isoflurane

760 mm Hg (sea level)
 

The amount of oxygen and nitrous oxide in the breath-
ing gas is also typically described in terms of volume percent. 
However, breathing gas carbon dioxide content (e.g., Etco2) 
is usually displayed as a partial pressure (mm Hg). This was 
probably adopted because of the relatively close correlation 
between Etco2 and Paco2, and the latter's common expres-
sion as a partial pressure. Figure 29-18 illustrates a theoreti-
cal composition of the breathing gases during anesthesia in 
terms of concentration (v/v%) and partial pressures.

The minimum alveolar concentration (MAC) is described 
in terms of volume percent. MAC is the concentration of 
anesthetic that prevents movement from surgical stimulus 
in 50% of individuals.65 MAC is an age-dependent phe-
nomenon, and it can also be affected by other variables. 
MAC is a clinically useful value given that vaporizer con-
trol knobs are marked and calibrated in terms of anesthetic 
concentration. However, it is actually the anesthetic par-
tial pressure (mm Hg) value in the brain that is respon-
sible for anesthetic depth. MAC is simply an expression 
of gas concentration (v/v%), with the denominator being 
the barometric pressure where the MAC experiment was 
conducted (typically at sea level). The corresponding par-
tial pressure for each MAC value is known as the minimal 
alveolar partial pressure (MAPP), as listed in Table 29-1.66 
When discussing anesthetic vaporizers, it is useful to think 
about their output in terms of partial pressure and how it 
relates to volume percent and MAC, especially when con-
sidering changes in ambient pressure. The impact of baro-
metric pressure on vaporizer output is discussed later.

lAtEnt HEAt oF VAPorizAtion. When a molecule of liq-
uid evaporates into the gaseous phase, energy is required 
because the molecules of a liquid are cohered. The amount 
of energy that is consumed by a specific liquid when it is 
converting to a vapor is referred to as the latent heat of 
vaporization. It is more precisely defined as the number of 
calories required to change 1 g of liquid into vapor with-
out a change in temperature. The energy for vaporization 
must come from the liquid itself, and in the absence of 
an outside energy source the temperature of the liquid 
decreases during vaporization. This energy loss can lead to 
significant decreases in temperature within the remaining 
liquid, which will reduce vapor pressure and subsequent 
vaporization.47,60,67 Unless the evaporative cooling effect 
of the liquid anesthetic agent is mitigated and compen-
sated for, vaporizer output will decrease.

boilinG Point. The boiling point of a liquid is defined as the 
temperature at which vapor pressure equals atmospheric 
pressure and the liquid begins to boil.47,67 In Table 29-1, 
note the boiling points for the various anesthetic agents 
at 1 atm. Desflurane boils at 22.8° C, and the other four 
inhaled anesthetic agents boil at between 45° C and 60° 
C. Whereas evaporation is a surface phenomenon, boiling 
occurs throughout the body of the liquid. Unlike vapor 
pressure, the boiling point is directly proportional to 
atmospheric pressure. A liquid’s boiling point is inversely 
related to its volatility. The lower the boiling point, the 
more likely a liquid is to vaporize. For comparison, the 
boiling point for water at sea level is 100° C (212° F), far 
in excess of the boiling point of the volatile anesthetic 
agents.

In reviewing the boiling points of contemporary vola-
tile anesthetic agents, it becomes clear that under most 
clinical situations, the boiling point is not a functional 
issue. Desflurane, however, boils at 22.8° C (73° F), which 
is a temperature encountered in clinical settings. This 
unique physical characteristic, along with its high satu-
rated vapor pressure, mandates a special vaporizer design 
to control the delivery of this agent (see the section on 
the desflurane vaporizer). Isoflurane and halothane could 
theoretically boil at high altitudes and very high tem-
peratures. At least one manufacturer lowers its vaporizer’s 
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Figure 29-18. Common units of measure for breathing circuit gases: 
theoretical values for an oxygen-nitrous oxide-sevoflurane anesthetic. 
Anesthetic agent, oxygen, and nitrous oxide concentrations are typi-
cally expressed in volume percent (v/v%). Carbon dioxide is com-
monly described as a partial pressure (mm Hg).



Chapter 29: Inhaled Anesthetics: Delivery Systems 769

TABLE 29-1 PHYSICAL PROPERTIES OF INHALED VOLATILE ANESTHETIC AGENTS

Property Halothane Isoflurane Sevoflurane Desflurane

SVP* @ 20° C (mm Hg) 243 238 157 669
SVC† @ 20° C at 1 atm‡ (v/v%) 32 31 21 88
MAC§ at age 40 yr (v/v%) 0.75 1.2 1.9 6.0
MAPP¶ (mm Hg) 5.7 9.1 14.4 45.6
Boiling Point @1 atm (° C) 50.2 (122.4° F) 48.5 (119.3° F) 58.6 (137.3° F) 22.8 (73° F)

v/v%, Volume percent.
*SVP, Saturated vapor pressure. From anesthetic prescribing information.
†SVC, Saturated vapor concentration: the percentage of anesthetic agent relative to ambient pressure within an equilibrated (saturated) container (SVP/

ambient pressure).
‡1 atm, 1 atmosphere = ambient pressure at sea level (760 mm Hg).
§MAC, Minimum alveolar concentration: the alveolar concentration that produces immobility in response to a noxious stimulus in 50% of subjects.65 The 

denominator is approximately sea level pressure (760 mm Hg).
¶MAPP, Minimum alveolar partial pressure. The alveolar partial pressure that produces immobility in response to a noxious stimulus in 50% of subjects (the 

numerator in the MAC calculation).66 Not affected by altitude. Calculated as MAC (fraction) × 760 mm Hg (i.e., for isoflurane = 0.012 × 760 mm Hg).
maximum temperature operating range for these anes-
thetic agents.68

sPECiFiC HEAt. The specific heat of a substance is the 
number of calories required to increase the tempera-
ture of 1 g of a substance by 1° C.47,67 The concept of 
specific heat is important to the design, operation, and 
construction of vaporizers because it is applicable in two 
ways. First, the specific heat for an inhaled anesthetic 
agent is important because it indicates how much heat 
must be supplied to the liquid to maintain a constant 
temperature when heat is being lost during vaporiza-
tion. Second, manufacturers select vaporizer compo-
nent materials that have high specific heat because these 
materials better resist temperature changes associated 
with vaporization.

tHErmAl ConduCtiVity. Thermal conductivity is a mea-
sure of the speed at which heat flows through a substance. 
The higher the thermal conductivity, the better the sub-
stance will conduct heat.47 Vaporizers are constructed of 
metals that have relatively high thermal conductivity, 
which helps them maintain a uniform internal tempera-
ture during evaporation by allowing them to absorb envi-
ronmental heat more effectively.

Modern Vaporizer Types
Generic vaporizer nomenclature can be somewhat con-
fusing, especially if the historical context of vaporizer, 
workstation, and breathing circuit evolution is not con-
sidered. Vaporizers are first designated as in-circuit or 
out-of-circuit, which describes their relationship to the 
patient’s breathing circuit. Virtually all modern vaporiz-
ers are located outside the patient’s breathing circuit, and 
their controlled output is introduced into the breathing 
circuit through a fresh gas line. In-circuit vaporizers are 
found mainly within the so-called draw-over anesthesia 
systems, which are of great historical significance in anes-
thesiology and are still used in some settings.

The second designation involves the specific types of 
vaporizers, and these currently include the variable bypass 
vaporizer, the dual-circuit vaporizer (e.g., classic desflurane 
vaporizer), the cassette vaporizer (e.g., Datex-Ohmeda 
Aladin cassette), the injection vaporizer (e.g., the Maquet 
vaporizer), and the now historical measured-flow vaporizer 
(e.g., Copper Kettle). Variable bypass vaporizers can be 
subcategorized as plenum type, which are located out of 
the breathing circuit and have relatively high internal 
flow resistance, or draw-over type, which are located within 
the breathing circuit (in-circuit) and have low internal 
resistance. Within most modern clinical settings, variable 
bypass vaporizers are plenum type and are located out of 
the breathing circuit, like those seen in Figures 29-1 and 
29-2. Draw-over–type variable bypass vaporizers are used 
with draw-over anesthesia circuits, which are very uncom-
mon today. Variable bypass vaporizers are associated with 
some additional designations such as agent-specific, flow-
over, temperature-compensated, and pressure-compensated, 
which are discussed later.

VAriAblE byPAss VAPorizErs. When volatile anesthetic 
agents evaporate, their resultant saturated gas concentra-
tions greatly exceed those used clinically, so these con-
centrations must be diluted to safe ranges (Table 29-1). 
Variable bypass refers to the method of carefully regulating 
the concentration of vaporizer output by diluting gas fully 
saturated with anesthetic agent with a larger flow of gas. A 
diagram of a variable bypass vaporizer is shown in Figure 
29-19, A. Basic vaporizer components include a vaporizer 
inlet port (fresh gas inlet), the concentration control dial, 
the bypass chamber, the vaporizing chamber, the vapor-
izer outlet port, and the filling assembly. The maximum 
safe level of the vaporizer corresponds to the filling port, 
which is situated to minimize the chance of overfilling. A 
concentration control dial determines the ratio of gas that 
flows through the bypass chamber and the vaporizing 
chamber, and a temperature-compensating device further 
adjusts that ratio. Vaporizer concentration control dials 
are labeled to set vaporizer output in terms of volume per-
cent (v/v%), and the vaporizers are calibrated at sea level.

Figure 29-20 illustrates volatile anesthetic equilibrium 
concentrations within a theoretical vaporizing chamber of 
a variable bypass vaporizer. As can be seen, the anesthetic 
concentration within the chamber (21% sevoflurane) 
far exceeds the clinical concentration. Figure 29-20 also 
depicts the volume of anesthetic vapor that is added to 
the gas stream as it flows through the chamber. Although 
this example and others in the chapter imply that the 
gas flowing through the vaporizing chamber becomes 
fully saturated with anesthetic vapor, this is actually not 
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