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Ke y Points
 9 Most drugs bring about a pharmacologic effect by binding to a 

specific receptor that brings about a change in cellular function 
to produce the pharmacologic effect.

 10 Although most pharmacologic effects can be characterized by 
both dose-response curves and concentration-response curves, 
the dose-response curves are unable to determine whether 
variations in pharmacologic response are caused by differences 
in pharmacokinetics, pharmacodynamics, or both.

 11 Integrated pharmacokinetic–pharmacodynamic models allow 
temporal characterization of the relationship between dose, 
plasma concentration, and pharmacologic effect.

 12 In vitro drug–drug interactions due to pharmacological 
(physiochemical) properties of drugs can significantly alter 
drug bioavailability and produce unintended toxic byproducts.

 13 Novel approaches to antagonizing neuromuscular blockade 
have been developed that take advantage of in vivo 
physiochemical drug–drug interactions, thereby avoiding 
some of the systemic side effects associated with inhibition of 
plasma acetylcholinesterase.

 14 Distribution clearance is influenced by changes in cardiac 
output and regional blood flow.

 15 Inhibition of CYP isozyme activity can make it difficult to 
achieve adequate analgesia when using opioids, such as codeine 
and tramadol, that require CYP 2D6 activity for conversion to 
the biologically active opioid.

 16 Serotonin syndrome can be precipitated by a wide array of drugs 
that are associated with serotonergic activity, including selective 
serotonin reuptake inhibitors (SSRIs), serotonin–norepinephrine 
reuptake inhibitors (SNRIs), and phenylpiperidine opioids.

 1 Most drugs must pass through cell membranes to reach their sites 
of action. Consequently, drugs tend to be relatively lipophilic, 
rather than hydrophilic.

 2 The highly lipophilic anesthetic drugs have a rapid onset of 
action because they rapidly diffuse into the highly perfused 
brain tissue. They have a very short duration of action because 
of redistribution of drug from the CNS to the blood.

 3 The cytochrome P450 (CYP) superfamily is the most important 
group of enzymes involved in drug metabolism. The CYP 
family, along with other drug-metabolizing enzymes exhibit 
genetic polymorphisms.

 4 The kidneys eliminate hydrophilic drugs and relatively 
hydrophilic metabolites of lipophilic drugs. Renal elimination 
of lipophilic compounds is negligible.

 5 The liver is the most important organ for metabolism of drugs. 
Hepatic drug clearance depends on three factors: The intrinsic 
ability of the liver to metabolize a drug, hepatic blood flow, and 
the extent of binding of the drug to blood components.

 6 The volume of distribution quantifies the extent of drug 
distribution. The greater the affinity of tissues for a drug relative 
to blood, the greater its volume of distribution (i.e., lipophilic 
drugs have greater volumes of distribution).

 7 Elimination clearance is the parameter that characterizes the 
ability of drug-eliminating organs to irreversibly remove drugs 
from the body. The efficiency of the body to remove drug from 
the body is proportional to the elimination clearance.

 8 All else being equal, an increase in the volume of distribution of 
a drug will increase its elimination half-life; while an increase 
in elimination clearance will decrease elimination half-life.
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 17 Simulations of multicompartmental pharmacokinetic models 
that describe intravenous anesthetics demonstrate that for 
most anesthetic dosing regimens, the distribution of drug 
from the plasma to the inert peripheral tissues has a greater 
influence on the plasma concentration profile of the drug than 
the elimination of drug from the body.

 18 Target-controlled infusions are achieved with computer-
controlled infusion pumps worldwide (not yet FDA-approved 
in the United States), and permit clinicians to make use of the 
drug concentration–effect relationship, optimally accounting 
for pharmacokinetics, and predicting the offset of drug effect.

 19 Classic pharmacokinetic models inaccurately describe the 
initial several minutes of drug distribution that occur during 
the time of drug onset, and therefore, overestimate the 
interindividual pharmacodynamic variability.

 20 By understanding the interactions between the opioids and 
the sedative-hypnotics (e.g., response surface models), it is 
possible to select target concentration pairs of the two drugs 
that produce the desired clinical effect, while minimizing 
unwanted side effects associated with high concentrations of a 
single drug.

Mult imedia
 1 Dose Response Relationships  2 Drug Concentration and Effect

In 1943, Halford labeled thiopental as “an ideal method of eutha-
nasia” for war surgical patients and pronounced that “open-drop 
ether still retains primacy!”1 Based on this recount of the experi-
ence with thiopental at Pearl Harbor, it is impressive that cooler 
heads prevailed—Adams and Gray detailed a case of a civilian 
gunshot wound where they carefully titrated incremental doses 
of thiopental without any adverse respiratory or cardiovascu-
lar events.2 To highlight the importance of the quiet case report 
versus the animated condemnation of intravenous anesthesia 
for patients with hemorrhagic shock, an anonymous editorial 
appeared in the same issue of Anesthesiology that attempted to 
give some scientific justification for the discrepancy in opinions.3 
As the editorial detailed, thiopental had a small therapeutic index 
and that the tolerance to normal doses was decreased in extreme 
physical conditions (e.g., blood loss, sepsis). Therefore, just like 
with open-drop ether, small doses of thiopental should be titrated 
to achieve the desired effects and avoid side effects associated with 
overdose. Fortunately, the anesthesia community did not simply 
abandon the use of thiopental, and in 1960, Price utilized math-
ematical models in order to describe the effects of hypovolemia 
on thiopental distribution.4

Anesthetic drugs are administered with the goal of rapidly 
establishing and maintaining a therapeutic effect while minimizing 
undesired side effects. Although open-drop ether and chloroform 
were administered using knowledge of a dose-effect relationship, 
the more potent volatile agents, along with the intravenous hyp-
notics, neuromuscular junction blocking agents, and intravenous 
opioids, all require a sound knowledge of pharmacokinetics and 
pharmacodynamics in order to accurately achieve the desired 
pharmacologic effect for the desired period of time without any 
drug toxicity.

This chapter attempts to guide the reader through the fun-
damental knowledge of what the body does to a drug (i.e., 
pharmacokinetics) and what a drug does to the body (i.e., phar-
macodynamics). The initial section of this chapter discusses the 
biologic and pharmacologic factors that influence the absorption, 
distribution, and elimination of a drug from the body. Where 
necessary, quantitative analyses of these processes are discussed to 
give readers insight into the intricacies of pharmacokinetics that 
cannot be easily described by text alone. The second section con-
centrates on the factors that determine the relationship between 
drug concentration and pharmacologic effect. Once again, math-
ematical models are presented as needed in order to clarify phar-
macodynamic concepts. The third section applies the knowledge 

from the first two sections in order to describe the clinically 
important drug–drug interactions that are encountered in the 
perioperative period. The final section builds on the reader’s 
knowledge gained from the first two sections to apply the prin-
ciples of pharmacokinetics and pharmacodynamics to determine 
the target concentration of intravenous anesthetics required and 
the dosing strategies necessary to produce an adequate anesthetic 
state. Understanding these concepts should allow the reader to 
integrate the anesthetic drugs of the future into a rational anes-
thetic regimen. Although specific drugs are utilized to illustrate 
pharmacokinetic and pharmacodynamic principles throughout 
this chapter, detailed pharmacologic information of anesthetic 
pharmacopeia are presented in subsequent chapters of this book.

pHARMACOKINETIC pRINCIpLES

Drug Absorption and routes  
of Administration

Transfer of Drugs across Membranes

For even the simplest drug that is directly administered into the 
blood to exert its action, it must move across at least one cell 
membrane to its site of action. Because biologic membranes are 
lipid bilayers composed of a lipophilic core sandwiched between 
two hydrophilic layers, only small lipophilic drugs can passively 
diffuse across the membrane down its concentration gradient. 
For water-soluble drugs to passively diffuse across the membrane 
down its concentration gradient, transmembrane proteins that 
form a hydrophilic channel are required. Because of the abun-
dance of these nonspecific hydrophilic channels in the capillary 
endothelium of all organs except for the central nervous system 
(CNS), where the blood–brain barrier capillary endothelial cells 
have very limited numbers of transmembrane hydrophilic chan-
nels, passive transport of drugs from the intravascular space into 
the interstitium of various organs is limited by blood flow, not by 
the lipid solubility of the drug.5

Hydrophilic drugs can only enter the CNS after binding to 
drug specific transmembrane proteins that actively transport the 
hydrophilic drug across the capillary endothelium into the CNS 
interstitium. When these transmembrane carrier proteins require 
energy to transport the drug across the membrane, they are able  

1



158 SECTION II Scientific Foundations of Anesthesia

to shuttle proteins against their concentration gradients, a process 
called active transport. In contrast, when these carrier proteins do 
not require energy to shuttle drugs, they cannot overcome con-
centration gradients, a process called facilitated diffusion. There-
fore, active transport is not limited to the CNS, but is also found 
in the organs related to drug elimination (e.g., hepatocytes, renal 
tubular cells, pulmonary capillary endothelium), where the ability 
to transport drugs against the concentration gradient has specific 
biologic advantages. Both active transport and facilitated diffusion 
of drugs are saturable processes that are only limited by the num-
ber of carrier proteins available to shuttle a specific drug.5

For lipophilic compounds transporters are not needed for the 
drug to diffuse across the capillary wall into tissues, but the pres-
ence of transporters does affect the concentration gradients that 
exist. For instance, some lipophilic drugs are transported out of 
tissues by ATP-dependent transporters such as p-glycoprotein 
(P-gp). The lipophilic potent µ-opioid agonist, loperamide, used 
for the treatment of diarrhea, has limited bioavailability because 
of P-gp transporters at the intestine-portal capillary interface and 
then what does reach the circulation has its CNS penetrance lim-
ited by P-gp at the blood–brain barrier.6 Conversely, lipophilic 
compounds can be transported into tissues, increasing the tissue 
concentration of the drug beyond what would be accomplished 
by passive diffusion. The class of transporters called organic 
anion polypeptide transporters (OATPs), like P-gp, is located in 
the microvascular endothelium of the brain and transport endog-
enous opioids into the brain.7,8 These OATPs also transport 
drugs. The degree to which transporter proteins may account for 
intra- and interindividual responses to anesthetic drugs has not 
been well studied to date.9

Intravenous Administration

For a drug to be delivered to its site of  action, the drug must be 
absorbed into the systemic circulation. Therefore, intravenous 
administration results in rapid increases in drug concentration. 
Although this can lead to a very rapid onset of drug effect, for 
drugs that have a low therapeutic index (the ratio of the intrave-
nous dose that produces a toxic effect in 50% of the population 
to the intravenous dose that produces a therapeutic effect in 50% 
of the population), rapid overshoot of the desired plasma con-
centration can potentially result in immediate and severe side 
effects. Except for intravenous (IV) administration, the absorp-
tion of a drug into the systemic circulation is an important deter-
minant of the time course of drug action and the maximum drug 
effect produced. As the absorption of drug is slowed, the maxi-
mum plasma concentration and drug effect achieved is limited. 
However, as long as the plasma concentration is maintained at a 
level above the minimum effective plasma concentration, the drug 
will produce an effect.10 Therefore, non-intravenous methods of 
administration can produce a sustained and significant effect that 
may be more advantageous than administering drugs by the intra-
venous route.11

Bioavailability is the relative amount of a drug dose that 
reaches the systemic circulation unchanged and the rate at 
which this occurs. For most intravenously administered drugs, 
the absolute bioavailability of the drug available is close to unity 
and the rate is nearly instantaneous. However, the pulmonary 
endothelium can slow the rate at which intravenously admin-
istered drugs reach the systemic circulation if distribution into 
the alveolar endothelium is extensive such as that occurs with the 
pulmonary uptake of fentanyl. The pulmonary endothelium also 
contains enzymes that may metabolize intravenously adminis-
tered drugs (e.g., propofol) on first pass and reduce their abso-
lute bioavailability.12

Oral Administration

For almost all therapeutic agents used across all fields of medi-
cine, oral administration is perhaps the safest and most convenient 
method of administration. However, this route is not utilized sig-
nificantly in anesthetic practice because of the limited and variable 
rate of bioavailability. The absorption rate in the gastrointestinal 
tract is highly variable because the main determinant of the tim-
ing of absorption is gastric emptying into the small intestines, 
where the surface area for absorption is several orders of magni-
tude greater than that of the stomach or large intestines. Addition-
ally, the active metabolism of drug by the small intestine mucosal 
epithelium, and the obligatory path through the portal circulation 
before entering the systemic circulation, contribute to decreased 
bioavailability of orally administered drugs.13 In fact, the metabolic 
capacity of the liver for drugs is so high that only a small fraction 
of most lipophilic drugs actually reach the systemic circulation. 
Because of this extensive first-pass metabolism, the oral dose of most 
drugs must be significantly higher to generate a therapeutic plasma 
concentration. Coupled with the prolonged and variable time until 
peak concentrations are usually achieved from oral administration 
(between tens of minutes to hours), it is nearly impractical to utilize 
this mode to administer perioperative anesthetic agents.

Highly lipophilic drugs that can maintain a high contact time 
with nasal or oral (sublingual) mucosa can be absorbed without 
needing to traverse the gastrointestinal tract. Sublingual admin-
istration of drug has the additional advantage over gastrointesti-
nal absorption in that absorbed drug directly enters the systemic 
venous circulation and therefore is able to bypass the metaboli-
cally active intestinal mucosa and the hepatic first pass metabo-
lism. Therefore, small amounts of drug can rapidly produce a 
significant plasma concentration and therapeutic effect.14 How-
ever, because of formulation limitations and the small amount of 
surface area available for absorption, sublingual administration 
is limited to drugs that fortuitously meet these requirements and 
require a rapid onset of drug action (e.g., nitroglycerine, fentanyl).

Transcutaneous Administration

A few lipophilic drugs have been manufactured in formulations 
that are sufficient to allow penetration of intact skin. Although 
scopolamine, nitroglycerin, opioids, and clonidine all produce 
therapeutic systemic plasma concentrations when administered 
as “drug patches,” the extended amount of time that it takes to 
achieve an effective therapeutic concentration limits practical 
application except for maintenance therapy. Attempts to speed 
the passive diffusion of these drugs utilizing an electric current 
has been described for fentanyl,15 but it is still limited in its prac-
ticality.

Intramuscular and Subcutaneous Administration

Absorption of drugs from the depots in the subcutaneous tissue 
or in muscle tissue is directly dependent on the drug formulation 
and the blood flow to the depot. Because of the high blood flow 
to muscles in most physiologic states, intramuscular absorption 
of drugs in solution is relatively rapid and complete. There-
fore, some aqueous drugs can be administered as intramuscular 
injection with rapid and predictable effects (e.g., neuromuscu-
lar junction blocking agents). The subcutaneous route of drug 
absorption is more variable in its onset because of the variability 
of subcutaneous blood flow during varying physiologic states—
this is the primary reason that subcutaneous heparin and regu-
lar insulin administered perioperatively have a variable time of 
onset and maximum effect.
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Intrathecal, Epidural, and perineural Injection

Because the spinal cord is the primary site of action of many 
anesthetic agents, direct injection of local anesthetics and opioids 
directly into the intrathecal space bypasses the limitations of drug 
absorption and distribution compared to any other route of admin-
istration. However, this is not the case for epidural and perineural 
administration of local anesthetics, because not delivering the drug 
directly into the cerebrospinal fluid necessitates that the drug be 
absorbed through the dura or nerve sheath in order to reach the 
site of drug action. The major downside to all of these techniques is  
the relative expertise required to perform regional anesthetics rela-
tive to oral, intravenous, and inhalational administration of drug.

Inhalational Administration

The large surface area of the pulmonary alveoli available for 
exchange with the large volumetric flow of blood found in the 
pulmonary capillaries makes inhalational administration an 
extremely attractive method by which to administer drugs.16 New 
technologies have been developed that can rapidly and predict-
ably aerosolize a wide range of drugs and thus approximate intra-
venous administration.17 These devices are currently in Phase II 
FDA trials.

Drug Distribution

Once drug has entered the systemic circulation, it is transported 
through bulk flow of blood to all of the organs throughout the 
body. The relative distribution of cardiac output among organ 
vascular beds determines the speed at which organs are exposed 
to the drug. The highly perfused core circulatory components—
the brain, lungs, heart, and kidneys receive the highest relative 
distribution of cardiac output, and therefore, are the initial 
organs to reach equilibrium with plasma drug concentrations.4 
Drug concentrations then equilibrate with the less well-perfused 
muscles and liver and then, finally, with the relatively poorly per-
fused splanchnic vasculature, adipose tissue, and bone.

Whether by passive diffusion or transporter-mediation, drug 
transport at the capillaries is not usually saturable; hence the 
amount of drug uptake by tissues and organs is limited by the 
blood flow they receive (i.e., flow-limited drug uptake).

Although the rate of initial drug delivery may be dependent on 
the relative blood flow of the organ, the rate of drug equilibration 
by the tissue is dependent on the ratio of blood flow to tissue con-
tent. Therefore, drug uptake rapidly approaches equilibrium in 
the highly perfused, but low volume brain, kidneys, and lungs in a 
matter of minutes, whereas drug transfer to the less well perfused, 
intermediate volume muscle tissue, may take hours to approach 
equilibrium, and drug transfer to the poorly perfused, large cel-
lular volumes of adipose tissue, does not equilibrate for days.11

redistribution

Highly lipophilic drugs, such as thiopental and propofol, rapidly 
begin to diffuse into the highly perfused brain tissue usually less 
than a minute after intravenous injection. Because of the low tissue 
volume and high perfusion of the brain, the drug concentration 
in the cerebral arterial blood rapidly equilibrates, usually within  
3 minutes, with the concentration in the brain tissue. As the drug 
continues to be taken up by other tissues with lower blood flows 
and higher tissue mass, the plasma concentration of the drug con-
tinues to rapidly decrease. Once the concentration of drug in the 
brain tissue is higher than the plasma concentration of the drug,  

2

there is a reversal of the drug concentration gradient so that the 
lipophilic drug readily diffuses back into the blood and is redistrib-
uted to the other tissues that are still taking up the drug.4,18,19 This 
process continues for each of the organ beds until ultimately, the 
adipose tissue will contain the majority of the lipophilic drug that 
has not been removed from the body by metabolism or excre-
tion. However, after a single bolus of a highly lipophilic drug, the 
brain’s tissue concentration rapidly decreases below therapeutic 
levels due to redistribution of drug to muscle tissue, which has a 
larger perfusion than adipose tissue.4,19 Although single, moderate 
doses of highly lipophilic drugs have a very short CNS duration 
of action because of redistribution of drug from the CNS to the 
blood and other, less well-perfused tissues, repeated injections of a 
drug allows the rapid establishment of significant peripheral tissue 
concentrations. When the tissue concentrations of a drug are high 
enough, the decrease in plasma drug concentration below thera-
peutic threshold becomes solely dependent on drug elimination 
from the body.20

Drug Elimination

Besides being excreted unchanged from the body, a drug can be 
biotransformed (metabolized) into one or more new compounds 
that are then eliminated from the body. Either mechanism of 
elimination will decrease the drug concentration in the body such 
that the concentration will eventually be negligible and therefore 
unable to produce drug effect. Elimination is the pharmaco-
kinetic term that describes all the processes that remove a drug 
from the body. Although the liver and the kidneys are considered 
the major organs of drug elimination, drug metabolism can occur 
at many other locations that contain active drug metabolizing 
enzymes (e.g., pulmonary vasculature, red blood cells) and the 
drug can be excreted unchanged from other organs (e.g., lungs).

Elimination clearance (drug clearance) is the theoretical vol-
ume of blood from which drug is completely and irreversibly 
removed in a unit of time.21 Elimination clearance has the units 
of flow—[volume per time]. Total drug clearance can be calcu-
lated with pharmacokinetic models of blood concentration versus 
time data.

Biotransformation reactions

Most drugs that are excreted unchanged from the body are hydro-
philic and therefore readily passed into urine or stool. Drugs that 
are not sufficiently hydrophilic to be able to be excreted unchanged, 
require modification into more hydrophilic, excretable com-
pounds. Enzymatic reactions that metabolize drugs can be classified 
into Phase I and Phase II biotransformation reactions. Phase I reac-
tions tend to transform a drug into one or more polar, and hence 
potentially excretable, compounds. Phase II reactions transform the 
original drug by conjugating a variety of endogenous compounds 
to a polar functional group of the drug, making the metabolite even 
more hydrophilic. Often drugs will undergo a Phase I reaction to 
produce a new compound with a polar functional group that will 
then undergo a Phase II reaction. However, it is possible for a drug 
to undergo either a Phase I or a Phase II reaction alone.

phase I reactions

Phase I reactions may hydrolyze, oxidize, or reduce the parent 
compound. Hydrolysis is the insertion of a molecule of water into 
another molecule, which forms an unstable intermediate com-
pound that subsequently splits apart. Thus, hydrolysis cleaves 
the original substance into two separate molecules. Hydrolytic 
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reactions are the primary way amides, such as lidocaine and 
other amide local anesthetics, and esters, such as succinylcholine, 
are metabolized.

Many drugs are biotransformed by oxidative reactions. Oxida-
tions are defined as reactions that remove electrons from a mol-
ecule. The common element of most, if not all, oxidations is an 
enzymatically mediated reaction that inserts a hydroxyl group 
(OH) into the drug molecule. In some instances, this action pro-
duces a chemically stable, more polar hydroxylated metabolite. 
However, hydroxylation usually creates unstable compounds that 
spontaneously split into separate molecules. Many different bio-
transformations are effected by this basic mechanism. Dealkylation 
(removal of a carbon-containing group), deamination (removal 
of nitrogen-containing groups), oxidation of nitrogen-containing 
groups, desulfuration, dehalogenation, and dehydrogenation all 
follow an initial hydroxylation. Hydrolysis and hydroxylation are 
comparable processes. Both have an initial, enzymatically mediated 
step that produces an unstable compound that rapidly dissociates 
into separate molecules.

Some drugs are metabolized by reductive reactions, that is, reac-
tions that add electrons to a molecule. In contrast to oxidations, 
where electrons are transferred from NADPH to an oxygen atom, 
the electrons are transferred to the drug molecule. Oxidation of 
xenobiotics requires oxygen, but reductive biotransformation is 
inhibited by oxygen, so it is facilitated when the intracellular oxy-
gen tension is low.

Cytochrome p450 Enzymes

The cytochrome P450 (CYP) is the superfamily of constitutive 
and inducible enzymes that catalyze most Phase I biotransforma-
tions. CYP3A4 is the single most important enzyme, account-
ing for 40% to 45% of all CYP-mediated drug metabolism. CYP 
enzymes are incorporated into the smooth endoplasmic reticu-
lum of hepatocytes and the membranes of the upper intestinal 

3

enterocytes in high concentrations. CYP are also found in the 
lungs, kidneys, and skin, but in much smaller amounts. CYP iso-
enzymes oxidize their substrates primarily by the insertion of an 
atom of oxygen in the form of a hydroxyl group, while another 
oxygen atom is reduced to water.

Several constitutive CYPs are involved in the production of 
various endogenous compounds, such as cholesterol, steroid 
hormones, prostaglandins, and eicosanoids. In addition to the 
constitutive forms, production of various CYPs can be induced 
by a wide variety of xenobiotics. CYP drug-metabolizing activity 
increases after exposure to various exogenous chemicals, includ-
ing many drugs. The number and type of CYPs present at any 
time depends on exposure to different xenobiotics. The CYP sys-
tem is able to protect the organism from the deleterious effects of 
accumulation of exogenous compounds because of its two funda-
mental characteristics—broad substrate specificity and the capa-
bility to adapt to exposure to different substances by induction of 
different CYP isoenzymes. Table 7-1 groups drugs encountered in 
anesthetic practice according to the CYP isoenzymes responsible 
for their biotransformation.

Biotransformations can be inhibited if different substrates 
compete for the drug-binding site on the same CYP member. The 
effect of two competing substrates on each other’s metabolism 
depends on their relative affinities for the enzyme. Biotransfor-
mation of the compound with the lower affinity is inhibited to 
a greater degree. This is the mechanism by which the H2 recep-
tor antagonist cimetidine inhibits the metabolism of many drugs, 
including meperidine, propranolol, and diazepam. The newer H2 
antagonist ranitidine has a different structure and causes fewer 
clinically significant drug interactions. Other drugs, notably cal-
cium channel blockers and antidepressants, also inhibit oxidative 
drug metabolism in humans. This information allows clinicians 
to predict which combinations of drugs are more likely to lead to 
clinically significant interactions because of altered drug metabo-
lism by the cytochrome P450 system.

TAbLE 7-1.  substrates for CytoChrome P450 (CyP) isoenZymes 

enCountered in anesthesiology

CYP3A4 CYP2D6 CYP2B6 CYP2C9 CYP2C19

Acetaminophen Captopril Methadone Diclofenac Diazepam

Alfentanil Codeine Propofol Ibuprofen Omeprazole

Alprazolam Hydrocodone Indomethacin Propranolol

Bupivacaine Metoprolol Warfarin

Cisapride Ondansetron

Codeine Oxycodone

Diazepam Propranolol

Digitoxin Timolol

Diltiazem

Fentanyl

Lidocaine

Midazolam

Nicardipine

Nifedipine

Omeprazole

Ropivacaine

Statins

Sufentanil

Verapamil

Warfarin
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phase II reactions

Phase II reactions are also known as conjugation or synthetic reac-
tions. Many drugs do not have a polar chemical group suitable 
for conjugation, so it occurs only after a Phase I reaction. Other 
drugs, such as morphine, already have a polar group that serves 
as a “handle” for conjugation, and they undergo these reactions 
directly. Various endogenous compounds can be attached to par-
ent drugs or their Phase I metabolites to form different conjuga-
tion products. These endogenous substrates include glucuronic 
acid, acetate, and amino acids. Mercapturic acid conjugates result 
from the binding of exogenous compounds to glutathione. Other 
conjugation reactions produce sulfated or methylated derivatives 
of drugs or their metabolites. Like the cytochrome P450 system, 
the enzymes that catalyze Phase II reactions are inducible. Phase 
II reactions produce conjugates that are polar, water-soluble com-
pounds. This facilitates the ultimate excretion of the drug via the 
kidneys or hepatobiliary secretion. Like CYP, there are different 
families and superfamilies of the enzymes that catalyze Phase II 
biotransformations.

Genetic Variations in Drug Metabolism

For most enzymes involved in Phase I and Phase II reactions, there 
are several biologically available isoforms. Drug metabolism varies 
substantially among individuals because of variability in the genes 
controlling the numerous enzymes responsible for biotransfor-
mation. For most drugs, individual subjects’ rates of metabolism 
have a unimodal distribution. However, distinct subpopulations 
with different rates of elimination of some drugs have been iden-
tified. The resulting multimodal distribution of individual rates 
of metabolism is known as polymorphism. For example, different 
genotypes result in either normal, low, or (rarely) absent plasma 
pseudocholinesterase activity, accounting for the well-known 
differences in individuals’ responses to succinylcholine, which is 
hydrolyzed by this enzyme. Many drug-metabolizing enzymes 
exhibit genetic polymorphism, including CYP and various trans-
ferases that catalyze phase II reactions. However, none of these 
have a sex-related difference.

Chronologic Variations in Drug Metabolism

The activity and capacity of the CYP enzymes increase from sub-
normal levels in the fetal and neonatal period, to reach normal 
levels at about 1 year of age. Although age is a covariate in mathe-
matical models of drug elimination, it is not clear if these changes 
are related to chronologic changes in organ function (age-related 
organ dysfunction) or a decrease in CYP levels with increasing 
age. In contrast, it is clear that the neonate has a limited ability 
to perform phase II conjugation reactions, but after normalizing 
phase II activity over the initial year of life, advanced age does not 
affect the capacity to perform phase II reactions.

renal Drug Clearance

The primary role of the kidneys in drug elimination is to excrete 
into urine the unchanged, hydrophilic drugs, and the hepatic 
derived metabolites from Phase I and Phase II reactions of lipo-
philic drugs. The passive elimination of drugs by passive glo-
merular filtration is a very inefficient process—any significant 
degree of binding of the drug to plasma proteins or erythrocytes 
will decrease the renal clearance below the glomerular filtration 
rate of 20% of renal blood flow. In order to make renal elimina-
tion more efficient, discrete active transporters of organic acids 
and bases exist in the proximal renal tubular cells. Although these 
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transporters are saturable, they allow for the renal clearance of 
drugs to approach the entire renal blood flow.

In reality, renal drug clearance of actively secreted drugs can be 
inhibited by both passive tubular reabsorption of lipophilic drugs 
and active, carrier-mediated tubular reabsorption of hydrophilic 
drugs. Therefore, the small amount of filtered and secreted lipo-
philic drug is easily reabsorbed in the distal tubules, making the 
net renal clearance negligible. In contrast, the large amount of 
filtered and secreted hydrophilic drug can be passively reabsorbed 
if renal tubular flow decreases substantially (e.g., oliguria) and/or 
the urine pH favors the unionized form of the hydrophilic drug. 
Because overall renal function is readily estimated by clearance 
of endogenous creatinine, renal drug clearance, even for drugs 
eliminated primarily by tubular secretion, is dependent on renal 
function. Therefore, in patients with acute and chronic causes of 
decreased renal function, including advanced age, low cardiac out-
put states, and hepatorenal syndrome, drug dosing must be altered 
in order to avoid accumulation of parent compounds and poten-
tially toxic metabolites (e.g., lidocaine, meperidine) (Table 7-2).

hepatic Drug Clearance

Drug elimination by the liver depends on the intrinsic ability of 
the liver to metabolize the drug (intrinsic clearance, Cll), and the 
amount of drug available to diffuse into the liver. Many types of 
mathematical models have been developed to attempt to accurately 
model the relationship between hepatic artery blood flow, portal 
artery blood flow, intrinsic clearance, and drug binding to plasma 
proteins.22,23 According to these models, the unbound concentra-
tion of drug in the hepatic venous blood (Cv) is in equilibrium with 
the drug within the liver that is available for elimination. These models 
also make the assumption that the entire drug delivered to the liver 
is available for elimination and that the elimination is a first-order 
process—a constant fraction of the available drug is eliminated per 
unit time. The fraction of the drug removed from the blood passing 
through the liver is the hepatic extraction ratio, E:

 
E

C C

C

a v

a

=
−

 
(7-1)

where Ca is the mixed hepatic arterial–portal venous drug con-
centration and Cv is the mixed hepatic venous drug concentra-
tion. The total hepatic drug clearance, ClH, is:

 
ClH = Q E·

 
(7-2)

where Q is the hepatic blood flow. Therefore, hepatic clearance 
is a function of hepatic blood flow and the ability of the liver to 
extract drug from the blood.

5

TAbLE 7-2.  drugs with signifiCant renal 

exCretion enCountered in 

anesthesiology

Aminoglycosides Pancuronium

Atenolol Penicillins

Cephalosporins Procainamide

Digoxin Pyridostigmine

Edrophonium Quinolones

Nadolol Rocuronium

Neostigmine Sugammadex
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The ability to extract drug depends on the activity of drug-
metabolizing enzymes and the capacity for hepatobiliary 
excretion—the intrinsic clearance of the liver (Cll).

Intrinsic clearance represents the ability of the liver to remove 
drug from the blood in the absence of any limitations imposed by 
blood flow or drug binding. The relationship of total hepatic drug 
clearance to the extraction ratio and intrinsic clearance, Cll, is:

 

Cl Q E Q
Cl

Q Cl
H = ⋅ =

+






1

1  
(7-3)

The right-hand side of Equation 7-3 indicates that if intrinsic 
clearance is very high (many times larger than hepatic blood flow, 
Cll >> Q), total hepatic clearance approaches hepatic blood flow. On 
the other hand, if intrinsic clearance is very small (Q + Cll ≈ Q), 
hepatic clearance will be similar to intrinsic clearance. These rela-
tionships are shown in Figure 7-1.

Thus, hepatic drug clearance and extraction are determined 
by two independent variables, intrinsic clearance and hepatic 
blood flow. Changes in either will change hepatic clearance. How-
ever, the extent of the change depends on the initial relationship 
between intrinsic clearance and hepatic blood flow, according to 
the nonlinear relationship:

 
E

Cl

Q Cl
=

+
1

1  
(7-4)

If the initial intrinsic clearance is small relative to hepatic 
blood flow, then the extraction ratio is also small, and Equation 
7-4 reduces to the following relationship:

 
E

Cl

Q

l= ≪1
 

(7-4a)

Equation 7-4a indicates that doubling intrinsic clearance will 
produce an almost proportional increment as in the extraction 
ratio, and, consequently, hepatic elimination clearance (Fig. 7-1, 
inset). However, if intrinsic clearance is much greater than hepatic 
blood flow, Equation 7-4 reduces to the following relationship:

 
E

Cl

Cl

l

l

= ≈ 1
 

(7-4b)

Equation 7-4b demonstrates that the extraction ratio is inde-
pendent of intrinsic clearance and therefore a change in intrinsic 
clearance has a negligible effect on the extraction ratio and hepatic 
drug clearance (Fig. 7-1). In nonmathematical terms, high intrin-
sic clearance indicates efficient hepatic elimination. It is hard to 
enhance an already efficient process, whereas it is relatively easy 
to improve on inefficient drug clearance because of low intrinsic 
clearance.

For drugs with a high extraction ratio and a high intrinsic 
clearance, hepatic elimination clearance is directly proportional to 
hepatic blood flow. Therefore, any manipulation of hepatic blood 
flow will be directly reflected by a proportional change in hepatic 
elimination clearance (Fig. 7-2). In contrast, when the intrinsic 
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FIgURE 7-1. The relationship between hepatic extrac-
tion ratio (E, left y-axis), intrinsic clearance (Cll, x-axis), 
and hepatic clearance (ClH, right y-axis) at the normal 
hepatic blood flow (Q) of 1.5 L/min. For drugs with a 
high intrinsic clearance (Cll >> Q), increasing intrinsic 
clearance has little effect on hepatic extraction and total 
hepatic clearance and total hepatic clearance approach-
es hepatic blood flow. In contrast, if the intrinsic clear-
ance is small (Cll ≤ Q), the extraction ratio is similar to the 
intrinsic clearance (inset). (Adapted from: Wilkinson GR,  
Shand DG: A physiologic approach to hepatic drug 
clearance. Clin Pharmacol Ther. 1975;18:377.)
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FIgURE 7-2. The relationship between liver blood flow (Q, x-axis) and 
hepatic clearance (ClH , y-axis) for different values of intrinsic clearance 
(Cll). When the intrinsic clearance is low, hepatic elimination clearance 
is independent of liver blood flow—the drug elimination is limited by 
the capacity of the liver to metabolize the drug (i.e., the intrinsic clear-
ance). In contrast, as intrinsic clearance increases, the hepatic elimina-
tion becomes more dependent on hepatic blood flow—the liver is able 
to metabolize all of the drug that it is exposed to and therefore only 
limited by the amount of drug that is delivered to the liver (i.e., flow 
limited metabolism).
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clearance is low, changes in hepatic blood flow produce inversely 
proportional changes in extraction ratio (Fig. 7-3), and there-
fore the hepatic elimination clearance is essentially independent 
of hepatic blood flow and exquisitely related to intrinsic clear-
ance (Fig. 7-3). Therefore, classifying drugs as having either low,  
intermediate, or high extraction ratios (Table 7-3), allows predic-
tions to be made on how intrinsic hepatic clearance and blood flow 
affect hepatic elimination clearance. This allows gross adjustments 
to be made in hepatically metabolized drug dosing to avoid excess 
accumulation of drugs (decreased hepatic elimination without 
dose adjustment) or subtherapeutic dosing strategies (increased 
hepatic elimination without dose adjustment).

Pharmacologic and pathologic manipulations of cardiac out-
put with its consequences on hepatic/splanchnic blood flow and 
renal blood flow are important covariates when designing drug 
dosing strategies.24 As detailed above, in states where cardiac out-
put is decreased (e.g., heart failure, shock, spinal anesthesia), high 
extraction ratio drugs will have a decrease in hepatic elimination, 
whereas low extraction rate drugs will have minimal change in 
clearance.25,26 In contrast, autoregulation of renal blood flow 
maintains a relatively constant renal elimination clearance until 
low urine output states eventually allow increased reabsorption 
of drugs from the distal tubules.27

pharmacokinetic Models

The concentration of drug at its site or sites of action is the funda-
mental determinant of a drug’s pharmacologic effects. Although 
the blood is rarely the site of action, the tissue drug concentration 
of an individual organ is a function of the blood flow to the organ, 
the concentration of drug in the arterial inflow of the organ, the 
capacity of the organ to take up drug, and the ability of the drug 
to diffuse between the blood and the organ.

physiologic versus Compartment Models

Initial pharmacokinetic models of intravenous and inhalational 
anesthetics used physiologic or perfusion models.4 In these mod-
els, body tissues were lumped into groups that had similar dis-
tribution of cardiac output and capacity for drug uptake. Highly 
perfused tissues with a large amount of blood flow per volume of 
tissue were classified as the vessel rich group, whereas tissues with 
a balanced amount of blood flow per volume of tissue were clas-
sified as the lean tissue group or fast tissue group. The vessel-poor 
group (slow tissue group) was comprised of tissues that had a large 
capacity for drug uptake but a limited tissue perfusion. Although 
identification of the exact organs that made up each tissue group 
was not possible from the mathematical model, it was appar-
ent that the highly perfused tissues were comprised of the brain, 
lungs, kidneys, and a subset of muscle, the fast equilibrating tis-
sue would be consistent with the majority of muscle and some of 
the splanchnic bed (e.g., liver), and the slowly equilibrating tissues 
contained the majority of the adipose tissue and the remainder of 
the splanchnic organs.

Based on the computationally and experimentally intense 
physiologic models, Price was able to demonstrate that awak-
ening after a single dose of thiopental was primarily a result of 
redistribution of thiopental from the brain to the muscle with 
little contribution by distribution to less well-perfused tissues 
or drug metabolism.4,18 This fundamental concept of redistribu-
tion applies to all lipophilic drugs and was not delineated until an 
accurate pharmacokinetic model had been constructed.

Perfusion-based physiologic pharmacokinetic models have 
provided significant insights into how physiologic, pharmaco-
logic, and pathologic distribution of cardiac output can effect 
drug distribution and elimination.28,29 However, verification of 
the predictions of these models requires measurement of drug 
concentrations in many different tissues, which is experimen-
tally inefficient and destructive to the system. Therefore, simpler 
mathematical models have been developed. In these models, the 
body is comprised of one or more compartments. Drug concen-
trations in the blood are used to define the relationship between 
dose and the time course of changes in the drug concentration. 
The compartments of the compartmental pharmacokinetic 
models cannot be equated with the tissue groups that make up 
physiologic pharmacokinetic models because the compartments 
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FIgURE 7-3. The relationship between liver blood flow (Q, x-axis) 
and hepatic extraction ratio (E, y-axis) for different values of intrinsic 
clearance (Cll). When the intrinsic clearance is low, increases in hepatic 
blood flows cause a decrease in the extraction ratio because the liver 
has limited metabolic capabilities. In contrast, when the intrinsic clear-
ance is high, the extraction ratio is essentially independent of hepatic 
blood flow because the liver’s ability to eliminate drug is well above the 
amount of drug provided by normal hepatic blood flow.
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Propofol
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are theoretical entities that are used to mathematically charac-
terize the blood concentration profile of a drug. These models  
allow the derivation of pharmacokinetic parameters that can be 
used to quantify drug distribution and elimination—volume of 
distribution, clearance, and half-lives.

Although the simplicity of compartmental models, compared 
to physiologic pharmacokinetic models, has its advantages, it 
also has some disadvantages. For example, cardiac output is not 
a parameter of compartmental models, and therefore cannot be 
used to predict directly the effect of cardiac failure on drug dispo-
sition.30 However, compartmental pharmacokinetic models can 
still quantify the effects of reduced cardiac output on the disposi-
tion of a drug if a group of patients with cardiac failure is com-
pared to a group of otherwise healthy subjects.

The discipline of pharmacokinetics is, to the despair of many, 
mathematically based. In the succeeding sections, formulas are 
used to illustrate the concepts needed to understand and interpret 
pharmacokinetic studies. Readers are encouraged to concentrate 
on the concepts, not the formulas.

pharmacokinetic Concepts

Rate Constants and Half-lives

The disposition of most drugs follows first-order kinetics. A first-
order kinetic process is one in which a constant fraction of the drug 
is removed during a finite period of time regardless of the drug 
amount or concentration. This fraction is equivalent to the rate 
constant of the process. Rate constants are usually denoted by the 
letter k and have units of “inverse time,” such as min−1 or h−1. If 
10% of the drug is eliminated per minute, then the rate constant is 
0.1 min−1. Since a constant fraction is removed per unit of time in 
first-order kinetics, the absolute amount of drug removed is pro-
portional to the concentration of the drug. It follows that, in first-
order kinetics, the rate of change of the amount of drug at any given 
time is proportional to the concentration present at that time. When 
the concentration is high, more drug will be removed than when it 
is low. First-order kinetics apply not only to elimination, but also to 
absorption and distribution.

Rather than using rate constants, the rapidity of pharma-
cokinetic processes is often described with half-lives—the time 
required for the concentration to change by a factor of 2. Half-
lives are calculated directly from the corresponding rate constants 
with this simple equation:

 
t1 2

2 0 693
/

.
= =

ln

k k  
(7-6)

Thus, a rate constant of 0.1 min−1 translates into a half-life 
of 6.93 minutes. The half-life of any first-order kinetic process, 
including drug absorption, distribution, and elimination, can be 
calculated. First-order processes asymptotically approach com-
pletion, because a constant fraction of the drug, not an absolute 
amount, is removed per unit of time. However, after five half-
lives, the process will be almost 97% complete (Table 7-4). For 
practical purposes, this is essentially 100% and therefore there is a 
negligible amount of drug remaining in the body.

Volume of Distribution

The volume of distribution quantifies the extent of drug distri-
bution. The physiologic factor that governs the extent of drug 
distribution is the overall capacity of tissues versus the capac-
ity of blood for that drug. Overall tissue capacity for uptake of 
a drug is in turn a function of the total mass of the tissues into 
which a drug distributes and their average affinity for the drug. 

6

In compartmental pharmacokinetic models, drugs are envisaged 
as distributing into one or more “boxes,” or compartments. These 
compartments cannot be equated directly with specific tissues. 
Rather, they are hypothetical entities that permit analysis of drug 
distribution and elimination and description of the drug concen-
tration versus time profile.

The volume of distribution is an “apparent” volume because 
it represents the size of these hypothetical boxes, that are neces-
sary to explain the concentration of drug in a reference com-
partment, usually called the central or plasma compartment. 
The volume of distribution, Vd, relates the total amount of 
drug present to the concentration observed in the central 
 compartment:

 

Vd =
amount of drug administered

initial drug plasmaa concentration
 

(7-7)

If a drug is extensively distributed, then the concentration will 
be lower relative to the amount of drug present, which equates 
to a larger volume of distribution. For example, if a total of  
10 mg of drug is present and the concentration is 2 mg/L, then 
the apparent volume of distribution is 5 L. On the other hand, if 
the concentration was 4 mg/L, then the volume of distribution 
would be 2.5 L.

Simply stated, the apparent volume of distribution is a 
numeric index of the extent of drug distribution that does not 
have any relationship to the actual volume of any tissue or group 
of tissues. It may be as small as plasma volume, or, if overall tis-
sue uptake is extensive, the apparent volume of distribution may 
greatly exceed the actual total volume of the body. In general, 
lipophilic drugs have larger volumes of distribution than hydro-
philic drugs. Since the volume of distribution is a mathematical 
construct to model the distribution of a drug in the body, it can-
not provide any information regarding the actual tissue concentra-
tion in any specific real organ in the body. However, this simple 
mathematical construct provides a useful summary description 
of the behavior of the drug in the body. In fact, the loading dose 
of drug required to achieve a target plasma concentration can be  
easily calculated by rearranging Equation 7-7 as follows:

 
Loading Dose V rationd= × Target Concent

 
(7-7a)

On the basis of this equation, it is clear that an increase in the 
volume of distribution means that a larger loading dose will be 
required to “fill up the box” and achieve the same concentration. 
Therefore, any change in state because of changes in physiologic 
and pathologic conditions can alter the volume of distribution, 
necessitating therapeutic adjustments.

TAbLE 7-4.  half-lives and CorresPonding 

PerCentage of drug removed

Number of 

Half-Lives

Percentage of  

Drug Remaining

Percentage of 

Drug Removed

0 100 0

1 50 50

2 25 75

3 12.5 87.5

4 6.25 93.75

5 3.125 96.875
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Total Drug (Elimination) Clearance

Elimination clearance (drug clearance) is the theoretical volume 
of blood from which the drug is completely and irreversibly 
removed in a unit of time. Elimination clearance has the units of 
flow (volume per time). Total drug clearance can be calculated 
with pharmacokinetic models of blood concentration versus time 
data. Drug clearance is often corrected for weight or body sur-
face area, in which case the units are mL/min/kg or mL/min/m2, 
respectively.

Elimination clearance, Cl, can be calculated from the declining 
blood levels observed after an IV injection, as follows:

 

Cl
dose of drug

=
administered

area under the concenttration versus time curve
 

(7-8)

If a drug is rapidly removed from the plasma, its concentra-
tion will fall more quickly than the concentration of a drug that 
is less readily eliminated. This results in a smaller area under 
the concentration versus time curve, which equates to greater 
clearance (Fig. 7-4).

Without additional organ-specific data (e.g., urine drug 
concentration measurements, drug arterial inflow concentra-
tion), calculating elimination clearance from compartmental 
pharmacokinetic models usually does not specify the relative 
contribution of different organs to drug elimination. Nonethe-
less, estimation of drug clearance with these models has made 
important contributions to clinical pharmacology. In particular, 
these models have provided a great deal of clinically useful infor-
mation regarding altered drug elimination in various pathologic 
conditions.

Elimination half-life

Although the elimination clearance is the pharmacokinetic 
parameter that best describes the physiologic process of drug 
elimination (i.e., drug delivery to organs of elimination coupled 
with the capacity of the organ to eliminate the drug), the variable 
most often reported in textbooks and literature is the elimina-
tion half-life of a drug (t1/2b). The elimination half-life is the time 
during which the amount of drug in the body decreases by 50%. 
Although this parameter appears to be a simple summary of the 

7

physiology of drug elimination, it is actually a complex param-
eter, influenced by the distribution and the elimination of the 
drug as follows:

 

t
k

V

Cl

d

E
1 2

2
0 693/ .

β

β

= = ×
ln

 
(7-9)

Therefore, when a physiologic or pathologic perturbation 
changes the elimination half-life of a drug, it is not a simple reflec-
tion of the change in the body’s ability to metabolize or eliminate 
the drug. For example, the elimination half-life of thiopental is 
prolonged in the elderly, however, the elimination clearance is 
unchanged and the volume of distribution is increased.31 There-
fore, elderly patients need dosing strategies that accommodate for 
the change in the distribution rather than a decreased metabolism 
of the drug. In contrast, in patients with renal insufficiency, the 
increase in the elimination half-life of pancuronium is due to a 
simple decrease in renal elimination of the drug while the volume 
of distribution is unchanged.32

Besides its inability to give insight into the mechanism by which 
a drug is retained in the body, the elimination half-life is unable to 
give insight into the time that it takes for a single or a series of 
repeated drug doses to terminate its effect. Although elimination 
of drug from the body begins the moment the drug is delivered to 
the organs of elimination, the rapid termination of effect of a bolus 
of an intravenous agent is due to redistribution of drug from the 
brain to the blood and subsequently other tissue (e.g., muscle). 
Therefore, the effects of most anesthetics have waned long before 
even one elimination half-life has been completed, making this 
measure of drug kinetics incapable of providing useful informa-
tion regarding the duration of action following the administration 
of intravenous agents. Thus the elimination half-life has limited 
utility in anesthetic practice.10

Effect of hepatic or renal Disease on 
pharmacokinetic parameters

Diverse pathophysiologic changes preclude precise prediction of 
the pharmacokinetics of a given drug in individual patients with 
hepatic or renal disease. In addition, liver function tests (e.g., 
transaminases) are unreliable predictors of the degree of liver 
function and the remaining metabolic capacity for drug elimina-
tion. However, some generalizations can be made. In patients with 
hepatic disease, the elimination half-life of drugs metabolized or 
excreted by the liver is often increased because of decreased clear-
ance, and possibly, increased volume of distribution caused by 
ascites and altered protein binding.10,33 Drug concentration at 
steady state is inversely proportional to elimination clearance. 
Therefore, when hepatic drug clearance is reduced, repeated bolus 
dosing or continuous infusion of drugs such as benzodiazepines, 
opioids, and barbiturates may result in excessive accumulation 
of drug as well as excessive and prolonged pharmacologic effects. 
Since recovery from small doses of drugs such as thiopental and 
fentanyl is largely the result of redistribution, recovery from con-
servative doses will be minimally affected by reductions in elimi-
nation clearance. In patients with renal failure, similar concerns 
apply to the administration of drugs excreted by the kidneys. It 
is almost always better to underestimate a patient’s dose require-
ment, observe the response, and give additional drug if necessary.

Nonlinear pharmacokinetics

The physiologic and compartmental models thus far discussed are 
based on the assumption that drug distribution and elimination 
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FIgURE 7-4. The plasma concentration (y-axis) versus time (x-axis) curve 
for two drugs that only differ in their elimination clearance. Notice that 
the areas under the curves are different, signifying that the drug that has 
the smaller area under the curve is more rapidly eliminated from the body 
than the drug that has the slower elimination clearance.
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are first-order processes. Therefore, their parameters, such as clear-
ance and elimination half-life, are independent of the dose or con-
centration of the drug. However, the rate of elimination of a few 
drugs is dose-dependent, or nonlinear.

Elimination of drugs involves interactions with either enzymes 
catalyzing biotransformation reactions or carrier proteins for 
transmembrane transport. If sufficient drug is present, the capac-
ity of the drug-eliminating systems can be exceeded. When this 
occurs, it is no longer possible to excrete a constant fraction of the 
drug present to the eliminating system, and a constant amount of 
drug is excreted per unit time. Phenytoin is a well-known example 
of a drug that exhibits nonlinear elimination at therapeutic con-
centrations,34 whereas in anesthetic practice, the extremely high 
doses of thiopental utilized for cerebral protection can demon-
strate zero-order elimination.35 In theory, all drugs are cleared in 
a nonlinear fashion. In practice, the capacity to eliminate most 
drugs is so great that this is usually not evident, even with toxic 
concentrations.

Compartmental pharmacokinetic Models

One-compartment Model

Although for most drugs the one-compartment model is an over-
simplification, it does serve to illustrate the basic relationship 
among clearance, volume of distribution, and the elimination 
half-life. In this model, the body is envisaged as a single homoge-
neous compartment. Drug distribution after injection is assumed 
to be instantaneous, so there are no concentration gradients 
within the compartment. The concentration can decrease only by 
elimination of drug from the system. The plasma concentration 
versus time curve for a hypothetical drug with one-compartment 
kinetics is shown in Figure 7-5. The decrease in plasma concen-
tration (C) with time from the initial concentration (C0) can be 
characterized by the simple monoexponential function:

 C t C e ke
t

( ) = × − ×

0  
(7-10)

With the concentration plotted on a logarithmic scale, the con-
centration versus time curve becomes a straight line. The slope 
of the logarithm of concentration versus time is equal to the first-
order elimination rate constant (ke).

In the one-compartment model, drug clearance, Cl, is equal to 
the product of the elimination rate constant, ke, and the volume 
of distribution:

 Cl k Ve d= ⋅  
(7-11)

Combining Equations 7-6 and 7-10 yields Equation 7-9 
(where ke = kβ):
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(7-9)

Therefore, when it is appropriate to make the simplifying 
assumption of instantaneous mixing of drug into a single compart-
ment, the elimination half-life is inversely proportional to the slope 
of the concentration time curve. For drugs that require consider-
ation of their multicompartmental pharmacokinetics, the relation-
ship among clearance, volume of distribution, and the elimination 
half-life is not a simple linear one such as Equation 7-9. However, 
the same principles apply. All else being equal, the greater the clear-
ance, the shorter the elimination half-life; the larger the volume of 
distribution, the longer the elimination half-life. Thus, the elimina-
tion half-life depends on two other variables, clearance and volume 
of distribution that characterize, respectively, the extent of drug 
distribution and efficiency of drug elimination.

Two-compartment Model

For many drugs, a graph of the logarithm of the plasma concen-
tration versus time after an IV injection is similar to the schematic 
graph shown in Figure 7-6. There are two discrete phases in the 
decline of the plasma concentration. The first phase after injec-
tion is characterized by a very rapid decrease in concentration. 
The rapid decrease in concentration during this “distribution 
phase” is largely caused by passage of drug from the plasma into 
tissues. The distribution phase is followed by a slower decline of 
the concentration owing to drug elimination. Elimination also 
begins immediately after injection, but its contribution to the 
drop in plasma concentration is initially much smaller than the 
fall in concentration because of drug distribution.
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FIgURE 7-5. The plasma concentration versus time profile plotted on 
both linear (blue line, left y-axis) and logarithmic (red line, right y-axis) 
scales for a hypothetical drug exhibiting one-compartment, first-order 
pharmacokinetics. Note that the slope of the logarithmic concentration 
profile is equal to the elimination rate constant (ke) and related to the 
elimination half-life (t1/2β) as described in Equation 7-9.
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FIgURE 7-6. The logarithmic plasma concentration versus time profile 
for a hypothetical drug exhibiting two-compartment, first-order phar-
macokinetics. Note that the distribution phase has a slope that is signifi-
cantly larger than that of the elimination phase, indicating that the pro-
cess of distribution is not only more rapid than elimination of the drug 
from the body, but also responsible for the majority of the decline in 
plasma concentration in the several minutes after drug administration.
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To account for this biphasic behavior, one must consider the 
body to be made up of two compartments, a central compart-
ment, which includes the plasma, and a peripheral compart-
ment (Fig. 7-7). This two-compartment model assumes that 
it is the central compartment into which the drug is injected 
and from which the blood samples for measurement of con-
centration are obtained, and that drug is eliminated only from 
the central compartment. Drug distribution within the central 
compartment is considered to be instantaneous. In reality, this 
last assumption cannot be true. However, drug uptake into 
some of the highly perfused tissues is so rapid that it cannot be 
detected as a discrete phase on the plasma concentration versus 
time curve.

The distribution and elimination phases can be characterized 
by graphic analysis of the plasma concentration versus time curve, 
as shown in Figure 7-6. The elimination phase line is extrapo-
lated back to time zero (the time of injection). In Figure 7-6, the 
zero time intercepts of the distribution and elimination lines are 
points A and B, respectively. The hybrid rate constants, α and β, 
are equal to the slopes of the two lines, and are used to calcu-
late the distribution and elimination half-lives; α and β are called 
hybrid rate constants because they depend on both distribution 
and elimination processes.

At any time after an IV injection, the plasma concentration of 
drugs with two-compartment kinetics is equal to the sum of two 
exponential terms:

 
C t Ae Bep

t t( ) = +− −α β

 
(7-12)

where t = time, Cp(t) = plasma concentration at time t, A = y-axis 
intercept of the distribution phase line, α = hybrid rate constant 
of the distribution phase, B = y-axis intercept of the elimination 
phase line, and β = hybrid rate constant of the elimination phase. 
The first term characterizes the distribution phase and the sec-
ond term characterizes the elimination phase. Immediately after 
injection, the first term represents a much larger fraction of the 
total plasma concentration than the second term. After several 
distribution half-lives, the value of the first term approaches zero, 
and the plasma concentration is essentially equal to the value of 
the second term (see Fig. 7-6).

In multicompartmental models, the drug is initially distributed 
only within the central compartment. Therefore, the initial appar-
ent volume of distribution is the volume of the central compart-
ment. Immediately after injection, the amount of drug present is 
the dose, and the concentration is the extrapolated concentration 
at time t = 0, which is equal to the sum of the intercepts of the 

distribution and elimination lines. The volume of the central com-
partment, V1, is calculated by modifying Equation 7-7:

 

V
dose dose

A B
1 = =

+initial plasma concentration
 

(7-13)

The volume of the central compartment is important in clini-
cal anesthesiology because it is the pharmacokinetic parameter 
that determines the peak plasma concentration after an IV bolus 
injection. Hypovolemia, for example, reduces the volume of the 
central compartment. If doses are not correspondingly reduced, 
the higher plasma concentrations will increase the incidence of 
adverse pharmacologic effects.

Immediately after IV injection, the entire drug is in the cen-
tral compartment. Simultaneously, three processes begin. Drug 
moves from the central to the peripheral compartment, which 
also has a volume, V2. This intercompartmental transfer is a first-
order process, and its magnitude is quantified by the rate constant 
k12. As soon as the drug appears in the peripheral compartment, 
some passes back to the central compartment, a process charac-
terized by the rate constant k21. The transfer of drug between the 
central and peripheral compartments is quantified by the distri-
butional or intercompartmental clearance:

 
Intercompartmental Clearance Cl Cl V k= = = ×12 21 1 122 2 21= ×V k

  

  (7-14)

The third process that begins immediately after administration 
of the drug is the irreversible removal of drug from the system via 
the central compartment. As in the one-compartment model, the 
elimination rate constant is ke, and elimination clearance is:

 
Elimination Clearance = = ×Cl V kE e1  

(7-15)

The rapidity of the decrease in the central compartment con-
centration after IV injection depends on the magnitude of the 
compartmental volumes, the intercompartmental clearance, and 
the elimination clearance.

At equilibrium, the drug is distributed between the central 
and the peripheral compartments, and by definition, the drug 
concentrations in the compartments are equal. Therefore, the 
ultimate volume of distribution, termed the volume of distribu-
tion at steady state (Vss), is the sum of V1 and V2. Extensive tissue 
uptake of a drug is reflected by a large volume of the peripheral 
compartment, which, in turn, results in a large Vss. Consequently, 
Vss can greatly exceed the actual volume of the body.

As in the single-compartment model, the elimination clearance 
in multicompartment models is equal to the dose divided by the 
area under the concentration versus time curve. This area, as well 
as the compartmental volumes and intercompartmental clear-
ances, can be calculated from the intercepts and hybrid rate con-
stants, without having to reach steady-state conditions.

Three-compartment Model

After IV injection of some drugs, the initial, rapid distribution 
phase is followed by a second, slower distribution phase before 
the elimination phase becomes evident. Therefore, the plasma 
concentration is the sum of three exponential terms:

 
C t Ae Be Gep

t t t( ) = + +− − −α β γ

 
(7-16)

where t = time, Cp(t) = plasma concentration at time t, A = inter-
cept of the rapid distribution phase line, α = hybrid rate con-
stant of the rapid distribution phase, B = intercept of the slower 
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FIgURE 7-7. A schematic of a two-compartment pharmacokinetic 
model. See text for explanation.
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distribution phase line, β = hybrid rate constant of the slower dis-
tribution phase, G = intercept of the elimination phase line, and 
γ = hybrid rate constant of the elimination phase. This triphasic 
behavior is explained by a three-compartment pharmacokinetic 
model (Fig. 7-8). As in the two-compartment model, the drug 
is injected into and eliminated from the central compartment. 
Drug is reversibly transferred between the central compartment 
and two peripheral compartments, which accounts for two dis-
tribution phases. Drug transfer between the central compartment 
and the more rapidly equilibrating, or “shallow,” peripheral com-
partment is characterized by the first-order rate constants k12 and 
k21. Transfer in and out of the more slowly equilibrating, “deep” 
compartment is characterized by the rate constants k13 and k31. 
In this model, there are three compartmental volumes: V1, V2, 
and V3, whose sum equals Vss; and there are three clearances: The 
rapid intercompartmental clearance, the slow intercompartmen-
tal clearance, and elimination clearance.

The pharmacokinetic parameters of interest to clinicians, 
such as clearance, volumes of distribution, and distribution and 
elimination half-lives, are determined by calculations analogous 
to those used in the two-compartment model. Accurate esti-
mates of these parameters depend on accurate characterization 
of the measured plasma concentration versus time data. A fre-
quently encountered problem is that the duration of sampling 
is not long enough to define accurately the elimination phase. 
Similar problems arise if the assay cannot detect low concentra-
tions of the drug. Conversely, samples are sometimes obtained 
too infrequently following drug administration to be able to char-
acterize the distribution phases accurately.36,37 Whether a drug 
exhibits two- or three-compartment kinetics is of no clinical con-
sequence.10 In fact, some drugs have two-compartment kinetics 
in some patients and three-compartment kinetics in others. In 
selecting a pharmacokinetic model, the most important factor is 
that it accurately characterizes the measured concentrations.

In general, the model with the smallest number of compart-
ments or exponents that accurately reflects the data is used. 
However, it is good to consider that the data collected in a 
particular study may not be reflective of the clinical pharmaco-
logic issues of concern in another situation, making published 
pharmacokinetic model parameters potentially irrelevant. For 
instance, new data indicates that hypotension following intrave-
nous administration of drug X is related to peak arterial plasma 
drug X concentrations 1 minute after injection, but previous 
pharmacokinetic models are based on venous plasma drug X 
concentrations beginning 5 minutes after the dose. In this case, 
the pharmacokinetic models will not be of use in designing dos-
ing regimens for drug X that avoid toxic drug concentrations at 
1 minute.10,38,39

Almost all earlier pharmacokinetic studies used two-stage 
modeling. With this technique, pharmacokinetic parameters were 
estimated independently for each subject and then averaged to 
provide estimates of the typical parameters for the population. 
One problem with this approach is that if outliers are present, 
averaging parameters could result in a model that does not accu-
rately predict typical drug concentrations. Currently, most phar-
macokinetic models are developed using population pharmacoki-
netic modeling, which has been made feasible because of advances 
in modeling software and increased computing power. With 
these techniques, the pharmacokinetic parameters are estimated 
using all the concentration versus time data from the entire group 
of subjects in a single stage, using sophisticated nonlinear regres-
sion methods. This modeling technique provides single estimates 
of the typical parameter values for the population.

Non-compartmental (Stochastic)  
pharmacokinetic Models

Often investigators performing pharmacokinetic analyses of 
drugs want to avoid the experimental requirements of a physi-
ologic model—data or empirical estimations of individual organ 
inflow and outflow concentration profiles and organ tissue drug 
concentrations are required in order to identify the components 
of the model.40 Although compartmental models do not assume 
any physiologic or anatomic basis for the model structure, inves-
tigators often attribute anatomic and physiologic functions to 
these empiric models.41 Even if the disciplined clinical pharma-
cologist avoids overinterpretation of the meaning of compart-
ment models, the simple fact that several competing models can 
provide equally good descriptions of the mathematical data or 
that some subjects in a dataset may be better fit with a three-com-
partment model rather than the two-compartment model, which 
provides the best fit for the other dataset subjects, leads many 
to question whether there is a true best model architecture for 
any given drug. Therefore, some investigators choose to employ 
mathematical techniques to characterize a pharmacokinetic data-
set that attempt to avoid any preconceived notion of structure 
and yet yield the pharmacokinetic parameters that summarize 
drug distribution and elimination. These techniques are classified as 
non-compartmental techniques or stochastic techniques, and they 
are similar to the methods based on moment analysis utilized 
in process analysis of chemical engineering systems. Although 
these techniques are often called model-independent, like any 
mathematical construct, assumptions must be made to simplify 
the mathematics. The basic assumptions of non-compartmental 
analysis are that all of the elimination clearance occurs directly 
from the plasma, the distribution and elimination of drug is a 
linear and first-order process, and the pharmacokinetics of the 
system does not vary over the time of the data collection (time-
invariant). All of these assumptions are also made in the basic 
compartmental and most physiologic models. Therefore, the 
main advantage of the non-compartmental pharmacokinetic 
methods is that a general description of drug absorption, distri-
bution, and elimination can be made without resorting to more 
complex mathematical modeling techniques.40

Another appealing facet of non-compartmental analysis is 
that the parameters that describe drug distribution (volume of 
distribution at steady state, Vdss) and drug elimination (elimina-
tion clearance, ClE) are analogous to parameters found in other 
pharmacokinetic techniques. In fact, when properly defined, 
the estimates of these parameters from the non-compartmental 
approach and a well-defined compartmental model yield similar 
values. The main unique parameter of non-compartmental anal-
ysis is the mean residence time (MRT), which is the average time 
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FIgURE 7-8. A schematic of a three-compartment pharmacokinetic 
model. See text for details.
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a drug molecule spends in the body before being eliminated.42 The 
MRT unfortunately suffers from the main failings of the elimi-
nation half-life derived from compartmental models—not only 
does it fail to capture the contribution of extensive distribution 
versus limited elimination to allow a drug to linger in the body, 
but both parameters also fail to describe the situation where the 
drug effect can dissipate by redistribution of drug from the site 
of action back into blood and then into other, less well-perfused 
tissues.43

pHARMACODYNAMIC pRINCIpLES

Much of the clinical pharmacology efforts of the late 1980s 
through 1990s were devoted to applying new computational 
power of desktop personal computers to deciphering the phar-
macokinetics of intravenous anesthetics. However, the premise 
behind developing models to better characterize and understand 
the effects of various physiologic and pathologic states on drug 
distribution and elimination was that the efforts of the previous 
30 years had clearly characterized the relationship between a dose 
of drug and its effect(s). As computational power and drug assay 
technology grew, it became possible to characterize the relation-
ship between a drug concentration and the associated pharma-
cologic effect. As a result, pharmacodynamic studies since the 
1990s have focused on the quantitative analysis of the relationship 
between the drug concentration in the blood and the resultant 
effects of the drug on physiologic processes.

Drug–Receptor Interactions

Most pharmacologic agents produce their physiologic effects by 
binding to a drug-specific receptor, which brings about a change 
in cellular function. The majority of pharmacologic receptors 
are cell membrane–bound proteins, although some receptors are 
located in the cytoplasm or the nucleoplasm of the cell.

Binding of drugs to receptors, like the binding of drugs to 
plasma proteins, is usually reversible, and follows the law of mass 
action:

 
[ ] [ ] [ ]drug receptor drug receptor complex+ ↔ −

 
(7-17)

This relationship demonstrates that the higher the con-
centration of free drug or unoccupied receptor, the greater 
the tendency to form the drug–receptor complex. Plotting the 
percentage of receptors occupied by a drug against the loga-

9

rithm of the concentration of the drug yields a sigmoid curve, 
as shown in Figure 7-9.44

The percentage of receptors occupied by a drug is not equivalent 
to the percentage of maximal effect produced by the drug. In fact, 
most receptor systems have more receptors than required to obtain 
the maximum drug effect.45 The presence of “extra” unoccupied 
receptors will promote the formation of the drug–receptor complex 
(law of mass action, Eq. 7-17), therefore, near-maximal drug effects 
can occur at very low drug concentrations. This process not only 
allows extremely efficient responses to drugs, but it provides a large 
margin of safety—an extremely large number of drugs receptors 
must be bound to an antagonist before the drug is unable to pro-
duce its pharmacologic effect. For example, at the neuromuscular 
junction, only 20% to 25% of the postjunctional nicotinic cholin-
ergic receptors need to bind acetylcholine to produce contraction 
of all the fibers in the muscle, while 75% of the receptors must be 
blocked by a non-depolarizing neuromuscular antagonist to pro-
duce a significant drop in muscle strength. This accounts for the 
“margin of safety” of neuromuscular transmission.45

The binding of drugs to receptors and the resulting changes 
in cellular function are the last two steps in the complex series of 
events between administration of the drug and production of its 
pharmacologic effects. There are two primary schemes by which 
the binding of an agonist to a receptor changes cellular function: 
Receptor-linked membrane ion channels called ionophores, and 
guanine nucleotide binding proteins, referred to as G-proteins. 
The nicotinic cholinergic receptor in the neuromuscular postsyn-
aptic membrane is one example of a receptor–ionophore complex. 
Binding of acetylcholine opens the cation ionophore, leading to an 
influx of Na+ ions, propagation of an action potential, and, ulti-
mately, muscle contraction. The β-amino butyric acid (GABA) 
receptor–chloride ionophore complex is another example of this 
type of effector mechanism. Binding of either endogenous neu-
rotransmitters (GABA) or exogenous agonists (benzodiazepines 
and IV anesthetics) increases Cl− conductance, which hyperpolar-
izes the neuron and decreases its excitability. Adrenergic receptors 
are the proto-typical G-protein coupled receptors. G-proteins 
change the intracellular concentrations of various second mes-
sengers, such as Ca2+ and cyclic AMP, in order to transduce their 
signal and modify cellular behavior.

Desensitization and Downregulation of Receptors

Receptors are not static entities. Rather, they are dynamic cellular 
components that adapt to their environment. Prolonged exposure 
of a receptor to its agonist leads to desensitization—subsequent  
doses of the agonist will produce lower maximal effects. With  
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sustained elevation of the cytosolic second messengers downstream 
of the G-proteins, pathways to prevent further G-protein signal-
ing are activated. Phosphorylation by G-protein receptor kinases 
and arrestin-mediated blockage of the coupling site needed to form 
the active heterotrimeric G-protein complex prevents G-protein– 
coupled receptors from becoming active. Arrestins and other cell 
membrane proteins can tag receptors that have sustained activ-
ity so that these non-G-protein receptors are internalized and 
sequestered, making them no longer accessible to agonists. Simi-
lar mechanisms will prevent the trafficking of stored receptors to 
the cell membrane. The combined increased rate of internalization 
and decreased rate of replenishing of receptor results in down-
regulation—a decrease in the total number of receptors. Signals 
that produce downregulation with sustained receptor activation 
are essentially reversed in the face of constant receptor inactivity. 
Therefore, chronically denervated neuromuscular junctions just 
like cardiac tissue constantly bathed with adrenergic antagonists 
will both upregulate the specific receptors in an attempt to pro-
duce a signal in the face of lower concentrations of agonists.

Agonists, partial Agonists, and Antagonists

Drugs that bind to receptors and produce an effect are called ago-
nists. Different drugs may be capable of producing the same maxi-
mal effect (EMAX), although they may differ in concentration that 
produces the effect (i.e., potency). Agonists that differ in potency 
but bind to the same receptors will have parallel concentration-
response curves (curves A and B in Fig. 7-10). Differences in potency 
of agonists reflect differences in affinity for the receptor. Partial ago-
nists are drugs that are not capable of producing the maximal effect, 
even at very high concentrations (curve C in Fig. 7-10).

Compounds that bind to receptors without producing any 
changes in cellular function are referred to as antagonists— 
from blocking the active binding site(s) inhibit agonist binding 
to the receptors. Competitive antagonists bind reversibly to recep-
tors, and their blocking effect can be overcome by high concen-
trations of an agonist (i.e., competition). Therefore, competitive 
antagonists produce a parallel shift in the dose-response curve, 
but the maximum effect is not altered (see Fig. 7-10, curves A and 
B). Noncompetitive antagonists bind irreversibly to receptors. This 
has the same effect as reducing the number of receptors and shifts 
the dose-response curve downward and to the right, decreas-
ing both the slope and the maximum effect (curves A and C in 
Fig. 7-10). The effect of noncompetitive antagonists is reversed 
only by synthesis of new receptor molecules.

Agonists produce a structural change in the receptor molecule 
that initiates changes in cellular function. Partial agonists may 
produce a qualitatively different change in the receptor, whereas 
antagonists bind without producing a change in the receptor that 
results in altered cellular function. The underlying mechanisms by 
which different compounds that bind to the same receptor act as 
agonists, partial agonists, or antagonists are not fully understood.

Dose-response relationships

Dose-response studies determine the relationship between increas-
ing doses of a drug and the ensuing changes in pharmacologic 
effects. Schematic dose-response curves are shown in Figure 7-9, 
with the dose plotted on both linear and logarithmic scales. 
There is a curvilinear relationship between dose and the inten-
sity of response. Low doses produce little pharmacologic effect. 
Once effects become evident, a small increase in dose produces a 
relatively large change in effect. At near-maximal response, large 
increases in dose produce little change in effect. Usually the dose 

1

is plotted on a logarithmic scale (see Fig. 7-9, right panel), which 
demonstrates the linear relationship between the logarithm of the 
dose and the intensity of the response between 20% and 80% of 
the maximum effect.

Acquiring the pharmacologic effect data from a population of 
subjects exposed to a variety of doses of a drug provides four key 
characteristics of the drug dose-response relationship—potency, 
drug–receptor affinity, efficacy, and population pharmacody-
namic variability. The potency of the drug—the dose required to 
produce a given effect—is usually expressed as the dose required 
to produce a given effect in 50% of subjects, the ED50. The slope 
of the curve between 20% and 80% of the maximal effect indicates 
the rate of increase in effect as the dose is increased and is a reflec-
tion of the affinity of the receptor for the drug. The maximum 
effect is referred to as the efficacy of the drug. Finally, if curves from 
multiple subjects are generated, the variability in potency, efficacy, 
and the slope of the dose-response curve can be estimated.

The dose needed to produce a given pharmacologic effect varies 
considerably, even in “normal” patients. The patient most resis-
tant to the drug usually requires a dose two- to threefold greater 
than the patient with the lowest dose requirements. This variabil-
ity is caused by differences among individuals in the relationship 
between drug concentration and pharmacologic effect, superim-
posed on differences in pharmacokinetics. Dose-response studies 10
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FIgURE 7-10. Schematic pharmacodynamic curves, with dose or 
concentration on the x-axis and effect or receptor occupancy on the 
y-axis, that illustrate agonism, partial agonism, and antagonism. Drug 
A produces a maximum effect, EMAX, and a 50% of maximal effect at 
dose or concentration E50,A. Drug B, a full agonist, can produce the 
maximum effect, EMAX, however, it is less potent (E50,B > E50,A). Drug 
C, a partial agonist, can only produce a maximum effect of approxi-
mately 50% EMAX. If a competitive antagonist is given to a patient, the 
dose response for the agonist would shift from curve A to curve B—al-
though the receptors would have the same affinity for the agonist, the 
presence of the competitor would necessitate an increase in agonist 
in order to produce an effect. In fact, the agonist would still be able 
to produce a maximal effect, if a sufficient overdose was given to dis-
place the competitive antagonist. However, the competitive antagonist 
would not change the binding characteristics of the receptor for the 
agonist and so curve B is simply shifted to the right but remains paral-
lel to curve A. In contrast, if a noncompetitive antagonist binds to the 
receptor, the agonist would no longer be able to produce a maximal 
effect, no matter how much of an overdose is administered (curve C).
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have the disadvantage of not being able to determine whether 
variations in pharmacologic responses are caused by differences in 
pharmacokinetics, pharmacodynamics, or both.

Concentration-response relationships

The onset and duration of pharmacologic effects depend not only 
on pharmacokinetic factors but also on the pharmacodynamic 
factors governing the degree of temporal disequilibrium between 
changes in concentration and changes in effect. The magnitude 
of the pharmacologic effect is a function of the amount of drug 
present at the site of action, hence increasing the dose increases 
the peak effect. Larger doses have a more rapid onset of action 
because pharmacologically active concentrations at the site of 
action occur sooner. Increasing the dose also increases the dura-
tion of action because pharmacologically effective concentrations 
are maintained for a longer time.

Ideally, the concentration of drug at its site of action should be 
used to define the concentration-response relationship. Unfortu-
nately, these data are rarely available, so the relationship between 
the concentration of drug in the blood and pharmacologic effect 
is studied instead. This relationship is easiest to understand if the 
changes in pharmacologic effect that occur during and after an IV 
infusion of a hypothetical drug are considered. If a drug is infused 
at a constant rate, the plasma concentration initially increases 
rapidly and asymptotically approaches a steady-state level after 
approximately five elimination half-lives have elapsed (Fig. 7-11). 
The effect of the drug initially increases very slowly, then more 
rapidly, and eventually also reaches a steady state. When the infu-
sion is discontinued, indicated by point C in Figure 7-11, the 
plasma concentration immediately decreases because of drug dis-
tribution and elimination. However, the effect stays the same for 
a short period, and then also begins to decrease—there is always a 
time lag between changes in plasma concentration and changes in 
pharmacologic response. Figure 7-11 also demonstrates that the 
same plasma concentration is associated with different responses 
if the concentration is changing. At points A and B in Figure 7-11, 
the plasma concentrations are the same, but the effects at each 
time differ. When the concentration is increasing, there is a con-
centration gradient from blood to the site of action. When the 
infusion is discontinued, the concentration gradient is reversed. 
Therefore, at the same plasma concentration, the concentration 
at the site of action is higher after, compared to during, the infu-
sion. This is associated with a correspondingly greater effect.

In theory, there must be some degree of temporal disequilib-
rium between plasma concentration and drug effect for all drugs 
with extravascular sites of action. However, for some drugs, the 
time lag may be so short that it cannot be demonstrated. The 

2

magnitude of this temporal disequilibrium depends on several 
factors:

 1. The perfusion of the organ on which the drug acts
 2. The tissue:blood partition coefficient of the drug
 3. The rate of diffusion or transport of the drug from the blood 

to the cellular site of action
 4. The rate and affinity of drug–receptor binding
 5. The time required for processes initiated by the drug–receptor 

interaction to produce changes in cellular function

The consequence of this time lag between changes in concen-
tration and changes in effects is that the plasma concentration will 
have an unvarying relationship with pharmacologic effect only 
under steady-state conditions. At steady state, the plasma concen-
tration is in equilibrium with the concentrations throughout the 
body, and is thus directly proportional to the steady-state concen-
tration at the site of action. Plotting the logarithm of the steady-
state plasma concentration versus response generates a curve 
identical in appearance to the dose-response curve shown in the 
right panel of Figure 7-9. The Cpss50, the steady-state plasma con-
centration producing 50% of the maximal response, is determined 
from the concentration-response curve. Like the ED50, the Cpss50 
is a measure of sensitivity to a drug, but the Cpss50 has the advan-
tage of being unaffected by pharmacokinetic variability. Because 
it takes five elimination half-lives to approach steady-state condi-
tions, it is not practical to determine the Cpss50 directly. For drugs 
with long elimination half-lives, the pseudoequilibrium during the 
elimination phase can be used to approximate steady-state con-
ditions, because the concentrations in plasma and at the site of 
action are changing very slowly.

Combined Pharmacokinetic– 
Pharmacodynamic Models

Integrated pharmacokinetic–pharmacodynamic (PK–PD) models 
fully characterize the relationships among time, dose, plasma con-
centration, and pharmacologic effect. This is accomplished by add-
ing a hypothetical “effect compartment” (biophase) to a standard 
compartmental pharmacokinetic model (Fig. 7-12).46–48 Transfer 
of drug between central compartment and the effect compart-
ment is assumed to be a first-order process, and the pharma-
cologic effect is assumed to be directly related to the concentra-
tion in the biophase. The biophase is a “virtual” compartment, 
although linked to the pharmacokinetic model, does not actually 
receive or return drug to the model and, therefore, ensures that 
the effect-site processes do not influence the pharmacokinetics of 
the rest of the body. By simultaneously characterizing the phar-
macokinetics of the drug and the time course of drug effect, the 
combined—PK–PD model is able to quantify the temporal dis-
sociation between the plasma (central compartment) concentra-
tion and effect with the rate constant for equilibration between 
the plasma and the biophase, ke0. By quantifying the time lag 
between changes in plasma concentration and changes in phar-
macologic effect, these models can also define the Cpss50, even 
without steady-state conditions. These models have contributed 
greatly to our understanding of factors influencing the response 
to intravenous anesthetics, opioids, and non-depolarizing muscle 
relaxants in humans.

The rate of equilibration between the plasma and the bio-
phase, ke0, can also be characterized by the half-life of effect-site 
equilibration ( )/T ke1 2

0
using the formula:
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FIgURE 7-11. The changes in plasma drug concentration and phar-
macologic effect during and after an intravenous infusion. See text for 
explanation. (Reprinted with permission from Stanski DR, Sheiner LB. 
Pharmacokinetics and pharmacodynamics of muscle relaxants. Anes-
thesiology. 1979;51:103.)
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T1/2ke0 is the time for the effect-site concentration to reach 
50% of the plasma concentration when the plasma concentra-
tion is held constant. For anesthetics with a short T1/2ke0 (high 
ke0), equilibration between the plasma and the biophase is rapid, 
and therefore, there is little delay before an effect is reached 
when a bolus of drug is administered or an infusion of drug is 
initiated. However, because the decline in the effect-site concen-
tration will also depend on the concentration gradient between 
the effect site and the plasma, drugs that rapidly equilibrate with 
the biophase may take longer to redistribute away.49 Therefore, 
the offset of drug effect is more dependent on the pharmaco-
kinetics of the body than on the rapidity of biophase-plasma 
equilibration.20,49

DRUg INTERACTIONS

Taking into account premedication, perioperative antibiot-
ics, IV agents used for induction or maintenance, inhalational 
anesthetics, opioids, muscle relaxants, the drugs used to restore 
neuromuscular transmission, and postoperative analgesics, ten 
or more drugs may be given for a relatively “routine” anesthetic. 
Consequently, thorough understanding of the mechanisms of 
drug interactions and knowledge of specific interactions with 
drugs used in anesthesia are essential to the safe practice of 
anesthesiology. Indeed, anesthesiologists often deliberately take 
advantage of drug interactions. For example, moderate to high 
doses of opioid are often utilized to decrease the amount of 
volatile anesthetic required to provide immobility and hemo-
dynamic stability to surgical incision (e.g., MACa and MACBAR), 
thereby avoiding the side effects of higher concentrations of 
inhaled anesthetics (e.g., vasodilation, prolonged awakening). 
In this section, we will examine the major classes of drug–drug 
interactions by detailing common examples encountered in the 
perioperative period.

pharmaceutical (physiochemical) 
Interactions: In Vitro

Anesthesiologists often overlook the drug interactions produced 
by pharmaceutical (physicochemical) properties because the 
majority of perioperative drugs are administered intravenously or 
via inhalation, and therefore have a high bioavailability. However, 
in vitro drug–drug interactions due to physiochemical proper-
ties of drugs can significantly alter drug bioavailability and pro-
duce unintended toxic byproducts. Basic acid–base chemistry can  
predict many of the observed in vitro interactions. One classic 
example of a physiochemical drug–drug interaction that alters 
drug bioavailability is the formation of insoluble salts that precipi-
tate when acidic drugs, such as thiopental, and basic drugs, such 
as opioids or muscle relaxants, are “mixed” when the two drugs 
are administered into intravenous tubing with an insufficient fluid 
flow rate.50 Another example is the observation that commercial 
preparations of local anesthetic solutions that contain epinephrine 
would have a lower pH than local anesthetic solutions to which 
epinephrine is added shortly prior to administration because of 
the high acidity of the antioxidant stabilizers used in commercial 
preparations (i.e., sodium bisulfite or sodium pyrosulfite).51 The 
unintended consequence of this commercial formulation is that 
the local anesthetic appears less effective due to the increased con-
centration of the less permeable, ionized form local anesthetic that 
exists in acidic environments.

Although physiochemical drug interactions that affect the  
bioavailability of drugs are relatively easy to avoid or, at least, 
overcome by increasing the drug dose, some physiochemical 
interactions can result in unintended toxic compounds. One 
chemical agent often overlooked by anesthesiologists is the soda 
lime or Baralyme that are used in modern anesthesia machines  
to remove carbon dioxide from the exhaled gases. Although 
patients are not directly administered this agent, the gas that they 
inhale from the anesthesia machine often contain the byproducts 
of the interaction between the constituents of the exhaled gas and 
the carbon dioxide absorbent. While this allows the patient to 
receive a “heated and humidified” inhaled gas mixture, if condi-
tions are correct, the halogenated volatile anesthetics can undergo 
degradation by the strong base (i.e., sodium and/or potassium 
hydroxide) contained in the carbon dioxide absorber.52 This 
chemical reaction led the FDA to recommend that sevoflurane 
exposure should not exceed 2 MAC-hours at using fresh gas 
flow rates of 1 to <2 L/min, in order to minimize exposure to the 
potentially nephrotoxic haloalkene (“compound A”) formed by 
dehydrofluroniation of sevoflurane by soda lime or Baralyme.53 
Although the effects of compound A on human renal function 
are not of great clinical concern, the strong bases in some car-
bon dioxide absorbents can also degrade the difluoromethyl-
containing halogenated volatile anesthetics (i.e., desflurane and 
isoflurane) to form carbon monoxide.54 These patient safety con-
cerns led to the development and the increased use of Amsorb®, 
a carbon dioxide adsorbent that contains calcium hydroxide lime 
in place of sodium and/or potassium hydroxide, therefore causes 
minimal to no carbon monoxide or compound A formation.55

pharmaceutical (physiochemical) 
Interactions: In Vivo

Whereas many of the in vitro physiochemical interactions can 
result in unintended toxicity due to exposure to either sub-
therapeutic drug concentrations or toxic degradation products,  
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FIgURE 7-12. A schematic of a three-compartment pharmacokinetic 
model with the effect site linked to the central compartment. The rate 
constant for transfer between the plasma (central compartment) and 
the effect site, k1e, and the volume of the effect site are both presumed 
to be negligible to ensure that the effect site does not influence the 
pharmacokinetic model. The rate constant for drug removal from the 
effect site, which relates the concentration in the central compartment 
to the pharmacologic effect is ke0.
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physiochemical interactions have been exploited to develop two 
novel approaches to antagonize neuromuscular junction block-
ing agents. The first approach, which was approved for use in the 
European Union in 2008, is the selective relaxant binding agent, 
sugammadex. Sugammadex is a synthetic cyclodextrin that encap-
sulates and electrostatically binds rocuronium. By essentially 
irreversibly binding plasma rocuronium, sugammadex acts as a  
chelator that not only rapidly decreases the free plasma 
rocuronium concentration but also promotes redistribution of 
rocuronium from the neuromuscular junction (extracellular 
space) to the intravascular space.56 Therefore, if there is an excess 
of sugammadex molecules relative to rocuronium molecules, the 
neuromuscular blockade is antagonized. An alternative approach 
to neuromuscular blockade antagonism is to design a molecule 
that can be inactivated via nonbiologic routes. This approach has 
led to Phase 1 studies of a new class of non-depolarizing neuro-
muscular blocking drugs called the asymmetric mixed-onium 
cholorofumerates. These molecules are rapidly inactivated by the 
nonenzymatic formation of cysteine adducts when combined with 
plasma cysteine.57 Therefore, cysteine administration antagonizes 
the neuromuscular blockade. These two novel approaches to drug 
development could be used to develop designer drugs that can be 
readily antagonized via nonbiologic routes, if the important recep-
tor targets for sedation and amnesia components of general anes-
thesia are identified.

pharmacokinetic Interactions

Drugs can alter each other’s absorption, distribution, and 
elimination. Understanding the basis for alterations in the 
pharmacokinetics allows anesthesiologists to not only avoid 
unintentional supratherapeutic or subtherapeutic concentra-
tions of the perioperative medications, but also to strategically 
employ alterations in pharmacokinetics to achieve the desired 
concentration profile.

Absorption (Uptake)

Some drugs can alter the absorption of other drugs, by either alter-
ing the delivery of drug to the site of drug absorption (uptake) or 
by altering the local blood flow to the site of drug administration. 
Although this type of drug–drug interaction will alter bioavailabil-
ity, it should not alter any other pharmacokinetic parameter. Drugs 
like ranitidine, which alters gastric pH, and metoclopramide, 
which speeds gastric emptying, alter absorption from the GI tract. 
Vasoconstrictors that decrease local blood flow and decrease sys-
temic uptake of drug can be beneficial when added to local anes-
thetic solutions because they prolong the duration of action of the 
local anesthetic at the site of injection and can decrease the risk of 
systemic toxicity from rapid absorption. However, when systemi-
cally administered, vasoactive drugs can decrease blood flow to 
skin and muscle, and decrease the systemic uptake of drugs given 
by subcutaneous or intramuscular injection. In a similar manner, 
vasoactive agents can alter the ventilation–perfusion ratio, thereby 
altering pulmonary uptake of volatile anesthetics, despite a con-
stant inspired concentration. Because of the variability produced 
by vasoactive agents in drug uptake, careful thought must be given 
when choosing to administer drugs via nonintravenous route in 
perioperative patients.

Distribution

Some drugs can alter the systemic distribution of other drugs. 
Alterations in drug distribution will change some or all of a phar-

macokinetic model’s volume parameters. It can also alter one or 
all of the intercompartmental clearance parameters of a multicom-
partmental pharmacokinetic model. There are two main mecha-
nisms purported in textbooks and the clinical pharmacology 
literature by which drug–drug interactions alter drug distribution— 
(a) changing the volume of tissue available for drug uptake and  
(b) changing the amount of drug available for tissue uptake. Since 
the drug dose required to achieve a desired drug concentration 
is intimately linked to systemic drug distribution, understanding 
what common drug–drug interactions produce real alterations in 
drug distribution can avoid unintentional exposure to subthera-
peutic and supratherapeutic drug concentrations.

Although a drug cannot alter the actual volume of tissue 
available for drug uptake, changing the exposure of blood to 
different tissue beds changes a drug’s apparent tissue volume of 
distribution. Therefore, drug induced alterations of cardiac out-
put and the distribution of cardiac output to tissues can change 
the distribution clearance of other drugs. Once again, vasoactive 
agents can alter tissue distribution by altering regional blood flow 
even if the total cardiac output is unchanged. Since the change in 
the plasma drug concentration produced by a prescribed dosing 
regimen is inversely related to the distribution clearance, the drug 
dose must be decreased when vasoactive drugs decrease cardiac 
output or the distribution of cardiac output, otherwise the patient will 
be exposed to supratherapeutic drug concentrations.58–60 In addition, 
the unintended cardiovascular effects of anesthetic drugs, such as 
the decrease in cardiac output with increasing doses of the direct 
myocardial depressant, halothane, or the direct arterial dilator, 
isoflurane, can lead to similar increases in the plasma drug con-
centration.61,62

There is an over abundance of clinical pharmacology literature 
that examines the ability of one drug to displace another drug 
from its protein-binding site(s), thereby increasing the concen-
tration of unbound drug in the blood that could cause suprath-
erapeutic concentrations and potential toxicity. When examining 
specific pharmacokinetic parameters, an increase in the fraction 
of unbound drug in the plasma could theoretically increase the 
total apparent volume of distribution (Vss), as more molecules 
of drug are available for distribution into the tissue. Although 
most changes in protein binding will not influence clinical drug 
exposure, analysis of the equations governing the steady-state 
pharmacokinetics suggests that drugs that are extensively protein 
bound, have a high hepatic extraction ratio, and have a low thera-
peutic index may be the exception that require dose adjustment.63 
However, the clinical importance of protein binding in anesthetic 
drugs is based on several common misconceptions regarding drug 
distribution. First, the number of unoccupied binding sites is sev-
eral orders of magnitude higher than the number of molecules 
of anesthetic drug administered in clinical practice. Therefore, 
it is hard to envision a scenario where a significant amount of 
displacement could occur. Even if a drug could displace a signifi-
cant amount of another drug from its protein-binding site, the 
liver has the capacity available to metabolize this sudden influx 
of free drug, thereby returning the free drug concentration to the 
pre-displacement concentrations (i.e., flow-limited metabolism). 
Finally, the theoretical argument supporting the importance of 
protein binding on highly lipophilic drugs ignores the fact that 
lipophilic drugs not only have flow-limited elimination clearance, 
but also flow-limited tissue distribution. Therefore, the equations 
supporting the negligible role of protein binding on flow-limited 
elimination clearance also generalize to include flow-limited tis-
sue distribution.63 Indirect proof of this is provided by the fact 
that there are no examples in the literature that drug–drug inter-
actions that produce changes in protein binding of opioids and 
hypnotics are clinically relevant.64
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Metabolism

Drugs that alter hepatic blood flow (i.e., vasoactive drugs, volatile 
anesthetics) can proportionally alter hepatic metabolism of drugs 
with flow-limited clearance.58–62 In addition, drugs that inhibit or 
induce the enzymes that catalyze biotransformation reactions can 
affect clearance of other concomitantly administered drugs (Table 
7-5). The concomitant use of CYP isozyme inducers can usually be 
overcome by increasing the administered dose, especially if an easy 
measure of biologic activity is available or the therapeutic concen-
tration range is known. For example, the anticonvulsant phenytoin 
shortens the duration of action of the non-depolarizing neuromus-
cular junction blocking agents by inducing CYP3A4 and therefore 
increasing elimination clearance of the drug.65 In contrast, when 
CYP isozyme inhibition is present, it is more difficult to adjust the 
drug dose without achieving supratherapeutic, and possibly toxic 
drug concentrations, unless a suitable rapidly responsive measure 
of biologic activity is available. While it may be possible to safely 
administer opioids in the presence of protease inhibitors such as 
ritonavir, because opioids can be titrated in small doses to clinical 
effect, it is more difficult to titrate warfarin or glyburide when insti-
tuting short-term antifungal therapy. Furthermore, pro-drugs that 
require CYP isozyme activity for conversion to active moieties may 
be difficult to titrate to adequate clinical effect if there are other 
sources of interindividual variability in drug dose-response. The 
opioid pro-drugs codeine, oxycodone, hydrocodone, and tramadol 
all require CYP2D6 for conversion to the biologically active opi-
oid.64 Because of the high polymorphic character of the CYP2D6 
enzyme, it is difficult to determine which patients who are taking 
selective serotonin reuptake inhibitors (SSRIs), which also inhibit 
CYP2D6 activity, would receive adequate analgesia from these opi-
oids. Therefore, other opioids may have less variability in opioid 
dose-response and be better choices than these pro-drugs.

pharmacodynamic Interactions

Pharmacodynamic interactions fall into two broad classifica-
tions. Drugs can interact, either directly or indirectly, at the same 
receptors. Opioid antagonists directly displace opioids from opi-
ate receptors. Cholinesterase inhibitors indirectly antagonize 
the effects of neuromuscular blockers by increasing the amount 
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of acetylcholine, which displaces the blocking drug from nico-
tinic receptors. Pharmacodynamic interactions can also occur 
if two drugs affect a physiologic system at different sites.66,67 For 
example, µ-opioid receptor mediated ventilatory depression can 
be selectively antagonized by ampakines that potentiate AMPA 
receptor-mediated glutamatergic excitation without mitigating 
opioid induced analgesia.68

The most common example of pharmacodynamic interac-
tions that are used to the advantage of anesthesiologists (and their 
patients) is the interaction between hypnotics and opioids. Hyp-
notics and opioids, each acting on their own specific receptors, 
appear to interact synergistically.69 The pharmacodynamic inter-
action between two drugs can be characterized utilizing response 
surface models.70–75 The three dimensional models are useful in 
delineating the concentration pairs of a hypnotic (e.g., volatile 
anesthetic, propofol, midazolam) and an opioid (e.g., remifent-
anil, alfentanil, fentanyl) that produce adequate anesthesia while 
minimizing undesired side effects.76 (See Response Surface Models 
of Drug–Drug Interactions, below.)

Serotonin Syndrome

One pharmacodynamic interaction that has become more com-
mon with the widespread use of medications that modulate the 
serotonergic pathway is the potentially fatal serotonin syndrome 
(syndrome toxicity).77,78 High CNS concentrations of serotonin 
can produce mental status changes (confusion, hyperactivity, 
memory problems), muscle twitching, excessive sweating, shiv-
ering, and fever. Classically, excessive CNS serotonin levels are 
associated with inhibition of monoamine oxidase, an enzyme 
responsible for breaking down serotonin in the brain. However, 
excessive intrasynaptic serotonin levels from decreased reuptake 
of serotonin have been associated with other antidepressant medi-
cations, including serotonin reuptake inhibitors and serotonin 
norepinephrine reuptake inhibitors (Table 7-6). The interaction 
of meperidine with MAOIs is the most classic drug–drug interac-
tions associated with serotonin syndrome. It is important to know 
that other common perioperative medications, such as methylene 
blue, which is a potent reversible MAOI, and the phenylpiperi-
dine series of opioids (i.e., fentanyl and its congeners, methadone, 
meperidine, tramadol), which act as weak serotonin reuptake 
inhibitors, have been reported to be associated with serotonin tox-
icity in small case reports.78–81 Ideally, the serotonergic drug would 
be held until sufficient CNS drug washout can occur to mitigate 
any interaction. Because the SSRIs with long elimination half-lives 
require more than 4 weeks for adequate CNS washout, withhold-
ing these drugs can result in worsening depression or neuropathic 
pain, depending on the indication for the initial serotonergic med-
ication. Therefore, when adequate washout cannot be obtained 
and methylene blue must be administered, the serotonergic drug 
should stopped and not reinstated for 24 hours after the last dose 
of methylene blue.80 When methylene blue or phenylpiperidine 
opioids must be administered to patients taking serotonergic psy-
chiatric medications, clinicians should have a high clinical suspi-
cion for the development of serotonin toxicity. This is especially 
important in the perioperative period when other more common 
clinical states, such as postoperative delirium or perioperative 
fever, can be associated with the common symptoms of serotonin 
toxicity, thereby delaying diagnosis. Although cyproheptadine, a 
serotonin receptor antagonist, is the most common treatment of 
moderate to severe serotonin toxicity, it is only available as an oral 
formulation, thereby limiting its bioavailability in the critically ill 
perioperative patients. Intravenous chlorpromazine is an alterna-
tive serotonin receptor antagonist that has been used successfully 
with concomitant supportive care.
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TAbLE 7-5.  induCers and inhibitors of 

hePatiC drug metabolism

Inducers Inhibitors

Carbamazepine Azole antifungal drugs
(i.e., Ketoconazole, Itraconazole)

Ethanol Cimetidine

Glucocorticoids Disulfiram

Phenobarbital Grapefruit Juice

Phenytoin Macrolide antibiotics
(i.e., Clarithromycin and Erythromycin)

Rifampin Protease inhibitors
(i.e., Ritonavir, Indinavir, Saquinavir)

St John’s Wort Quinidine

Tamoxifen Selective serotonin reuptake inhibitors
(i.e., Fluoxetine and Sertraline) CYP 

3A4 and CYP2D6
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CLINICAL AppLICATIONS OF 

pHARMACOKINETICS AND 

pHARMACODYNAMICS TO  

THE ADMINISTRATION OF 

INTRAVENOUS ANESTHETICS

While no new inhaled anesthetics have been synthesized since the 
1960s, intravenous drugs that act on the CNS continue to be devel-
oped. Anesthesiologists have become accustomed to the exqui-
site control of anesthetic blood (and effect site) concentrations 
afforded by modern volatile anesthetic agents and their vapor-
izers, coupled to end-tidal anesthetic gas monitoring. Although 
pharmacokinetic and pharmacodynamic principles and data have 
contributed greatly to our understanding of the behavior of intra-
venous anesthetics, their primary utility and ultimate purpose are 
to determine optimal dosing with as much mathematical precision 
and clinical accuracy as possible. In most pharmacotherapeutic 
scenarios outside of anesthesia care, the time scales for onset of 

drug effect, its maintenance, and its offset are measured in days, 
weeks, or even years. In such cases, global pharmacokinetic vari-
ables (and one-compartment models) such as total volume of dis-
tribution (VSS), elimination clearance (Cle), and half-life (t1/2) are 
sufficient and utilitarian parameters for calculating dose regimens. 
However, in the operating room and the intensive care unit, the 
temporal tolerances for onset and offset of desired drug effects are 
measured in minutes.38,39 Consequently, these global variables are 
insufficient to describe the details of kinetic behavior of drugs in 
the minutes following intravenous administration. This is particu-
larly true of lipid-soluble hypnotics and opioids that rapidly and 
extensively distribute throughout the various tissues of the body, 
because distribution processes dominate pharmacokinetic behav-
ior during the time frame of most anesthetics. Additionally, the 
therapeutic indices of many intravenous anesthetic drugs are small 
and two-tailed (i.e., an underdose, resulting in awareness, which is 
a “toxic” effect). Optimal dosing in these situations requires use of 
all the variables of a multicompartmental pharmacokinetic model 
to account for drug distribution in blood and other tissues.

It is not easy to intuit the pharmacokinetic behavior of a mul-
ticompartmental system by simple examination of the kinetic 

aAdapted from U.S. Food & Drug Administration website, updated 11/08/2011 (http://www.fda.gov/Drugs/DrugSafety/
ucm276119.htm).

TAbLE 7-6.  serotonergiC PsyChiatriC drugs imPliCated in the Cases 

of serotonin syndrome with methylene bluea

Class Generic Brand Name(s)

selective serotonin reuptake 
inhibitors (ssris)

Paroxetine Paxil, Paxil CR, Pexeva

Fluvoxamine Luvox, Luvox CR

Fluoxetine Prozac, Sarafem, Symbyax

Sertraline Zoloft

Citalopram Celexa

Escitalopram Lexapro

Vilazodone Viibryd

serotonin-norepinephrine 
reuptake inhibitors (snris)

Venlafaxine Effexor, Effexor XR

Desvenlafaxine Pristiq

Duloxetine Cymbalta

tricyclic antidepressants (tCas) Amitriptyline Amitid, Amitril, Elavil, Endep, Etrafon, 
Limbitrol, Triavil

Desipramine Norpramin, Pertofrane

Clomipramine Anafranil

Imipramine Tofranil, Tofranil PM, Janimine, Pramine, 
Presamine

Nortriptyline Pamelor, Aventyl hydrochloride

Protriptyline Vivactil

Doxepin Sinequan, Zonalon, Silenor

Trimipramine Surmontil

monoamine oxidase inhibitors 
(maois)

Isocarboxazid Marplan

Phenelzine Nardil

Selegiline Emsam, Eldepryl, Zelapar

Tranylcypromine Parnate

others Amoxapine Asendin

Maprotiline Ludiomil

Nefazodone Serzone

Trazodone Desyrel, Oleptro, Trialodine

Bupropion Wellbutrin, Wellbutrin SR, Wellbutrin 
XL, Zyban, Aplenzin

Buspirone Buspar

Mirtazapine Remeron, Remeron Soltab

http://www.fda.gov/Drugs/DrugSafety/ucm276119.htm
http://www.fda.gov/Drugs/DrugSafety/ucm276119.htm


176 SECTION II Scientific Foundations of Anesthesia

variables.10 Computer simulation is required to meaningfully 
interpret dosing or to accurately devise new dosing regimens. 
In addition, there are several pharmacokinetic concepts that are 
uniquely applicable to intravenous administration of drugs with 
multicompartmental kinetics and must be taken into account 
when administering intravenous infusions.

To achieve similar degrees of control of intravenously adminis-
tered anesthetic drug concentrations in blood and in the CNS, new 
technologies aimed at improving intravenous infusion devices, as 
well as new software to manage the daunting pharmacokinetic 
principles involved, are needed. This section examines the current 
state of infusion devices and the pharmacokinetic and pharma-
codynamic principles specifically required for precise delivery of 
anesthetic agents.

rise to Steady-state Concentration

The drug concentration versus time profile for the rise to steady 
state is the mirror image of its elimination profile. In a one-com-
partment model with a decline in concentration versus time that is 
monoexponential following a single dose, the rise of drug concen-
tration to the steady-state concentration (CSS) is likewise mono-
exponential during a continuous infusion. That is, in one elimi-
nation half-life, an infusion is halfway to its eventual steady-state 
concentration, in another half-life it reaches half of what remains 
between halfway and steady state (i.e., 75% of the eventual steady 
state is reached in two elimination half-lives), and so on for each 
half-life increment. The equation describing this behavior is:

 
C t C ep ss

kt( ) = − −[ ]1
 

(7-19)

where Cp(t) = the concentration at time t, k is the rate constant 
related to the elimination half-life, and t is the time from the start 
of the infusion. This relationship can also be described by:

 
C n Cp SS

n( ) [ ( ) ]= −1 1 2/
 

(7-20)

in which Cp(n) is the concentration at n half-lives. Equation 
7-20 indicates that during a constant infusion, the concentration 
reaches 90% of Css after 3.3 half-lives, which is usually deemed 
close enough for clinical purposes.

However, for a drug such as propofol, which partitions exten-
sively to pharmacologically inert body tissues (e.g., muscle, gut), 
a monoexponential equation, or single-compartment model, is 
insufficient to describe the time course of propofol concentra-
tions in the first minutes and hours after beginning drug admin-
istration. Instead, a multicompartmental or multiexponential 
model must be used. With such a model, the picture changes 
drastically for the plasma drug concentration rise toward steady 
state. The rate of rise toward steady state is determined by the 
distribution rate constants to the degree that their respective 
exponential terms contribute to the total area under the concen-
tration versus time curve. Thus, for the three-compartment model 
describing the pharmacokinetics of propofol, Equation 7-19 
becomes:
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in which t = time; Cp(t) = plasma concentration at time; A = 
coefficient of the rapid distribution phase and α = hybrid rate 

constant of the rapid distribution phase; B = coefficient of the 
slower distribution phase and β = hybrid rate constant of the 
slower distribution; and G = coefficient of elimination phase and 
γ = hybrid rate constant of the elimination phase. A + B + G is 
the sum of the coefficients of all the exponential terms. For most 
lipophilic anesthetics and opioids, A is typically one order of mag-
nitude greater than B, and B is in turn an order of magnitude 
greater than G. Therefore, distribution-phase kinetics for intra-
venous anesthetics have a much greater influence on the time to 
reach CSS than do elimination-phase kinetics.49

For example, with propofol having an elimination half-life of 
approximately six hours, the simple one-compartment rule in 
Equation 7-20 tells us that it would take 6 hours from the start 
of a constant rate infusion to reach even 50% of the eventual 
steady-state propofol plasma concentration and 12 hours to reach 
75%. In contrast, with a full three-compartment propofol kinetic 
model, Equation 7-21 accurately predicts that 50% of steady state 
is reached in less than 30 minutes and 75% will be reached in 
less than 4 hours. This example emphasizes the necessity of using 
multicompartment models to describe the clinical pharmacoki-
netics of intravenous anesthetics.

Manual Bolus and Infusion Dosing Schemes

Based on a one compartment pharmacokinetic model, a stable 
steady-state plasma concentration (Cp,ss) can be maintained by 
administering an infusion at a rate (I) that is proportional to the 
elimination of drug from the body (ClE)—

 
I C Clp SS E= ×,  

(7-22)

However, if the drug was only administered by initiating 
and maintaining this infusion, it would take one-elimination 
half-time to reach 50% of the target plasma concentration and 
three times that long to reach 90% of the target plasma concen-
tration. In order to decrease the time until the target plasma 
concentration is achieved, an initial bolus (loading dose) of 
drug can be administered that would produce the target plasma 
concentration:

 
Bolus C Vp SS d SS= ×, ,  

(7-23)

Although this method is very efficient in achieving and main-
taining the target plasma concentration of a drug that instan-
taneously mixes and equilibrates throughout the tissues of the 
body (e.g., drugs modeled with a one-compartment pharmaco-
kinetic model), utilizing the steady-state elimination clearance 
and volume of distribution to calculate the loading dose and 
maintenance infusion rate will result in plasma drug concentra-
tions that are higher throughout the initial distribution phase 
(see Fig. 7-13).

Utilizing Equations 7-22 and 7-23 and Vd,SS = 262 L and ClE = 
1.7 L/min (for a 50-year-old male who is 178 cm tall and weighs 
70 kg from Schnider, et al.), the loading dose and infusion rate of 
propofol that is needed to achieve a steady-state plasma concen-
tration of 5 mcg/mL is 1300 mg (18 mg/kg) and 120 mcg/kg/min. 
Obviously, the loading dose of propofol is too high, compared 
with clinically utilized doses (1–2 mg/kg), while the infusion rate 
appears to be a clinically acceptable dose. The erroneous estimate 
of the loading dose is due to the fact that the initial bolus of drug 
is not instantaneously mixed and equilibrated with the entire 
volume of tissue that will eventually take up the drug. There-
fore, manual dosing strategies for intravenous anesthetics need 
to be modified to account for the fact that when a bolus of drug 
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is administered, it rapidly mixes and equilibrates with the blood 
and only a small volume of tissue (e.g., the central compartment), 
and then will distribute over time into other tissues.

To design a manual bolus that more precisely achieves the 
desired target plasma concentration, it is necessary to choose a 
bolus that is based on the small, initial volume of distribution 
(Vc). To maintain the target plasma concentration, a series of 
infusions of decreasing rate can be used that match the elimina-
tion clearance and compensates for drug loss from the central to 
the peripheral compartments during the initial period of exten-
sive drug distribution and the second period of moderate drug 
distribution. This manual dosing scheme has been termed the 
BET scheme, where B is the loading bolus dose, E is the infu-
sion to replace drug removed by elimination clearance, and T is a 
continuously decreasing infusion that compensates for transfer of 
drug to the peripheral tissues (i.e., distribution).82 An example of 
a BET scheme for propofol to achieve a target plasma concentra-
tion of 5 mcg/mL is shown in Table 7-7.

Isoconcentration Nomogram

To make the calculations of the various infusion rates required 
to maintain a target plasma concentration for a drug that fol-
lows multicompartment pharmacokinetics, a clinician would 
need access to a basic computer and the software to perform the 
appropriate simulations. With the appropriate formulas, this is 
quite feasible to do on any basic computer with any basic spread-
sheet. However, even with more sophisticated pharmacokinetic 
software (e.g., SAAM II, WinNonLin, RugLoop, Stanpump), this 
is a time consuming process that diverts the clinician’s attention 
from the patient. In 1994, Shafer introduced an isoconcentra-
tion nomogram for propofol that utilized the rise toward steady 
state described by a multicompartmental system (Fig. 7-14).83 
This graphical tool allows users to employ concentration-effect, 
rather than dose-effect relationships when determining optimal 
dosing of intravenous anesthetic agents. The nomogram is con-
structed by calculating the plasma drug concentration versus time 
curve for a constant-rate infusion from a set of pharmacokinetic 
variables for a particular drug. From this single simulation, one 
can readily visualize (and estimate) the rise toward steady-state 
plasma drug concentration described by the drug’s pharmaco-
kinetic model. By simulating a range of potential infusion rates, 
a series of curves of identical shape are then plotted on a single 
graph with drug concentrations at any time that are directly pro-
portional to the infusion rate.

By placing a horizontal line at the desired plasma drug concen-
tration (y-axis), the times (x-axis) at which the horizontal intersects 
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FIgURE 7-13. A computer simulation of the plasma propofol concen-
tration profile during and after the administration of a single bolus and 
infusion scheme calculated using the steady state, one-compartment 
pharmacokinetic parameters (red line) and the BET scheme from Table 
7-7 (blue line) to achieve a plasma concentration of 5 mcg/mL. Vd,SS = 
262 L and ClE = 1.7 L/min for a 50-year-old male who is 178 cm tall and 
weighs 70 kg.
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FIgURE 7-14. Isoconcentration nomogram for determining propofol 
infusion rates designed to maintain a desired plasma propofol concen-
tration. This nomogram is based on the pharmacokinetics of Schnider 
et al., and plotted on a log–log scale to better delineate the early time 
points. Curved lines represent the plasma propofol concentration ver-
sus time plots, resulting from the various continuous infusion rates 
indicated along the right and upper borders (units in µg/kg/min). A 
horizontal line is placed at the desired target plasma propofol concen-
tration (3 µg/mL in this case) and vertical lines are placed at each inter-
section of a curved concentration-time plot. The vertical lines indicate 
the times that the infusion rate should be set to the one represented 
by the next intersected curve as one moves from left to right along 
the horizontal line drawn at 3 µg/mL. In this example the infusion rate 
would be reduced from 300 µg/kg/min to 275 µg/kg/min at 2.5 min-
utes, to 250 µg/kg/min at 3 minutes, to 225 µg/kg/min at 4.5 minutes, 
and so on until it is turned to 100 µg/kg/min at 260 minutes.

TAbLE 7-7.  the bolus-elimination-

infusion (bet) sCheme to 

aChieve a ProPofol Plasma 

ConCentration of 5 mcg/ml 

for 120 minutes

Dose Time (min)

Bolus Dose 2.8 mg/kg

Infusion 238 mcg/kg/min 0–10

187 mcg/kg/min 10–20

136 mcg/kg/min 20–60

112 mcg/kg/min 60–120
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the line for a particular infusion rate will represent the times at 
which the infusion rate should be set to the rate on the intercept-
ing line. In the example shown (see Fig. 7-14) with 25 µg/kg/min 
increments, the predicted plasma propofol concentrations remain 
within 10% of the target from 2 minutes onward with a bias of 
underestimation. If never allowing the estimated concentration to 
fall below the target is desired, then the time to decrease to the next 
lower infusion should be at the midpoint of the subsequent inter-
val. Extending the infusions to the subsequent midpoint times will 
introduce a maximum overestimation bias of approximately 17% 
with the illustrated infusion increments (Fig. 7-14). Biases would 
be increased or decreased by constructing nomograms with larger 
or smaller infusion increments, respectively.

The nomogram can also be used to increase or reduce the 
targeted plasma propofol concentration. To target a new plasma 
drug concentration, a new horizontal line can be drawn at the 
desired concentration. The infusion rate that is closest to the cur-
rent time intersect is the one that should be used initially, followed 
by the decremented rates dictated by the subsequent intercept 
times. For best results when increasing the target concentration, 
a bolus equal to the product of Vc (the central compartment vol-
ume) and the incremental change in concentration should be 
administered. Likewise, when decreasing the concentration the 
best strategy is to turn off the infusion for the duration predicted 
by the applicable context-sensitive decrement time and resume 
the infusion rate predicted for the current time plus the context-
sensitive decrement time. For instance, if after 30 minutes one 
wishes to decrease the target plasma propofol concentration 
from 3 µg/mL to 2 µg/mL (a 33% decrement at a time context of 
30 minutes), one would shut off the infusion for 1 minute and  
10 seconds to let the concentration fall by 33% and then restart at 
75 µg/kg/min. The estimated plasma propofol concentrations from 
this nomogram-guided dosing scheme are shown in Figure 7-15.

Context-sensitive Decrement Times

During an infusion, the drug is taken up by the inert, peripheral 
tissues (18). Once drug delivery is terminated, recovery occurs 

when the effect-site concentration decreases below a threshold 
concentration for producing a pharmacologic effect (e.g., MAC-

AWAKE—the concentration where 50% of patients follow com-
mands).49,75 Although the rate of elimination of the drug from 
the body can give some indication for the time required to reach a 
subtherapeutic effect-site drug concentration, distribution to and 
from the peripheral tissues also contributes to the time course of 
decreasing drug concentrations of the central compartment and 
the effected site. For drugs with multicompartmental kinetics, the 
elimination half-life will always overestimate the time to recovery 
from anesthetic drugs. The context-sensitive half-time is defined 
as the time required for the drug concentration of the plasma to 
decrease by 50%, where the context is the duration of the infu-
sion84. The context-sensitive half-time for the common synthetic 
opioids fentanyl, alfentanil, sufentanil, and remifentanil are illus-
trated in Figure 7-16.

The context-sensitive half time is not a pharmacokinetic 
parameter per se. It is calculated by simulating a TCI of a par-
ticular length (the length is the context) and then observing the 
time required for the plasma concentration to reach one-half of 
the target concentration from the time the infusion is terminated. 
As the length of the infusion increases, the value of the half-time 
increases and will eventually asymptotically approach a maximum 
half-time at steady state. Generally, for multicompartmental phar-
macokinetic models, the half-time will always be less than the 
elimination half-life.

When an infusion is terminated at steady state, input into the 
system’s central compartment is lost and net transfer of the drug is 
no longer zero. Instead, net drug distribution immediately begins 
moving toward the central compartment from the peripheral 
compartments rather than away, as was the case during infusion, 
and the elimination from the central compartment continues 
unabated by the infusion’s input. Plasma or central compart-
ment concentrations will fall relatively rapidly, compared to the 
elimination half-life, until set concentration ratios of central:fast 
and central:slow are achieved. These ratios with higher peripheral 
compartment drug concentrations will achieve the net drug dis-
tribution flux into the central compartment that will balance the 
elimination flux to create a constant elimination rate.

During the elimination phase, the multicompartmental sys-
tem behaves kinetically as a single compartment, but only does 
so because there are (fixed) drug concentration ratios among the 
compartments. With a short infusion, the peripheral compartment 
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FIgURE 7-15. Simulated plasma propofol concentration history re-
sulting from the information in the isoconcentration nomogram in Fig-
ure 7-14 and extending the times to switch the infusion to the next 
lower increment to the midpoint of the subsequent time segment (i.e., 
the switch from 250 to 225 µg/kg/min was at 5 minutes, rather than at 
4.5 minutes). Note that for the first 30 minutes, this sequence predicts 
plasma propofol concentrations that are always slightly above 3 µg/mL 
(see text). The infusion is stopped at 90 minutes in this case.

Duration of Infusion (min)

T
im

e 
fo

r 
50

%
 D

ec
re

as
e 

in
P

la
sm

a 
C

on
ce

nt
ra

tio
n 

(m
in

)

Fentanyl Alfentanil

Sufentanil

Remifentanil

60 120 180 240 300 3600

10

20

30

40

50

60

FIgURE 7-16. The context-sensitive plasma half-time for fentanyl, 
alfentanil, sufentanil, and remifentanil.

tahir99-VRG & vip.persianss.ir



 ChApTEr 7 Basic Principles of Clinical Pharmacology 179

S
C

IE
N

T
IF

IC
 F

O
U

N
D

A
T
IO

N
S
 O

F
  

A
N

E
S
T
H

E
S
IA

drug concentrations will have only achieved low drug concentra-
tions and the plasma drug concentration will have to fall quite far 
to reach the central:peripheral drug concentration ratios needed 
to enter the constant elimination phase. Thus, the half-time is less 
with shorter infusion contexts. After a very long infusion with 
peripheral compartment drug concentrations reaching higher 
drug concentrations as they approach their steady state, plasma 
drug concentrations will not need to fall as much to reach the 
concentration ratios required for the elimination phase, and the 
rate of plasma drug decline will begin approaching the elimination 
half-life sooner, resulting in longer half-times.

One must be aware of the limitations of the context-sensitive 
half-time concept.10,20 First, it is not a kinetic parameter; it only 
describes a specific simulation event. This means it cannot be 
extrapolated backward or, more importantly, forward to lesser 
or greater drug concentration decrements, as is possible with 
true kinetic parameters. Second, it cannot be directly calculated 
from other kinetic parameters. Rather, a model of the specific 
drug pharmacokinetics is programmed into a simulation with a 
set drug infusion regimen; tedious for pencil and paper or hand-
held calculator, but a simple matter for even a modest comput-
ing device (e.g., TCA pumps and applications for smartphones). 
Third, the most relevant concentration decrease may not be one 

half. It could be less than one half or, as is likelier in practice, 
more than one half. Therefore, simulating both the specific infu-
sion context, as well as the required percentage decrease from the 
target concentration, should be done to get the best estimate of 
when a drug’s effect will reach the clinically desired endpoint.

Although a 50% decrease in plasma concentration is an 
appealing and comprehensible parameter, larger or smaller 
decreases in plasma concentrations may be required for recov-
ery from the drug. Simulations show that the time for different 
percent decreases in plasma concentration are not linear.10,20 
Therefore, if a 25% or 75% decrease in plasma concentration is 
required, simulations must be performed to calculate the context-
sensitive 25% decrement time or context-sensitive 75% decre-
ment time (Fig. 7-17). In addition, if the concentration of interest 
is the effect-site concentration rather than the plasma concen-
tration, simulations can be performed to calculate the context-
sensitive effect-site decrement time. Finally, if a constant plasma 
or effect-site concentration is not maintained throughout the 
delivery of the drug (which is typically the case with manual bolus 
and infusion schemes and also with varying drug requirements 
depending on surgical stimulation, etc.), the context-sensitive  
decrement times are guidelines of recovery rather than an abso-
lute prediction of the decay in drug concentration. If precise drug 
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administration data are known, it is possible to compute the 
context-sensitive decrement time for the individual situation or 
context. Even though the context-sensitive decrement times are 
limited, this concept has changed the way that intravenous anes-
thetics are described and has helped foster an increase in accu-
rately and safely administering intravenous anesthetics.

Target-controlled Infusions

Prior to performing an anesthetic, it is possible to perform the 
calculations above and derive a BET scheme targeted to a pre-
determined plasma or effect-site concentration. However, in the 
operating room, once the anesthetic has commenced, without 
the help of a computer, software, and possibly an assistant, it is 
laborious and difficult to make any calculations to determine how 
to adjust the infusion or how to bolus (or stop the infusion) to 
increase or decrease the target plasma concentration.85 By link-
ing a computer with the appropriate pharmacokinetic model 
to an infusion pump, it is possible for the physician to enter the 
desired target plasma concentration of a drug and for the com-
puter to nearly instantaneously calculate the appropriate infusion 
scheme to achieve this target in a matter of seconds.86 Because 
drug accumulates at various rates among the various tissues and 
organs in the body, the computer continually calculates the cur-
rent drug concentration and adjusts the infusion pump in order 
to account for the current status of drug uptake, distribution, and 
elimination. Therefore, the computer driven BET scheme can in 
fact control the infusion pump in order to achieve a steady target 
concentration (Fig. 7-18).

The success of this approach is influenced by the extent to 
which the drug pharmacokinetic and pharmacodynamic param-
eters programmed into the computer match those of the particu-
lar patient at hand. While this same limitation applies to the more 
rudimentary (non-TCI) dosing done routinely in every clinical 
setting, we must examine the special ramifications of—PK–PD 
model misspecification with TCI in any discussion of its future 
importance in the clinical setting.

The mathematical principles governing TCI are actually quite 
simple. For a computer-control pump to produce and maintain a 

plasma drug concentration, it must first administer a dose equal to 
the product of the central compartment, V1, and the target concen-
tration (Fig. 7-19). Then for each moment after that, the amount 
of drug to be administered into the central compartment to main-
tain the target concentration is equal to drug eliminated from 
the central compartment plus drug distributed from the central 
compartment to peripheral compartments minus drug returning 
to the central compartment from peripheral compartments. The 
software keeps track of the estimated drug in each compartment 
over time and applies the rate constants for intercompartmental 
drug transfer from the pharmacokinetic model to these amounts 
to determine drug movement at any given time. It then matches 
the estimated concentrations to the target concentration at any 
time to determine the amount of drug that should be infused. The 
software can also predict future concentrations, usually with the 
assumption that the infusion will be stopped so that emergence 
from anesthesia or the dissipation of drug effect will occur opti-
mally according to the context-sensitive decrement time.

Because there is a delay or hysteresis between the attainment 
of a drug concentration in the plasma and the production of a 
drug effect, it is advantageous to have the mathematics of this 
delay incorporated into TCI. By adding the kinetics of the effect 
site, it is possible to target effect-site concentrations as would be 
in keeping with the principle of working as closely to the relevant 
concentration-effect relationship as possible. A dose scheme that 
targets concentrations in a compartment remote from the central 
compartment (i.e., the effect site) has no closed form solution for 
calculating the infusion rate(s) needed. Instead, the solution is 
solved numerically and involves some additional concepts that 
must be considered, namely the time to peak effect, TMAX, and the 
volume of distribution at peak effect, VDPE. These are discussed 
later. In principle, targeting the effect site necessitates producing 
an overshoot in plasma drug concentrations during induction 
and for subsequent target increases. This is similar in concept to 
over-pressurizing inhaled anesthetic concentrations to achieve a 
targeted end-tidal concentration. However, unlike the inspiratory 
limb of an anesthesia circuit, the plasma compartment seems to 
be closely linked to cardiovascular effects, and large overshoots in 
plasma drug concentration may produce unwanted side effects.

2 4 6 8 10 0 

1

2

3

4

5

6

Time (min)

C
on

ce
nt

ra
tio

n 
(m

cg
/m

L)

FIgURE 7-18. This is a simulation of a target-controlled infusion (TCI) 
in which the plasma concentration is targeted at 5 µg/mL. The blue 
line represents the predicted plasma propofol concentration of 5 µg/
mL, which in theory is attained at time t = 0 and is then maintained by 
a variable rate infusion. The red line is the predicted effect-site concen-
tration under the conditions of a constant pseudo–steady-state plasma 
concentration. Note that 95% of the target concentration is reached in 
the effect site at approximately 4 minutes.
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FIgURE 7-19. This is a simulation of a target-controlled infusion (TCI) 
in which the effect-site concentration is targeted at 5 µg/mL. The solid 
line represents the predicted plasma propofol concentration that results 
from a bolus dose, given at time t = 0 that is predicted to purposely 
overshoot the plasma propofol concentration target until time t = TMAX 
(1.6 minutes). At TMAX, pseudo-equilibration between the effect site 
and the plasma occurs and both concentrations are then predicted to 
be the same until the target is changed. Note that the effect site attains 
the target in less than half the time with effect site targeting compared 
to the plasma concentration targeting seen in Figure 7-18.
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The performance of TCI is influenced by the pharmacokinetic 
model chosen. Although most modern TCI models, whether they 
target the plasma or the effect site, seem to be similar in perfor-
mance, they all produce overshoot for 10 to 20 minutes when 
increasing the target concentration.36 This is because the dose 
adjustments made are based on calculations that utilize a central 
compartment that ignores the complexity of intravascular mixing, 
thereby overestimating the central compartment’s true volume 
(VC) and overestimating the rate of transfer to the fast periph-
eral tissue (ClF) and the size of the peripheral tissue compartment 
(VF) (Fig. 7-20). The performance of TCI is also influenced by the 
variance between pharmacokinetic parameters determined from 
group or population studies and the individual patient. Median 
absolute performance errors for fentanyl,87 alfentanil,88 sufent-
anil,89 midazolam,90,91 and propofol91,92 are in the range of ±30% 
when literature values for pharmacokinetic parameters are used 
to drive the TCI device and fall to approximately ±7% when the 
average kinetics of the test subjects themselves are used.88 Diver-
gence (the percentage change of the absolute performance error) 
is generally quite low (approximately 1%) when target concentra-
tions remain relatively stable, but increase to nearly 20% when 
the frequency of concentration steps is as frequent as every 12 
minutes.36,92 These data suggest that while a considerable error 
may exist (±30%) between the targeted drug concentration and 
the one actually achieved in a patient, the concentration attained 
will not vary much over time. Thus, incremental adjustments in 
the target should result in incremental and stable new concentra-
tions in the patient as long as the incremental adjustments are not 
too frequent.

The introduction of the concept of TCI was first described 
by Schwilden et al. in early 1980s. Other software systems were 
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developed in North America by groups at Stanford University 
and Duke University. By the late 1990s a commercially avail-
able TCI system for propofol (Diprifusor®) was introduced. This 
greatly increased both anesthesiologists’ interest in this mode of 
delivery and their understanding of the concentration-effect rela-
tionships for hypnotics and opioids. In most of the world, devices 
for delivering propofol by TCI are commercially available from at 
least three companies (Graseby, Alaris, and Fresenius) with simi-
lar performance parameters.93 In the United States, there are still 
no FDA-approved devices. For investigational purposes, STAN-
PUMP (developed by Steve Shafer at Stanford University) can be 
interfaced via an RS232 port to an infusion pump. STANPUMP 
currently provides pharmacokinetic parameters for 19 differ-
ent drugs, but has the ability to accept any kinetic model for any 
drug provided by the user. (Information regarding STANPUMP 
is available at http://opentci.org/doku.php?id=code:code&s[]=stan-
pump Accessed December 10, 2012.). RUGLOOP© is the TCI soft-
ware (developed by Michel Struys of Ghent University), which 
is similar to STANPUMP but operates in Windows® rather than 
DOS® and is capable of controlling multiple drug infusions simul-
taneously. (Information regarding RUGLOOP is available at 
http://www.demed.be/index.html; Accessed December 10, 2007.)

While the pharmacologic principle of relating a concentra-
tion rather than a dose is scientifically sound, few studies have 
actually attempted to determine whether TCI improves clinical 
performance or outcome. Only a few limited studies have actually 
compared manual infusion control versus TCI. Some have shown 
better control and a more predictable emergence with TCI,93,94 
whereas others have simply shown no advantage.95,96

TCI principles continue to be developed beyond the scope 
of intravenous anesthesia techniques. TCI has been used to pro-
vide postoperative analgesia with alfentanil.97,98 In this system, 
a desired target plasma alfentanil concentration was set in the 
range of 40 to 100 ng/mL. A demand by the patient automatically 
increased the target level by 5 ng/mL. Lack of a demand caused 
the system to gradually reduce the targeted level. The quality of 
analgesia was judged to be superior to standard morphine patient 
controlled analgesia (PCA).

Similarly, TCI has been used to provide patient-controlled seda-
tion with propofol.99,100 The TCI was set to 1 µg/mL and a demand 
by the patient increased the level by 0.2 µg/mL. As with the TCI 
analgesia system, the lack of a demand caused the system to gradu-
ally reduce the targeted plasma propofol concentration. The timing 
and increment of the decrease were adjusted by the clinician. Over 
90% of patients were satisfied with this method of sedation.

Time to Maximum Effect Compartment 
Concentration (TMAX)

Earlier in this chapter, the delay between attaining a plasma con-
centration and an effect-site concentration was described (Fig. 
7-11). This delay, or hysteresis, is presumed to be a result of 
transfer of drug between the plasma compartment, VC, and an 
effect compartment, Ve, as well as the time required for a cellular 
response. By simultaneously modeling the plasma drug concen-
tration versus time data (pharmacokinetics) and the measured 
drug effect (pharmacodynamics), an estimate of the drug transfer 
rate constant, ke0, between plasma and the putative effect site can 
be estimated.47 However, estimates of ke0, like all rate constants, 
are model specific.101,102 That is, ke0 cannot be transported from 
one set of kinetic parameters determined in one specific—PK–PD 
study to any another set of pharmacokinetic parameters. Like-
wise, it is not valid to compare estimates of ke0 among studies of 
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FIgURE 7-20. The influence of the misspecification of each of the 
components of the traditional three-compartment pharmacokinetic 
models on the prolonged discrepancy (overshoot) between predicted 
and targeted concentrations with target-controlled infusions (TCI). The 
error resulting from elimination clearance was negligible and therefore 
not illustrated. Notice that the loading dose (based on VC) produces 
a large amount of error in the initial minutes, however, from 1 to  
20 minutes, the deviation from the target concentration is largely due 
to the overestimation of ClF . The equations listed are for the respective 
BET infusions of the TCI system. (From: Avram MJ and Krejcie TC. Using 
front-end kinetics to optimize target-controlled drug infusions. Anes-
thesiology. 2003;99:1078–1086.)
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the same drug or across different drugs and, therefore, one should 
not be surprised that reported values for ke 0 for the same drug 
vary markedly among studies. The model-independent param-
eter that characterizes the delay between the plasma and effect 
site is the time to maximal effect, or TMAX.

102 Accordingly, if the 
TMAX and the pharmacokinetics for a drug are known from inde-
pendent studies, a ke0 can be estimated by numeric techniques 
for the independent kinetic set that would produce the known 
effect-site TMAX.

The concept of a transportable, model-independent parameter 
that characterizes the kinetics of the effect site is important for 
robust effect site–targeted, computer-controlled infusions. This is 
because there are many more pharmacokinetic studies character-
izing a wider variety of patient types and groups in the literature 
than there are complete—PK–PD studies. By making the gener-
ally valid assumption that interindividual differences are small 
in a drug’s rate of effect-site equilibration, it is possible with a 
known TMAX to estimate effect-site kinetics for a drug across a wide 
variety of patient groups where only the pharmacokinetics are 
known. This cannot be done in a valid manner using kE0 or t½Ke0 
alone.101,102

Volume of Distribution at peak Effect (VDpE)

While the plasma concentration can be brought rapidly to the 
targeted drug concentration by administering a bolus dose to the 
central compartment (C × VC) and then held there by a computer-
controlled infusion (Fig. 7-18), the time for the effect site to reach 
the target concentration will be much longer than TMAX (4 min-
utes for propofol effect-site concentration to reach 95% of that 
targeted). It is possible to calculate a bolus dose that will attain the 
estimated effect-site concentration at TMAX without overshoot in 
the effect site. However, plasma drug concentration will overshoot 
(Fig. 7-19). This is done by combining the concept of describing 
drug distribution as an expanding volume of distribution that 
starts at VC and approaches Vβ (the apparent volume of distribu-
tion during the elimination phase) over time with the concept of 
TMAX.103,104

Volume of distribution over time is calculated by dividing the 
total amount of drug remaining in the body by the plasma drug 
concentration at each time, t. The time-dependent volume at the 
time of peak effect (or TMAX) is VDPE. The product of the targeted 
effect-site concentration and VDPE plus the amount lost to elimi-
nation in the time to TMAX becomes the proper bolus dose that 
will attain the target concentration at the effect site as rapidly as 
possible without overshoot. In practical terms, this bolus is given 
at time t = 0, after which the infusion stops until time t = TMAX. 
It then resumes infusing drug in its normal “stop loss” manner.

Some software programs for controlling TCIs include this 
concept in their algorithms. In the case of the propofol kinetics 
used to construct the isoconcentration nomogram in Figure 7-14, 
the—PK–PD parameter set of Schnider et al.,105 predicts a TMAX 
of 1.6 minutes, a VDPE of 16.62 L, and an elimination loss of 23.8% 
of the dose over 1.6 minutes in a 70 kg man. Thus the proper 
propofol bolus for a targeted effect-site propofol concentration of 
5 µg/mL is 109 mg. The computer-controlled infusion pump will 
deliver this dose as rapidly as possible and then begin a targeted 
infusion for 5 µg/mL at t = 1.6 minutes (see Fig. 7-19).

Front-end pharmacokinetics

Classic PK–PD models make the simplifying assumptions that 
there is instantaneous and complete mixing of drug in the intra-

vascular space—a mathematical construct without regard for the 
physiology that drives drug disposition.106–108 Therefore, the classic 
PK models inaccurately describe the initial/central distribution vol-
ume (VC), as a result of which they misestimate intercompartmen-
tal clearances and are unable to characterize cardiac output and 
its distribution.36,39,58,106,108–111 Misspecification of VC also results 
in misspecification of the effect-site kinetics and compensates by 
overestimating interindividual PD variability.36,108,111 Physiologi-
cally based PK–PD models that can accurately estimate distribu-
tion volumes and clearances result in more realistic estimates of PD 
variability (Fig. 7-21).111 Another source of PK and PD variability 
is cardiac output and its distribution.58,108,109,111,112 Cardiac output 
and its distribution influences PK by modifying the distribution 
of drug to tissue compartments. In addition, cardiac output influ-
ences PD by changing the blood to effect-site equilibration rate 
(Fig. 7-22).111 Because they cannot characterize cardiac output and 
its distribution, classic PK–PD models will be unable to identify the 
changes in cardiac output and its distribution that are the result 
of alterations in physiology related to sex, age, body composition 
or pathologic processes.113,114 Therefore, classic PK–PD models will 
not identify factors that solely alter cardiac output and its distri-
bution as a source of PK variability and will overestimate the true 
PD.36,111,115,116

The term “front-end pharmacokinetics” refers to the intra-
vascular mixing, pulmonary uptake, and recirculation events that 
occur in the first few minutes during and after intravenous drug 
administration.39 These kinetic events and the drug concentra-
tion versus time profile that results are important because the 
peak effect of rapidly acting drugs occurs during this temporal 
window.38,111,117,118 Although it has been suggested that front-end 
pharmacokinetics be utilized to guide drug dosing,36 current TCI 
does not incorporate front-end kinetics into the models from 

19

FIgURE 7-21. The misestimation of the central distribution volume 
(Vc) by a traditional compartmental PK–PD model results in more inter-
individual variability in pharmacodynamic estimates than pharmacody-
namic estimates from a high-resolution, recirculatory PK–PD model. This 
figure uses Monte Carlo simulation of the effect-site concentration— 
pharmacologic-effect relationships to demonstrate the interindividual 
variability from a traditional compartmental PK–PD model (Two-compart-
ment, blue dashed lines) and a high-resolution recirculatory PK–PD model  
(RECIRC, black solid lines). (Adapted from the rocuronium data of Kui-
pers JA, Boer F, Olofsen E, et al., Recirculatory pharmacokinetics and 
pharmacodynamics of rocuronium in patients: The influence of cardiac 
output. Anesthesiology. 2001;94:47–55.)
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which drug infusion rates are calculated. As described above, not 
doing so introduces further error.

TCI relies on pharmacokinetic models that are based on the 
simplifying assumption of instantaneous and complete mixing 
within VC. However, the determination of VC is routinely over-
estimated in most pharmacokinetic studies. Overestimation of 
VC, when used to calculate TCI infusion rates, results in plasma 
drug concentrations that overshoot the desired target concen-
tration, especially in the first few minutes after beginning TCI. 
Furthermore, correct description of drug distribution to tissues is 
dependent on an accurate VC estimate, so inaccuracies caused by 
not taking front-end pharmacokinetics into account may be per-
sistent and result in undershoot as well as overshoot. Simulation 
indicates that pharmacokinetic parameters derived from stud-
ies in which the drug is administered by a short (approximately  
2 minutes) infusion better estimate VC and tissue-distribution 
kinetics than those from a rapid intravenous bolus infusion.36,37 
When the latter drug administration method is used, full char-
acterization of the front-end recirculatory pharmacokinetics is 
required to obtain valid estimates of V for use in TCI.36,37

Closed-loop Infusions

When a valid, and nearly continuous, measure of drug effect is 
available, drug delivery can be automatically titrated by feedback 
control. Such systems have been used experimentally for control 
of blood pressure,119 oxygen delivery,120 blood glucose,121 neu-
romuscular blockade,122 and depth of anesthesia.123–129 A target 

value for the desired effect measure (the output of the system) is 
selected and the rate of drug delivery (the input into the system) 
is dependent on whether the effect measure is above, below, or 
at the target value. Thus the output feeds back and controls the 
input. Standard controllers (referred to as proportional-integral-
derivative [or PID] controllers) adjust drug delivery based on 
either the integral, or magnitude, of the deviation from target and 
the rate of deviation, or the derivative.

Under a range of responses, standard PID controllers work 
quite well. However, they have been shown to develop unstable 
characteristics in situations where the output may vary rapidly 
and widely. Schwilden et al.130 have proposed a controller in which 
the output (measured response) controls not only the input (drug 
infusion rate), but also the pharmacokinetic model driving the 
infusion rate. This is a so-called model-driven or adaptive closed-
loop system. Such a system has performed well in clinical trials,124 
and in a simulation of extreme conditions it was demonstrated to 
outperform a standard PID controller.127

Closed-loop systems for anesthesia are the most difficult to 
design and implement because the precise definition of “anes-
thesia” remains elusive, as does a robust monitor for “anesthetic 
depth”.75 Because modification of consciousness must accom-
pany anesthesia, processed electroencephalographic (EEG) 
parameters that correlate with level of consciousness, such as 
the bispectral index (BIS), electroencephalographic entropy, and 
auditory evoked potentials, make it possible to undertake closed-
loop control of anesthesia. There is keen interest in further devel-
oping these tools to make them more reliable because, advances 
in pharmacokinetic modeling, including the effect compartment, 
the implementation of such models into drug delivery systems, 
and the creation of adaptive controllers based on these models, 
has made routine closed-loop delivery of anesthesia imaginable.123 
So far it has been difficult to bring a true closed-loop system to 
market in medical applications because of the regulatory agency 
hurdles. From a regulatory point of view, an open-loop TCI 
system is much easier to attain and offers many of the benefits 
of actual closed-loop systems. Unless there is a regulatory or a 
design “breakthrough,” closed-loop systems for anesthesia will 
likely remain in the theoretical and experimental realms.

response Surface Models of  
Drug–Drug Interactions

During the course of an operation, the level of anesthetic drug 
administered is adjusted to ensure amnesia to ongoing events, pro-
vide immobility to noxious stimulation, and blunt the sympathetic 
response to noxious stimulation. Although it is possible to achieve 
an adequate anesthetic state with a high dose of a sedative-hypnotic 
alone (i.e., a volatile anesthetic or propofol), the effect-site drug 
concentration necessary is often associated with excessive hemo-
dynamic depression67 and excessively deep plane of hypnosis that 
may be associated with long standing morbidity or mortality.131,132 
Therefore, to limit side effects, an opioid and a sedative-hypnotic 
are administered together. Although the administration of two 
volatile anesthetics or a volatile anesthetic and propofol produce 
a net-additive effect, the combination of an opioid and a sedative-
hypnotic are synergistic for most pharmacologic effects. By under-
standing the interactions between the opioids and the sedative-
hypnotics, it is possible to select target concentration pairs of the 
two drugs that produce the desired clinical effect while minimiz-
ing unwanted side effects associated with high concentrations of a 
single drug (e.g., hemodynamic instability, prolonged respiratory 
depression).

FIgURE 7-22. The effects of cardiac output on the blood—effect-
site equilibration rate (ke0) when the PK–PD model is a high-resolution 
“recirculatory” model (black circles) versus a traditional compartmental 
model (triangles). While the traditional model has a moderate corre-
lation between measured cardiac output and ke0 and significant sys-
tematic error (gray line), the high-resolution recirculatory model has 
a very strong correlation between measured cardiac output and ke0 
(black line). Therefore, for lipophilic drugs with flow limited tissue-
distribution (i.e., opioids, hypnotics), a high-resolution PK–PD model 
provides a physiologic basis for transfer of drug from the blood to the 
effect site. In addition, these high-resolution PK–PD models can quanti-
tate the effects of physiologic perturbations on the PK and PD of these 
drugs more accurately than the traditional compartmental models. 
(Adapted from the rocuronium data of Kuipers JA, Boer F, Olofsen E, 
et al., Recirculatory pharmacokinetics and pharmacodynamics of ro-
curonium in patients: The influence of cardiac output. Anesthesiology. 
2001;94:47–55.)
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Studies designed to evaluate the pharmacodynamic interac-
tions between an opioid and a sedative-hypnotic have traditionally 
focused on the effects of adding one or two fixed doses or concen-
trations of the opioid to several defined concentrations or doses of 
the sedative-hypnotic.66,67,133–140 Graphical demonstration of these 
interaction data are most commonly performed by demonstrating 
a shift of parallel dose-response curves (Fig. 7-23). An alternative 
mathematical model is the isobologram—isoeffect curves that 
show dose combinations that result in equal effect (Fig. 7-24). 
Isobolographic analysis has the additional benefit of character-
izing the interaction between the two drugs as additive, antago-
nistic, or synergistic (Fig. 7-25), whereas shifts of dose-response 
curves requires more complex concentrations to determine if 
the interaction, demonstrated by a left-ward shift in the curve, 
is more than additive.

An alternative mathematical model that can fully characterize 
the complete spectrum of interaction between two drugs for all 
possible levels of concentration and effects is the response surface 
model.71,74 The surface morphology of a response surface not only 
demonstrates whether the interaction is additive, synergistic, or 
antagonistic, but the model itself can quantitatively describe the 
degree of interaction between the two drugs. Furthermore, isobo-
lograms can be derived from the projection of the response sur-
face onto the appropriate horizontal effect plane (Fig. 7-26), and 
concentration-response curves can be derived from taking a ver-
tical slice through a response surface in the plane perpendicular to 
the fixed-opioid concentration of interest (Fig. 7-26).71,74,75 There-
fore, response surface models can be viewed as generalizations of 
the traditional pharmacodynamic methods of analysis. The major 
limitation of response surface models is that they require a large 

number of pharmacodynamic measurements across all possible 
concentration pair combinations to accurately characterize the 
entire surface.141 This is most efficiently done in the laboratory 
setting utilizing volunteers who can be exposed to subtherapeu-
tic (e.g., below the level that guarantees amnesia) and suprath-
erapeutic drug concentration pairs. However, because response 
surface models characterize the drug concentration pairs that 
provide adequate anesthesia and also adequate recoveries from 
anesthesia, these models provide information that are not nor-
mally available from studies that generate an isobologram from 
surgical patients.

Isobolograms and response surface models clearly dem-
onstrate that there are multiple target concentration pairs of  
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FIgURE 7-23. The effect of adding remifentanil on the concen-
tration-effect curve for sevoflurane-induced analgesia (no hemody-
namic response to a 5 second, 50 milliamp tetanic stimulation in 
volunteers). Each curve represents the concentration-effect relation 
for sevoflurane with a fixed effect-site concentration of remifentanil. 
The leftward shift in the curves indicates that remifentanil decreases 
the amount of sevoflurane needed to produce adequate analgesia. 
The changes in the slopes of the concentration-response curves in-
dicate that there is significant pharmacodynamic synergy between 
sevoflurane–remifentanil. Also note that there is a ceiling effect to 
this pharmacodynamic interaction—the magnitude of the leftward 
shift decreases as the remifentanil concentration increases. HR, heart 
rate; MAC, minimum alveolar concentration. (Adapted from: Man-
yam SC, Gupta DK, Johnson KB, et al., Opioid-volatile anesthetic 
synergy: A response surface model with remifentanil and sevoflurane 
as prototypes. Anesthesiology. 2006;105:267–278.)
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FIgURE 7-24. Remifentanil–sevoflurane interaction for sedation 
(green line) and analgesia to electrical tetanic stimulation (red line) for 
volunteers. The respective 95% isoboles demonstrate the myriad of 
target concentration pairs of remifentanil and sevoflurane that have a 
95% probability of producing the desired pharmacodynamic endpoint. 
MAC, minimum alveolar concentration. (Adapted from: Manyam SC, 
Gupta DK, Johnson KB, et al., Opioid-volatile anesthetic synergy: A re-
sponse surface model with remifentanil and sevoflurane as prototypes. 
Anesthesiology. 2006;105:267–278.)
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an opioid and a sedative-hypnotic that can provide adequate  
anesthesia—a 95% probability of no hemodynamic response to a 
noxious stimulus and 95% probability of clinically adequate seda-
tion.72,73,76 Combining the response surface pharmacodynamic 
models with pharmacokinetic models allows computer simula-
tions to be performed to identify the target concentration pair of 
the opioid and the sedative-hypnotic that produces an adequate 
anesthetic, and yet optimizes one or more pharmacodynamic 
endpoints, such as the speed of awakening from anesthesia, drug 
induced respiratory depression, or drug acquisition costs.69,73 For 
sevoflurane-remifentanil anesthetics, these types of pharmacoki-
netic–pharmacodynamic simulations demonstrate the benefit of 
minimizing the administered dose of even the low solubility vola-
tile anesthetic sevoflurane to near 0.5 MAC to take advantage of the 
pharmacokinetic efficiency of remifentanil, especially as the dura-
tion of anesthesia increases (Fig. 7-27 and Table 7-8).73

20

CONCLUSION

Since World War II, we have moved from characterizing all anes-
thetics by a dose-response relationship to developing sophisti-
cated models to characterize the synergistic interaction between 
sedative-hypnotics and opioids and having the physical devices 
and the computer support to accurately administer drugs to 
achieve the desired concentrations at the effect site of drug action. 
The rational selection of drug target concentrations required to 
achieve adequate anesthesia and minimize side effects (e.g., pro-
longed awakening, hemodynamic depression) and the methods 
by which to efficiently achieve those concentration targets with 
minimal overshoot requires a solid understanding of the clinical 
pharmacology of anesthetics. As new drugs enter the anesthetic 
armaterium, careful characterization of their pharmacokinetic 
and pharmacodynamic properties will allow them to be safely and 
appropriately utilized as part of a balanced anesthetic.75
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Johnson KB, et al. Opioid-volatile anesthetic synergy: A response surface 
model with remifentanil and sevoflurane as prototypes. Anesthesiology. 
2006;105:267–278.)
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FIgURE 7-27. The optimal target concentration pairs of remifen-
tanil and sevoflurane to maintain adequate analgesia (95% isobole 
for analgesia to electrical tetanic stimulation) result in the most rapid 
emergence for anesthetics of various durations. For example, for a 
2-hour anesthetic, target concentrations of 0.93 vol% sevoflurane 
and 4.9 ng/mL remifentanil would result in a 5.8-minute time to 
awakening. As the duration of anesthesia increases, a minimum sevo-
flurane target concentration of 0.75 vol% is reached. HR, heart rate; 
MAC, minimum alveolar concentration. (Adapted from: Manyam SC, 
Gupta DK, Johnson KB, et al. Opioid-volatile anesthetic synergy: A 
response surface model with remifentanil and sevoflurane as proto-
types. Anesthesiology. 2006;105:267–278.)

TAbLE 7-8.  the oPtimal target ConCentration Pairs of sevoflurane and remifentanil 

for anesthetiCs 30 to 900 minutes in duration

Duration of 

Anesthetic (h)

Shortest Recovery  

Time (min)

Effect-Site Remifentanil 

Concentration (ng/mL)

Remifentanil Infusion Rate 

(mcg/kg/min)

End Tidal Sevoflurane 

Concentration (vol%)

0.5 4.5 4.1 0.15 1.1

1 5.0 4.3 0.16  1.05

2 5.8 4.9 0.18  0.93

4 6.7 5.2 0.19  0.88

7–24 7.2–7.7 6.1 0.22  0.75
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