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Introduction

Drugs must reach their site of action to be effective. In 
1628, William Harvey proved in Exercitatio Anatomica de 
Motu Cordis et Sanguinis in Animalibus that venous blood 
was transported to the arterial circulation and thus to body 
organs by the heart. That drugs injected into veins could be 
rapidly carried to the entire body was rapidly recognized. 

Consequently, for intravenous drug delivery to be success-
ful, predictable intravenous access is essential.

The development of intravenous methods of anesthetic 
drug delivery has been made possible by technologic 
advances. In the middle of the 17th century, Christopher 
Wren and his Oxford contemporaries applied a feather quill 
and animal bladder to inject drugs into dogs and humans 
and rendered them unconscious. The hollow hypodermic 

!"!  The pharmacokinetics of anesthetic drugs are described by multicompartment models. Ac-
curate intravenous drug delivery requires adjusting the maintenance infusion rates to take into 
account the accumulation of the drug in the peripheral tissues.

!"!  Biophase is the site of action of a drug. Initiation, maintenance, and titration of intravenous 
anesthetics must account for the delay in equilibration between plasma and the site of drug 
effect.

!"!  Some drug effects directly reflect the concentration of the drug in the biophase (direct-effect 
models). Other drug effects reflect the alteration of feedback systems by anesthetics (indirect-
effect models). The influence of opioids on ventilation reflects the dynamic influence of opioids 
on the feedback between ventilation and carbon dioxide and is thus an example of an indirect 
drug effect.

!"!  The target concentration in the effect site is the same as the target concentration in plasma 
at steady state. Effect-site requirements are influenced by patient physiologic characteristics, 
surgical stimulation, and concurrent drug administration. Ideally, target concentrations should 
be set for the hypnotic (volatile anesthetic or propofol) and the analgesic (opioid) that properly 
accounts for the synergy between them.

!"!  To achieve an effective target concentration, the conventional teaching of administering an 
initial dose as calculated by the product of target concentration and volume of distribution, 
followed by a maintenance rate as calculated as the product of target concentration and 
clearance, is inaccurate. The initial dose may be calculated as the product of target concentra-
tion and volume of distribution at peak effect. Maintenance rates must initially account for the 
distribution of drug in peripheral tissues and should only be reduced to the product of target 
concentration and clearance after equilibration of plasma and peripheral tissue concentrations.

!"!  The terminal half-life does not reflect the clinical time course of drug plasma concentration. The 
context-sensitive decrement time is the time for a given decrement in drug concentration, as 
a function of the duration of infusion that maintains a steady plasma concentration. Context-
sensitive decrement times properly incorporate the multicompartment behavior of intravenous 
anesthetics. The context-sensitive half-time is the time for a 50% decrement in concentration.

!"!  Alfentanil, fentanyl, sufentanil, remifentanil, propofol, thiopental, methohexital, etomidate, 
ketamine, midazolam, and dexmedetomidine can all be administered as a continuous intrave-
nous infusion. Specific caveats, infusion rates, and titration guidelines are presented in this text.

!"!  Target-controlled infusions (TCIs) use pharmacokinetic models to determine intravenous 
anesthetic administration rates required to achieve specified plasma or effect-site drug con-
centrations. Various plasma and effect-site targeting TCI systems are commercially available 
worldwide (except within the United States) to administer hypnotics and opioids.

!"!  Closed-loop drug delivery systems have used the median electroencephalographic frequency, 
bispectral index (BIS), or auditory-evoked potentials to control intravenous anesthetic delivery. 
Although these systems have generally performed well clinically, they remain under investiga-
tion.  
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needle and a functional syringe were developed by Fran-
ces Rynd (1801–1861) and Charles Pravaz (1791–1853), 
respectively. Contemporary needles, catheters, and syringes 
are descendants of these early devices. In the twentieth cen-
tury, equipment began to be made of plastics, first polyvi-
nyl chloride, then Teflon, and later, polyurethane. In 1950, 
Massa invented the Rochester needle (Fig. 26.1),1 which led 
to the revolutionary concept of the “over-the-needle” cath-
eter, which is still the gold standard for intravenous access 
for nearly all intravenous drug delivery today.2

Although fundamental principles of intravenously admin-
istering drugs were known in the 18th century, intravenous 
induction of anesthesia became common only in the 1930s 
after the discovery of barbiturates. Maintenance of anesthe-
sia by intravenously administered anesthetics has become 
practical, safe, and popular in the past 2 decades. Intravenous 
drugs such as methohexitone and thiopental, although suit-
able for intravenous induction of anesthesia, are not suitable 
for use by infusion for the maintenance of anesthesia. In the 
case of thiopental, accumulation can lead to cardiovascular 
instability and delayed recovery, whereas methohexitone is 
associated with the excitatory phenomenon and epileptiform 
electroencephalographic (EEG) changes. Although the next 

generation of intravenous drugs, such as ketamine, althesin, 
and etomidate, possessed desirable pharmacokinetic char-
acteristics, their use has been limited as a result of other side 
effects, including hallucinations, anaphylaxis, and adrenal 
suppression, respectively. The discovery of propofol in 1977 
provided the anesthetic practice an intravenous drug suitable 
for both induction and maintenance of anesthesia; currently, 
propofol is still one of the most frequently used drugs for this 
purpose.3 Other drugs suitable for continuous infusion used 
today are some of the opioids such as alfentanil and sufentanil 
and certainly the short-acting opioid remifentanil. In addition, 
some of the nondepolarizing neuromuscular blocking agents 
are used as continuous infusions in specific situations.

Drugs are still predominantly injected as a bolus or continu-
ous infusion using standard dosing guidelines, thereby ignor-
ing the large interindividual variability in the dose-response 
relationship.4 In contrast to inhaled anesthetics, for which 
the inspired and end-tidal concentrations can be continuously 
measured in real time (“online”), the actual plasma or effect 
organ concentration of an intravenously administered drug 
is not immediately measurable in clinical practice. Therefore 
manually adjusting the intravenous drug injection regimens to 
maintain an online measured plasma concentration is impos-
sible. It becomes even more complex if a specific effect-site con-
centration is the target. Optimal patient-individual dosing may 
be achieved by the application of pharmacokinetic-pharmaco-
dynamic principles. Additionally, recent findings suggest that 
the pharmacokinetic and pharmacodynamic interactions dur-
ing intravenous administration of various drugs are important 
and, as such, should be taken into account when optimizing 
drug administration.5,6 Computer technology can be used to 
assist the clinician in titrating intravenous drug administra-
tion by using the therapeutic end point as the feedback signal 
for dosing (Fig. 26.2).

Fig. 26.1 Details of the assembly of the Massa plastic needle, sold by 
Rochester Products Company, Rochester, Minnesota. (From Massa DJ. 
A plastic needle. Anesthesiology. 1951;12:772–773. Used with permission.)
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Fig. 26.2 Schematic representation of the dose-response relationship for both hypnotics and opioids. The pharmacokinetic (PK) (green area) and the 
pharmacodynamic (PD) (yellow area) parts of this relationship are shown. Closed-loop control of drug administration using the clinical measure is 
indicated as feedback control. PK and PD drug interactions are indicated. (From Sahinovic MM, Absalom AR, Struys MM. Administration and monitoring of 
intravenous anesthetics. Curr Opin Anaesthesiol. 2010;23:734–734. Used with permission.)
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The development of the first mechanical syringe pumps 
in the 1950s improved the quality of intravenous drug 
administration. A more recent technologic development 
in intravenous anesthesia is the introduction of computer-
ized pharmacokinetic model–driven continuous-infusion 
devices, enabling the attainment of desired plasma levels 
of an intravenous anesthetic drug by using a computer-
controlled infusion pump operated in accordance with the 
published pharmacokinetics of the drug.7 These efforts have 
resulted in the release of the first commercial target-con-
trolled infusion (TCI) device in Europe, developed by Zeneca 
specifically for the administration of propofol. Since that 
time, several countries (with the exception of the United 
States) have approved the use of TCI devices for the delivery 
of anesthetic drugs.8

The ultimate development in anesthetic delivery systems 
will be devices for closed-loop administration of intrave-
nous drugs during anesthesia. Systems have been devel-
oped for closed-loop administration of various drugs such 
as neuromuscular blocking agents, hypnotics, and opioids. 
The control variables for these systems have included vari-
ous pharmacodynamic measures derived from techniques 
such as acceleromyography, automated blood pressure 
measurement, and electroencephalography.

The dose-response relationship can be divided into three 
parts (see Fig. 26.2): (1) the time course of the relationship 
between the given dose and the plasma concentration is 
defined as pharmacokinetics, (2) the relationship between 
the plasma concentration and/or effect-organ concentra-
tion and the clinical effect is defined as pharmacodynamics, 
and (3) the coupling between pharmacokinetics and phar-
macodynamics is required when the blood is not the site of 
drug effect.

Before reviewing delivery techniques and devices for 
intravenous anesthesia, this chapter presents some phar-
macokinetic and pharmacodynamic principles as back-
ground for understanding how to administer intravenous 
drugs to their best advantage. Further discussion of the 
principles of pharmacokinetics and pharmacodynamics 
can be found in Chapter 23.!

Pharmacokinetic Considerations

The aim of optimal intravenous drug dosing is to reach 
and maintain a desired time course of therapeutic drug 
effect as accurately as possible, thereby preventing dose-
related adverse drug effects. To be useful in anesthesia, this 
time course should include a rapid onset of clinical effects, 
smooth maintenance, and fast recovery after the termi-
nation of drug administration. The pharmacokinetics of 
many intravenous drugs can be described using mammil-
lary multicompartment pharmacokinetic models. These 
models assume that the drug is directly given and mixed 
in the plasma, resulting in an immediate peak in its plasma 
concentration.

The easiest clinical technique is to administer a single 
dose, calculated to keep the plasma concentration above 
the therapeutic target concentration for the required time 
(Fig. 26.3). A constant concentration cannot be main-
tained, but it should not decrease to less than the therapeu-
tic concentration. Unfortunately, when one single bolus is 

used, the initial dose must be large enough to maintain a 
concentration above the lowest therapeutic concentration 
even at the end of surgery. However, this sometimes very 
large dose of drug may cause numerous side effects attrib-
utable to the initially high concentrations in the body. It 
might be less harmful to keep the drug concentration above 
the lowest therapeutic level without very high initial con-
centrations by repeatedly injecting smaller doses; even with 
this technique, however, maintaining a stable plasma con-
centration is still impossible.

To produce a time course of drug effect that follows 
the time course of anesthetic requirement, a continuous 
infusion titrated to the perceived anesthetic requirement 
should be used. Typically, just enough amount of drug is 
given to achieve the therapeutic blood or plasma drug 
concentration. Drug administration thereafter should be 
continuously titrated throughout surgery. Although such 
a regimen does not overshoot the required concentration 
(and therefore avoids the risk of concentration-related 
side effects), yet another difficulty exists. Whereas, the 
large bolus approach produces an effective concentration 
(EC) from the onset, albeit with an excessive overshoot, a 
continuous infusion takes a long time to become effective 
because of the slow increase in concentration. Reaching 
steady state (see Fig. 26.3) takes a very long time during 
which the increase in concentration is rapid at first but then 
slows down as equilibrium is approached. For example, it 
will take longer than 1 hour for the propofol infusion to 
generate a plasma concentration that is at least 95% of the 
steady-state concentration. Consequently, although simple 
infusions are obviously very effective for maintaining con-
stant blood concentrations once steady state is reached and 
for avoiding overshoot, infusions do not offer a clinically 
realistic approach. Therefore a combination of an initial 
bolus followed by a stepwise decreasing continuous infu-
sion is more useful.9,10

Pharmacokinetic models can be used to calculate the 
required drug-dosing regimen to reach and maintain a 
therapeutic drug concentration as fast as possible without 
overshooting or accumulation. In this chapter, an explana-
tion of how pharmacokinetic models can be used to calcu-
late accurate dosing schemes for use with intravenous drug 
delivery systems is offered.

Pharmacokinetic models are mathematical descriptions 
of how the body disposes of drugs. The parameters describ-
ing this process are estimated by administering a known 
dose of the drug and measuring the resulting plasma con-
centrations. A mathematical model then relates the input 
over time, I(t), with the concentrations over time, C(t). 
These models can take many forms. Fig. 26.4 shows con-
centrations in plasma and effect site over time after a single 
intravenous bolus of drug at time 0. Drug concentrations 
continuously decrease after the bolus, and the rate of 
decrease is approximately proportional to the amount of 
drug in plasma. Typically, this behavior can be described 
with the use of exponential models. The curve might have 
a single exponent, in which case the plasma concentrations 
over time might be described by the function C(t) = Ae!kt, 
where A is the concentration at time 0 and k is a constant 
that describes the rate of decrease in concentration. The 
relationship appears to be a straight line when graphed as 
the log of concentration versus time. The pharmacokinetics 
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of intravenous anesthetic drugs is more complex because 
after the bolus, a period of rapid decline is observed before 
the terminal log-linear portion (i.e., the part that is a straight 
line when described as log concentration vs. time). This 
process can be modeled by taking several monoexponential 
curves and adding them together. The result is a polyex-
ponential curve. For example, the concentrations after an 
intravenous bolus might be described by an equation with 
two exponents, C(t) = Ae!#t + Be!$t, or an equation with 
three exponents, C(t) = Ae!#t + Be!$t + Ce!%t.

The aforementioned is applied to single bolus dosing, 
which is, of course, only one way of administering intra-
venous anesthetic drugs. A more general way to think of 
pharmacokinetics is to decompose the input into a series 
of small bits (boluses) and consider each bit of drug sepa-
rately. The general pharmacokinetic model of drug disposi-
tion commonly used in anesthesia independently considers 
each bit of drug and analyzes its contribution by means of 
polyexponential decay over time. The formal mathematic 
description of each bit of drug in terms of polyexponential 
decay over time is the relationship (Eq. 26.1)

 $ (U) � * (U) �
O!

J� �

"JFå ȡJU (26.1)

where C(t) is the plasma concentration at time t and I(t) is 
drug input (i.e., a bolus or infusion). The summation after 
the asterisk (described later in this chapter) is the func-
tion describing how each bit of drug is disposed (hence the 
name, disposition function). Note that this is again a sum of n 
exponentials, as described in the previous paragraph.

Pharmacokinetic modeling is the process of estimating 
the parameters within this function. The integer n is the 
number of exponentials (i.e., compartments) and is usually 
two or three. Each exponential term is associated with a 
coefficient Ai and an exponent &i. The & values are inversely 
proportional to the half-lives (half-life = ln 2/& = 0.693/&), 
with the smallest & representing the longest (terminal) 
half-life. The A values are the relative contribution of each 
half-life to overall drug disposition. If a drug has a very 
long terminal half-life but a coefficient that is significantly 
smaller than the other coefficients, then the long half-life 
is likely to be clinically meaningless. Conversely, if a drug 
has a very long half-life with a relatively large coefficient, 
then the drug will be long lasting even after brief adminis-
tration. The asterisk (*) operator is the mathematic process 
called convolution, which is simply the process of breaking 
the infusion into bits of drug and then adding up the results 
to observe the overall concentrations resulting from the dis-
position of the different bits up to a time point t.

The pharmacokinetic model shown has some useful 
characteristics that account for its enduring popularity 
in pharmacokinetic analysis. Most important, the model 
describes observations from studies reasonably well, the 
sine qua non for models. Second, these models have the use-
ful characteristic of linearity. Simply stated, if the dose, I, 
is doubled (e.g., administering a bolus twice as large or an 
infusion twice as fast), then the resulting concentrations 
should be doubled.

More generally, linearity implies that the system (i.e., the 
body acting to produce a plasma drug concentration output 
from a drug dosage input) behaves in accordance with the 
principle of superposition. The superposition principle states 
that the response of a linear system with multiple inputs 
can be computed by determining the response to each indi-
vidual input and then summing the individual responses. 
In other words, when the body treats each bit of drug by 
polyexponential decay over time, the disposing of each bit of 
drug does not influence the disposing of other bits of drug.

The third reason for the continuing popularity of these 
models is that they can be mathematically transformed 
from the admittedly nonintuitive exponential form shown 
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Fig. 26.3 Predicted propofol plasma concentration (Cp) and effect-site 
concentration (Ce) for a repeated bolus dose (1 mg/kg given at time 0 
and after 5 and 10 minutes) (A), continuous infusion (10 mg/kg/h) (B), 
and a bolus (2 mg/kg) followed by a continuous infusion (10 mg/kg/h) 
(C). Simulated patient is a man, 45 years of age, 80 kg, 175 cm; Schnider 
model.
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earlier to a more intuitive compartment form (Fig. 26.5). 
The fundamental parameters of the compartment model 
are the volumes of distribution (central, rapidly equili-
brating, and slowly equilibrating peripheral volumes) and 
clearances (systemic, rapid, and slow intercompartment). 
The central compartment (V1) represents a distribution vol-
ume and includes the rapidly mixing portion of the blood 
and first-pass pulmonary uptake. The peripheral compart-
ments are made up of tissues and organs that show a time 
course and extent of drug accumulation (or dissipation) dif-
ferent from that of the central compartment. In the three-
compartment model, the two peripheral compartments 

may roughly correspond to splanchnic and muscle tissues 
(rapidly equilibrating) and fat stores (slowly equilibrat-
ing). The sum of the compartment volumes is the apparent 
volume of distribution at steady state (Vdss) and is the pro-
portionality constant relating the plasma drug concentra-
tion at steady state to the total amount of drug in the body. 
The intercompartment rate constants (k12, k21, and so on) 
describe the movement of drug between the central and 
peripheral compartments. The elimination rate constant 
(k10) encompasses processes acting through biotransforma-
tion or elimination that irreversibly removes drug from the 
central compartment.
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Fig. 26.4 Steps involved in pharmacokinetic model–driven infusion. Typically, pharmacokinetic models are derived from experiments in which plasma 
drug concentrations are measured at intervals after bolus administration of the drug. Nonlinear regression is used to fit a monoexponential, biexponen-
tial, or triexponential curve to the resulting concentration-versus-time data. An algebraic relationship exists between the exponential decay curves and 
a one-, two-, or three-compartment pharmacokinetic model. The bolus-elimination-transfer (BET) infusion scheme is developed and consists of a bolus, 
a continuous infusion to replace drug eliminated from the body, and an exponentially declining infusion to replace drug transferred out of plasma to 
other body compartments. BET infusion results in the maintenance of a constant specified plasma drug concentration. Practical implementation of the 
BET scheme with real infusion pumps and infusion rates that change only at discrete intervals of time results in a plasma drug concentration profile that 
approximates that resulting from a BET infusion.
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Despite their physiologic flavor, compartment models are 
simply mathematic transformations of the polyexponen-
tial disposition functions computed from observed plasma 
concentrations. Thus physiologic interpretation of volumes 
and clearances (with the possible exception of systemic 
clearance and Vdss [the algebraic sum of the volumes]) is 
entirely speculative.

The last reason behind the popularity of these models is 
that they can be used to design infusion regimens. If the dis-
position function (Eq. 26.2)

 
O!

J� �

"JFå ȡJU (26.2)

is abbreviated as simply D(t), then the relationship among 
concentration, dose, and the pharmacokinetic model D(t) 
can be rewritten as (Eq. 26.3)

 $ (U) � * (U) �% (U) (26.3)
where * is the convolution operator, as noted earlier. In the 
usual pharmacokinetic study, I(t) is known, the dose that 
is given the patient, and C(t) is measured, the concentra-
tions over time. The goal is to find D(t), the pharmacoki-
netic disposition function. Pharmacokinetic analysis can be 
thought of as a simple rearrangement of Eq. 26.3 to solve 
for D(t) (Eq. 26.4)

 D (t) = C (t)

I (t)
 (26.4)

where the symbol !" means deconvolution, the inverse 
operation of convolution. Deconvolution is similar to divi-
sion, but of functions rather than simple numbers. When 
dosing regimens are designed from known pharmacokinetic 
models and a desired course for the plasma concentration 
over time, the known values are D(t) (the pharmacokinet-
ics) and CT(t) (the desired target concentrations), and the 
drug dosing scheme is (Eq. 26.5) 

 I (t) = CT (t)

D (t)
 (26.5)

Thus the necessary infusion rates, I(t), can be calcu-
lated, given the desired target concentrations, CT(t), and 
the pharmacokinetics, D(t), by applying the same tools used 
to calculate the original pharmacokinetics. Unfortunately, 
such a solution might require some negative infusion rates, 
which are obviously impossible. Because a drug cannot be 
retracted from the body (i.e., give inverse infusions), clini-
cians must restrict themselves to plasma concentrations 
over time that can be achieved with noninverse infusion 
rates.

The standard pharmacokinetic model has one glaring 
shortcoming. It assumes that after a bolus injection there 
is complete mixing within the central compartment such 
that the peak concentration occurs precisely at time 0. It 
actually takes approximately 30 to 45 seconds for the drug 
to make its transit from the venous injection site to the arte-
rial circulation. This model misspecification over the first 
minute or so may not seem significant, but it can cause 
problems in attempts to relate the drug effect after a bolus 
to drug concentrations in the body,11 which becomes even 
more important when using effect-site TCI.12 The stan-
dard polyexponential pharmacokinetic models are being 
modified to provide more accurate models of plasma drug 
concentration in the first minute after bolus injection, also 
taking into account infusion rate. Recently, Masui and 
associates13 found that a pharmacokinetic model consist-
ing of a two-compartment model with a LAG (the time shift 
of dosing as if the drug were, in fact, administered to the 
pharmacokinetic model at a later time) and presystemic 
compartments model accurately described the early phar-
macologic phase of propofol during infusion rates between 
10 and 160 mg/kg/h. The infusion rate has an influence 
on kinetics. Age was a covariate for LAG time (Fig. 26.6). 
Besides compartment models, various physiologically based 
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Fig. 26.5 Three-compartment model (including the biophase) illustrating the basic pharmacokinetic processes that occur after intravenous drug 
administration. I, Dosing scheme as a function of time; k10, rate constant reflecting all processes acting to remove drug irreversibly from the central 
compartment; k, intercompartment rate constants; V1, central compartment volume, usually expressed in liters or liters per kilogram.
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models have been developed to model the pharmacokinetic 
behavior of anesthetics.14 So far, these models are not supe-
rior at predicting the time course of drug concentration.13 
None of these models have been used to control intravenous 
drug delivery devices.!

Pharmacodynamic Considerations

THE BIOPHASE

The goal of drug titration during anesthesia is to reach and 
maintain a stable therapeutic drug concentration at the site 
of drug effect, also defined as the effect site or biophase. For 
most drugs used in anesthesia, the plasma is not the bio-
phase and thus even after the drug has reached the arterial 
circulation, a further delay occurs before a therapeutic effect 
is observed. The reason is that additional time is required for 
the drug to be transported to the target organ, penetrate the 
tissue, bind to a receptor, and induce intercellular processes 
that ultimately lead to the onset of drug effect. This delay 
between peak plasma concentration and peak concentra-
tion at the effect site is called hysteresis. Fig. 26.7 illustrates 
an example of hysteresis revealed during an experiment 
published by Soehle and coworkers.15 Two periods of con-
tinuous propofol infusions were given. The time course of 
the plasma concentration and effect-site concentration are 
simulated using pharmacokinetic and pharmacodynamic 
models. The cerebral drug effect was measured using the 
EEG-derived bispectral index (BIS). A clear delay between 
the time course of the plasma concentration and that of the 
BIS can be observed. The plasma concentration versus effect 
curve forms a counterclockwise hysteresis loop. This loop 
represents the plasma concentration, which is not the site 
of drug effect. Using nonlinear mixed-effect modeling, the 
hysteresis is minimized to reveal the effect-site concentra-
tion versus clinical effect relationship. The typical sigmoidal 
population model is also depicted in Fig. 26.7.

The concentration of drug in the biophase cannot be 
measured because it is usually inaccessible, at least in 
human subjects. The time course of drug effect can be cal-
culated by using rapid measures of drug effect. Knowing the 
time course of drug effect, the rate of drug flow in and out of 
the biophase (or effect site) can be calculated with the use of 

mathematic models. As such, the time course of the plasma 
concentration and the measured effect can be linked using 
the concept of the effect compartment, developed by Hull16 
and Sheiner.17 The effect-site concentration is not a real 
measurable concentration but rather a virtual concentra-
tion in a theoretic compartment without a volume and, as 
such, also without any significant amount of drug present. 
For any concentration in this virtual compartment, a cor-
responding assumed effect is observed. This relationship 
between the effect-site concentration and effect is usually 
nonlinear and static (i.e., does not explicitly depend on 
time). If the plasma concentration is maintained at a con-
stant level, then the model assumes that, at equilibrium, 
the effect-compartment concentration equals the plasma 
concentration. The delay between the plasma and the 
effect compartment is mathematically described by a single 
parameter, defined as ke0, the effect-site equilibration rate 
constant (see Fig. 26.5).18

Measures of drug effect used to characterize the time 
course of drug transfer between plasma and the biophase 
vary with the drug being evaluated. For some drugs, a 
direct measure of drug effect can be applied. For neuromus-
cular blocking agents, the response from peripheral nerve 
stimulation (i.e., the twitch) is an ideal measure of effect. 
Various authors have used the T1% (percentage change 
of the T1 response compared with baseline T1 response 
during supramaximal stimulus) derived from electromyo-
gram to measure the drug effect of newer drugs such as 
rocuronium19 and cisatracurium.20 For other categories of 
drugs such as opioids and hypnotics, the real clinical effects 
(e.g., unconsciousness, amnesia, memory loss, antinocicep-
tion) are not measurable. For these reasons, surrogate mea-
sures are used to quantify the time course of clinical effects. 
These surrogate measures can be categorical or continuous. 
For example, the Observer’s Assessment of Alertness/Seda-
tion (OAA/S) scale was used to measure quantal changes 
in hypnotic drug effects during propofol administration.21 
Egan and colleagues22 applied a noxious pain stimulus and 
used an algometer to measure the balance between noci-
ception and antinociception during remifentanil infusion. 
Various spontaneous and evoked EEG-derived and pro-
cessed measures were used to measure cerebral drug effects 
for opioids and hypnotics.15,23-27 Ludbrook and associates 
measured propofol concentrations in the carotid artery and 

LAG
time

Dose Ctr1 Ktr
Ctr2 Ktr

. . .
Ktr

Ctr6 Ktr

K10

K21K12

Central
compartment

Weight6 TRANSIT compartments

Peripheral
compartment

Age Dose rate

Fig. 26.6 Scheme of the final two-compartment pharmacokinetic model with a LAG time and six TRANSIT compartments (Ctr n). The equilibration rate 
constants between the central and peripheral compartments were calculated using the following equations: k12 = Cl2 ÷ V1, k21 = Cl2 ÷ V2. The elimi-
nation rate constant was calculated using the following equation: k10 = Cl1 ÷ V1. Cl1, Clearance of central compartment; Cl2, clearance of peripheral 
compartment; V1, distribution volume of central compartment; V2, distribution volume of peripheral compartment. LAG time represents the time shift 
of dosing as if the drug was, in fact, administered to the pharmacokinetic model at a later time. TRANSIT compartments depict a multiple-step process 
represented by a chain of presystemic compartments. (From Masui K, Kira M, Kazama T, et al. Early phase pharmacokinetics but not pharmacodynamics are 
influenced by propofol infusion rate. Anesthesiology. 2009;111:805–817. Used with permission.)
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jugular bulb to establish movement of propofol into and 
equilibration with the brain. They simultaneously mea-
sured the BIS and found a close correlation between brain 
concentration (calculated by mass balance) and changes in 
the BIS.28!

DIRECT-EFFECT MODELS

As with plasma pharmacokinetics, the biophase concentra-
tion is the convolution of an input function (in this case, the 
plasma drug concentration over time) and the disposition 
function of the biophase. This relationship can be expressed 
as (Eq. 26.6)

 $CJPQIBTF (U) �$QMBTNB (U) �%CJPQIBTF (U) (26.6)

The disposition function of the biophase is typically mod-
eled as a single exponential decay (Eq. 26.7)

 Dbiophase (t) = Ke0e !Ke0t (26.7)

The monoexponential disposition function implies 
that the effect site is simply an additional compartment 
in the standard compartment model that is connected to 
the plasma compartment (see Fig. 26.5). The effect site 
is the hypothetical compartment that relates the time 
course of plasma drug concentration to the time course 
of drug effect, and ke0 is the rate constant of elimination 
of drug from the effect site. By convention, the effect 
compartment is assumed to receive such small amounts 
of drug from the central compartment that it has no 
influence on plasma pharmacokinetics.

Neither Cbiophase(t) nor Dbiophase(t) can be directly mea-
sured, but the drug effect can be measured. Knowing that 
the observed drug effect is a function of the drug concentra-
tion in the biophase, the drug effect can be predicted as (Eq. 
26.8)

Effect = fPD [Cplasma (t) * Dbiophase (t) PPD ke0 ] (26.8)

where fPD is a pharmacodynamic model (typically sig-
moidal in shape), PPD represents the parameters of the 
pharmacodynamic model, and ke0 is the rate constant for 
equilibration between plasma and the biophase. Nonlinear 
regression programs are used to find values of PPD and ke0 
that best predict the time course of drug effect. This method 
is called loop-collapsing (see Fig. 26.7). Knowledge of these 
parameters can then be incorporated into dosing regimens 
that produce the desired time course of drug effect.29,30

If a constant plasma concentration is maintained, then 
the time required for the biophase concentration to reach 
50% of the plasma concentration (t1/2ke0) can be calculated 
as 0.693/ke0. After a bolus dose, the time to peak biophase 
concentration is a function of both plasma pharmacokinet-
ics and ke0. For drugs with a very rapid decline in plasma 
concentration after a bolus (e.g., adenosine with a half-
life of several seconds), the effect-site concentration peaks 
within several seconds of the bolus, regardless of ke0. For 
drugs with a rapid ke0 and a slow decrease in concentra-
tion after a bolus injection (e.g., pancuronium), the peak 
effect-site concentration is determined more by ke0 than by 
plasma pharmacokinetics.

An accurate estimation of ke0 demands an integrated 
pharmacokinetic-pharmacodynamic study combining 
rapid blood sampling with frequent measurements of drug 
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Fig. 26.7 (A) Time course of an experiment showing the hysteresis 
between plasma concentration (Cp) and hypnotic effect as measured 
by the electroencephalographic (EEG)-derived bispectral index (BIS). 
Propofol was given at a constant rate during the shaded periods, 
resulting in Cp (orange line) and effect-site concentration (Ce) (blue line). 
The corresponding BIS values are shown as a solid red line. (B) Relation 
between Cp and BIS using data from the experiment reveals a hyster-
esis loop. (C) After modeling, this hysteresis is minimized as shown in 
the relation between the effect-site concentration and BIS. ([A] Modi-
fied from Soehle M, Kuech M, Grube M, et al. Patient state index vs bispec-
tral index as measures of the electroencephalographic effects of propofol. 
Br J Anaesth. 2010;105:172–178. Used with permission; [B and C] Courtesy 
M. Soehle, Bonn, Germany.)
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effect, yielding an overall model for the dose-response behav-
ior of the drug. Historically, the time constants of pharma-
cokinetic models and the ke0 of pharmacodynamic studies 
were sometimes naively merged, possibly leading to inac-
curate predictions of the clinical drug effect. Coppens and 
colleagues proved that pharmacodynamic models of BIS in 
children developed by using estimates of plasma propofol 
concentrations from published pharmacokinetic models 
and estimating the pharmacodynamic model do not ensure 
good pharmacokinetic accuracy or provide informative 
estimates for pharmacodynamic parameters.31 If no inte-
grated pharmacokinetic-pharmacodynamic model exists, 
then the time to peak effect (tpeak) after a bolus injection can 
be used to recalculate ke0 using the pharmacokinetic model 
of interest to yield the correct time to peak effect. Under 
these circumstances, this alternative approach might lead 
to a more accurate prediction of the dose-response time 
course.32,33 However, the correct covariates for tpeak should 
be estimated in a specific population.34 A second caveat 
is that the time course of drug effect is specific for a given 
effect (e.g., cerebral drug effect as measured by a specific 
processed EEG). The time course of other side effects (e.g., 
hemodynamic effect for hypnotics) most frequently fol-
lows a different trajectory.35,36 The time to peak effect and 
the t1/2 ke0 for several intravenous anesthetics are listed in 
Table 26.1.

All methods discussed so far incorporate ke0 values cal-
culated on the assumption that hysteresis between plasma 
concentration and clinical effect is explained by a delay in 
drug transfer between plasma and biophase and thus that 
anesthesia is a smooth, path- and state-independent, sym-
metric process. Although still commonly used, this assump-
tion might be suboptimal. Data from animal experiments 
suggest that neural processes and pathways involved in 
anesthesia induction and recovery are different.37,38 In 
an animal study, measured brain drug concentrations at 
loss of consciousness and at return of consciousness were 
significantly different.39 If these data are confirmed, then 

a more complex model (e.g., one incorporating a second, 
serial effect-site model) might be required to depict the time 
course of drug effect. Several groups have investigated this 
hypothesis in humans, and so far the published findings are 
not consistent. One clinical study specifically designed to 
address this topic showed evidence supportive of the concept 
of neural inertia.40 Two other studies involving secondary 
analyses of existing data, of which one indicated supportive 
evidence41 and the other showed that neural inertia was 
not present in all subjects, and appeared to occur only with 
propofol (and not with sevoflurane), and to be present only 
with certain pharmacodynamic endpoints.42!

INDIRECT-EFFECT MODELS

Thus far, clinical effects that are an instantaneous func-
tion of drug concentration at the site of drug effect have 
been discussed, as implied by Eq. 26.8. For example, once 
a hypnotic drug reaches the brain or a neuromuscular-
blocking drug reaches the muscles, drug action is almost 
immediately observed. On the other hand, some effects are 
significantly more complex. For example, consider the effect 
of opioids on ventilation. Initially, opioids depress ventila-
tion, and arterial tension of carbon dioxide (CO2) gradually 
accumulates. Yet, the accumulation of CO2 at normal con-
ditions is a strong stimulant for ventilation, thereby partly 
counteracting the ventilatory depressant effects of opioids. 
Ventilatory depression is an example in which direct and 
indirect drug effects are incorporated. The direct effect of the 
opioid is to depress ventilation, and the indirect effect is to 
increase arterial tension of CO2. Modeling the time course 
of opioid-induced ventilatory depression requires consider-
ation of both components. Bouillon and colleagues devel-
oped a model of ventilatory depression that incorporates 
both direct and indirect effects.43-45 As is generally the case 
with indirect-effect models, characterizing drug-induced 
ventilatory depression requires a consideration of the entire 
time course of drug therapy, which is embodied by the fol-
lowing differential equation (Eq. 26.9):

d
dt PaCO2 = ke1 ! 1" Cp (t) !

C50! + Cp (t) ! ! Pbiophase CO 2 (t)
Pbiophase CO 2 (0)

F

! PaCO2 (t)

 
 

(26.9)

where partial pressure of arterial carbon dioxide (PaCO2) is 
arterial CO2, PbiophaseCO2 is CO2 in the biophase (i.e., brain-
stem respiratory control circuits), kel is the rate constant 
for the elimination of CO2, C50 is the effect-site opioid con-
centration associated with a 50% reduction in ventilatory 
drive, and F is the steepness or gain of the effect of CO2 on 
ventilatory drive.!

DOSE IMPLICATIONS OF THE BIOPHASE

The delay in onset of clinical effects has important clinical 
implications. After a bolus, the plasma concentration peaks 
nearly instantly and then steadily declines. The effect-site 
concentration starts at zero and increases over time until 
it equals the descending plasma concentration. The plasma 
concentration continues to decline. After the moment of 
identical concentrations, the gradient between plasma and 

TABLE 26.1 Time to Peak Effect and t1/2 ke0 After a 
Bolus Dose

Drug
Time to Peak Drug 
Effect (min)* t1/2 ke0 (min)

Morphine 19 264

Fentanyl 3.6 4.7

Alfentanil 1.4 0.9

Sufentanil 5.6 3.0

Remifentanil 1.8 1.3

Ketamine — 3.5

Propofol 1.6 1.7

Thiopental 1.6 1.5

Midazolam 2.8 4.0

Etomidate 2.0 1.5

*Measured by electroencephalography.
ke0 is the rate constant for transfer of drug from the site of drug effect to the 

environment.
t1/2 ke0 = 0.693/ke0
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the biophase favors removal of drug from the biophase, and 
the effect-site concentration decreases. The rate at which 
the effect-site concentration rises toward the peak after a 
bolus dictates how much drug must be injected into plasma 
to produce a given effect. For alfentanil, its rapid plasma 
effect-site equilibration (large ke0) causes the effect-site con-
centration to rise rapidly, with a peak produced in approxi-
mately 90 seconds. At the time of the peak, approximately 
60% of the alfentanil bolus has been distributed into periph-
eral tissues or eliminated from the body. For fentanyl, the 
effect-site concentration rises significantly more slowly and 
peaks 3 to 4 minutes after the bolus.46 At the time of the 
peak, more than 80% of the initial bolus of fentanyl has 
been distributed into tissues or eliminated. As a result of 
slower equilibration with the biophase, relatively more fen-
tanyl than alfentanil must be injected into plasma, which 
makes the rate of offset of drug effect after a fentanyl bolus 
slower than after an alfentanil bolus.

This difference in pharmacokinetics indicates that ke0 
must be incorporated into dosing strategies on which ratio-
nal drug selection is dependent. For rapid onset of effect, a 
drug with a large ke0 (short t1/2 ke0) should be chosen. For 
example, for rapid sequence induction of anesthesia, alfen-
tanil or remifentanil may be the optimal opioid because its 
peak effect-site concentration coincides with the likely time 
of endotracheal intubation. However, for a slower induction 
of anesthesia in which a nondepolarizing neuromuscular 
blocking agent is used, an opioid with a slower onset of drug 
effect should be selected to coincide with the peak effect of 
the neuromuscular blocking agent. In this case, a bolus of 
fentanyl or sufentanil at the time of induction may be more 
appropriate. The time to peak effect for the commonly used 
opioids is shown in Fig. 26.8. Knowing ke0 (or time to peak 
effect) also improves titration of the drug by identifying the 
time at which the clinician should make an assessment of 
drug effect. For example, midazolam has a slow time to peak 
effect, and repeat bolus doses should be spaced at least 3 to 5 
minutes apart to avoid inadvertent overdosing.

An accurate ke0 is also crucial during TCI titrating to a 
specific effect-site concentration because the initial bolus 
given to reach the targeted effect-site concentration depends 
on both the pharmacokinetics and the ke0.47!

DRUG POTENCY

Single Drugs
Knowledge about adequate therapeutic drug concentra-
tion is crucial to achieve the aim of providing optimal anes-
thetic conditions. Therefore information on drug potency is 
essential. Analogous to the concept of minimum alveolar 
concentration (MAC), the concentration associated with 
a 50% likelihood of movement in response to skin incision 
for inhaled anesthetics48 is the C50 for intravenous drugs, 
which provides a measure of relative potency between 
intravenous anesthetics.

There are many ways to look upon C50, taking into con-
sideration whether the clinical effect is a binary or continu-
ous effect. When considering binary effects, the C50 might 
be the drug concentration that prevents response (e.g., 
movement, hypertension, release of catecholamines) to a 
particular stimulus (e.g., surgical incision, endotracheal 
intubation, spreading of the sternum) in 50% of patients. In 

this case, each combination of stimulus and response may 
have a unique C50. When C50 is defined as the drug concen-
tration that produces a given response in 50% of patients, a 
50% probability of response is also likely in a given patient. 
Defining C50 as the concentration that produces a given 
drug effect in 50% of individuals implicitly assumes that the 
effect can be achieved in all individuals. Some drugs exhibit 
a ceiling effect. For example, a ceiling effect may exist on the 
ability of opioids to suppress response to noxious stimula-
tion. When a ceiling in drug effect exists, some patients may 
not exhibit the drug effect even at infinitely large doses. In 
this case, C50 is not the concentration that causes the drug 
effect in 50% of patients but is the concentration associ-
ated with the drug effect in one half of whatever fraction of 
patients is able to respond.

Several studies have been performed to establish appro-
priate concentrations of intravenous anesthetics and opi-
oids for various clinical endpoints and the effect of drug 
interactions (Table 26.2).49-56

Another interpretation of C50 is the concentration 
that produces 50% of the maximum possible physiologic 
response. For example, the C50 for an EEG response is the 
drug concentration that provides 50% depression of the 
maximal EEG effect. The C50 for EEG response has been 
measured for the opioids alfentanil,57 fentanyl,57 sufent-
anil,58 and remifentanil.59-61 It has also been determined 
for thiopental,51,62,63 etomidate,56 propofol,24 and benzo-
diazepines (see Table 26.2).57,64 Other measures such as 
pupillary dilation in response to a noxious stimulus65 and 
pressure algometry22 were used to measure opioid potency 
and revealed slightly different values for C50, which indi-
cates that observation of drug potency also depends on the 
applied measure of drug effect.

As mentioned, C50 can be used to compare potency 
among drugs. For example, Glass and colleagues66 deter-
mined the potency of remifentanil compared with alfent-
anil using ventilatory depression as the measure of opioid 
effect. In their study, the C50 for depression of minute ven-
tilation was 1.17 ng/mL and 49.4 ng/mL for remifentanil 
and alfentanil, respectively. Using this difference in C50, 
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they concluded that remifentanil is approximately 40 times 
more potent than alfentanil.

To be entirely independent of dosing history, C50 must be 
determined at steady state, which is rarely possible because 
most anesthetic drugs do not reach steady state during a 
continuous infusion until many hours have passed. How-
ever, if the drug exhibits rapid equilibration between plasma 
and the effect site and the investigator waits long enough 
after starting the infusion, then this choice can be reason-
ably satisfactory. For example, Ausems and colleagues67,68 
used a continuous infusion of alfentanil in their experi-
ments, which quickly equilibrated. They also recorded their 
measurements after the effect-site concentration had equili-
brated with plasma.

A second alternative to performing a true steady-state 
experiment is to use mathematic modeling to calculate the 
effect-site concentrations of drug at the time of measure-
ment, as proposed by Hull and colleagues16 and Sheiner 
and colleagues.17 The relationship between effect-site and 
plasma concentrations is graphically represented in Fig. 
26.5 and mathematically in Eq. 26.6. Calculating effect-
site concentrations is the same as attempting to determine 
the steady-state plasma concentrations that produce the 
observed drug effect. When the C50 reflects effect-site con-
centrations, it is represented as Ce50 to distinguish it from 
values of C50 that are based on plasma concentrations, 
which are then termed Cp50. However, the distinction is 
artificial. In both cases, C50 is intended to represent the 
steady-state plasma drug concentration associated with a 
given drug effect.

A third alternative to performing a steady-state experi-
ment is to establish a pseudo–steady state with the use of 
computer-controlled drug delivery. By this term we mean 
that a steady state is assumed to exist, because a varying 
rate drug infusion is being administered with the intent 
of achieving stable plasma concentrations. This method 
has become the state of the art for determining the C50 for 
anesthetic drugs, and many of the C50 values referenced 
earlier were determined at pseudo–steady state with the 

use of computer-controlled drug delivery. Commonly, two 
or more measurements of the plasma concentration dur-
ing pseudo–steady state conditions are performed to verify 
whether this is indeed the case.40-42 Typically, maintain-
ing a constant plasma steady-state concentration for four 
to five plasma effect-site equilibration half-lives (e.g., 10-15 
minutes for fentanyl) is required. Such a long delay is not 
necessarily needed when computer-controlled drug deliv-
ery is used.

Effect-compartment TCIs can be used to target the con-
centration at the effect site rather than the plasma con-
centration and thereby rapidly establishing plasma–effect 
site equilibration.29,47 For example, Kodaka and associates 
reported predicted values of propofol effect-site concentra-
tion C50 between 3.1 µg/mL and 4.3 µg/mL for insertion of 
various laryngeal airway masks, depending on the type of 
laryngeal mask.69 Cortinez and associates used TCI to deter-
mine the C50 of remifentanil and fentanyl for accurate pain 
relief during extracorporeal shock wave lithotripsy in rela-
tion with possible side effects and found that remifentanil 
and fentanyl C50 were 2.8 ng/mL and 2.9 ng/mL, respec-
tively.70 At C50, the probability of having a respiratory rate 
less than 10 breaths per minute was 4% for remifentanil 
and 56% for fentanyl.

Likewise, TCI has been used to estimate the following 
C50 values for dexmedetomidine: the C50 for half-maxi-
mal effect on the BIS (BIS '48) was 2.6 ng/mL, for half-
maximal effect on the Modified Observer’s Assessment of 
Alertness/Sedation (MOAA/S) scale was 0.438 ng/mL, 
for half-maximal hypotensive effect was 0.36 ng/mL, and 
the C50 for half-maximal hypertensive effects was 1.6 ng/
mL.71,72

Thus there are several ways to establish C50 in terms of 
steady-state concentrations. C50 can be estimated through 
mathematic effect-site modeling or can be experimentally 
measured with the use of computer-controlled drug deliv-
ery to establish a pseudo–steady state quickly. Either way, 
when performing studies to define the concentration-effect 
relationship, equilibrium must exist or be modeled between 

TABLE 26.2 Steady-State Concentrations for Predefined Effects

Drug
C50 for EEG   
Depression*

C50 for Incision or 
 Painful Stimulus†

C50 for Loss of 
 Consciousness‡

C50 for Spontaneous 
Ventilation§

C50 for Isoflurane  
MAC Reduction MEAC

Alfentanil (ng/mL) 500-600 200-300 — 170-230 50 10-30

Fentanyl (ng/mL) 6-10 4-6 — 2-3 1.7 0.5-1

Sufentanil (ng/mL) 0.5-0.75 (0.3-0.4) — (0.15-0.2) 0.15 0.025-0.05

Remifentanil (ng/mL) 10-15 4-6 — 2-3 1.2 0.5-1

Propofol (µg/mL) 3-4 4-8 2-3 1.33 __ —

Thiopental (µg/mL) 15-20 35-40 8-16 — — —

Etomidate (µg/mL) 0.53 — 0.55 __ __ —

Midazolam (ng/mL) 250-350 — 125-250 — — —

*C50 for depression of the EEG is the steady-state serum concentration that causes a 50% slowing of the maximal EEG, except for midazolam, in which the C50 is 
associated with 50% activation of the EEG.

†C50 for skin incision is the steady-state plasma concentration that prevents a somatic or autonomic response in 50% of patients.
‡C50 for loss of consciousness is the steady-state plasma concentration for absence of a response to a verbal command in 50% of patients.
§C50 for spontaneous ventilation is the steady-state plasma concentration associated with adequate spontaneous ventilation in 50% of patients.
Values in parentheses are estimated by scaling to the alfentanil C50 (see text for details).
EEG, Electroencephalography; MAC, minimum alveolar concentration; MEAC, minimum effective plasma concentration providing postoperative analgesia.
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the biophase (the site of effect) and plasma or blood (where 
the concentration is actually measured).

When C50 is defined in terms of the concentration associ-
ated with a response in one half of a population, that same 
C50 is the concentration associated with a 50% probability 
of response in a typical individual. However, individual 
patients are not typical individuals but rather will have 
their own value for C50. Expressed in clinical terms, differ-
ent patients have different anesthetic requirements for the 
same stimulus. For example, the minimal effective analgesic 
concentration of fentanyl is 0.6 ng/mL, but it varies among 
patients from 0.2 to 2.0 ng/mL.73 The minimal effective 
analgesic concentrations of alfentanil74 and sufentanil75 
similarly vary among patients by a factor of 5 to 10. This 
range encompasses both variability in the intensity of the 
stimulus and variability of the individual patient.

One factor known to be responsible for this interindividual 
pharmacodynamic variability is the patient age. Thus with 
the pharmacodynamic for propofol developed by Eleveld 
and colleagues, and based on pharmacokinetic-pharma-
codynamic data from a large number of patients and vol-
unteers, the estimated effect-site propofol concentrations 
required for a BIS of 47 for patients whose ages are 20, 40, 
and 70 years, are 3.5, 3.1, and 2.6 ug/mL, respectively.76

Although age has a strong effect on the C50, it does not 
explain all the variability. This wide range reflects the clini-
cal reality that must be accounted for when dosing regi-
mens are designed. Because of this variability, intravenous 
anesthetics should be titrated to each patient’s unique anes-
thetic requirement for the given stimulus.!
Pharmacodynamic Drug Interactions
Drug interactions cause the potency of one drug (e.g., as 
measured by the C50) to shift in response to the administra-
tion of a second drug. This drug interaction can be additive, 
supra-additive (synergistic), or infra-additive (antagonis-
tic). As observed in the isobologram (Fig. 26.9), for additive 
drugs with equal potency, the cumulative effect resulting 
from doses a and b for substances A and B, respectively, 
equals the effect obtained with the injection of either drug 
A or B solely in a dose a + b. If the drugs interact syner-
gistically, then the combination of A and B will generate 
a more pronounced effect than additive. For antagonistic 
drug interaction, the combination of A and B will result in 

a less pronounced effect than additive. In general, additive 
drug interactions occur when combining drugs acting by 
the same mechanism and synergistic or antagonistic inter-
action when combining drugs acting by a different mecha-
nism.77 Hendrickx and coworkers (Fig. 26.10) reviewed the 
available literature and summarized the available data on 
drug interactions in humans and animals for hypnosis and 
immobility.77

Investigating only one isobole of the interaction spectrum 
(e.g., the 50% probability level of a specific drug response) 
provides a rudimentary insight into the interaction char-
acteristics but reveals only limited information about other 
levels of drug effect (e.g., at the clinically more important 
level of 95% probability of drug response). As drug interac-
tions may vary among drug effect levels (e.g., additive at the 
50% level but synergistic at the 95% level), the ultimate aim 
is to characterize the response surface describing all levels of 
effect. Pharmacodynamic response surface models generate 
figures that are three- (or even higher) dimensional struc-
tures that have been developed to describe the relationship 
quantitatively between two or more drug concentrations 
and their combined clinical effect (Fig. 26.11). Response 
surface models are powerful representations of drug inter-
actions as they combine information about the full range of 
isoboles resulting from the concentration response curves 
of all combinations of the drugs involved.78,79 Using the 
mathematically defined response surface, the correspond-
ing drug effect for any two or more drug concentrations of 
the interacting drugs can be predicted.80,81 Various meth-
odological approaches to response surface models are found 
in the literature.82

Intravenous opioids are frequently combined with vola-
tile anesthetics during anesthesia. The reduction of the MAC 
for a given volatile by a given opioid dose can be applied to 
investigate the potency and efficacy of opioids.83-85 These 
MAC reduction studies reveal a general pattern, irrespective 
of which opioid or volatile anesthetic has been used. Low 
concentrations of an opioid result in a substantial reduc-
tion of MAC (Fig. 26.12). With increasing concentrations 
of the opioid, MAC continues to decrease until a plateau is 
reached and, consequently, a further increase of the opioid 
dose is futile.86

The previously mentioned MAC reduction studies show 
the effect of a single opioid dose on a single point of a dose-
response curve but, nonetheless, form the basis for more 
detailed surface interaction studies.87 To characterize the 
interaction between sevoflurane and remifentanil in blunt-
ing responses to verbal (OAA/S scale) and painful stimuli 
(pressure algometry, electrical tetanic stimulus, and ther-
mal stimulation), Manyam and coworkers constructed 
a response surface for each pharmacodynamic response 
using a Logit model approach and found synergy between 
sevoflurane and remifentanil for all responses. More specifi-
cally, a remifentanil effect-site concentration of 1.25 ng/mL 
was able to more than halve the sevoflurane requirements 
for preventing movement to pain.88 Because this study 
suffered from nonsteady-state conditions at the moment 
of measurements, the authors improved their data using 
calculated effect-site sevoflurane concentrations and a 
Greco model instead of a Logit approach.89 Accounting for 
the time lag between sevoflurane effect-site concentration 
and end-tidal concentration improved the predictions of 

D
ru

g 
B

Drug A

Infra-additive

Supra-
additive

Additive

a + b

a + ba

b

Fig. 26.9 Pharmacodynamic drug interactions.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



26 • Intravenous Drug Delivery Systems 759

responsiveness during anesthesia but had no effect on the 
accuracy of prediction of a response to a noxious stimu-
lus in recovery. They concluded that models may be use-
ful in predicting events of clinical interest, but large-scale 
evaluations with numerous patients are needed to better 
characterize model performance. Heyse and colleagues 
(Fig. 26.13) found that the pharmacodynamic interac-
tion between sevoflurane and remifentanil for tolerance to 
shaking and shouting (TOSS), tetanic stimulation (TTET), 
laryngeal mask airway insertion (TLMA), and laryngos-
copy (TLAR) using the Fixed C50O Hierarchical model was 
strongly synergistic for both the hypnotic and the analgesic 
components of anesthesia and showed the importance of 

exploring various surface model approaches when studying 
drug interactions.82,90

For total intravenous anesthesia, interactions associ-
ated with various drug combinations and concentrations 
have been described. The concept of balanced anesthesia is 
based on the assumption that drug combinations will be 
synergistic in anesthetic effect (however defined) but not 
in toxicity. Such synergism has been demonstrated for a 
variety of drug combinations but not for others (see Fig. 
26.10).77,91 Zanderigo and colleagues92 developed the 
well-being model, a new interaction model to describe both 
positive and negative effects of drug combinations (Fig. 
26.14).
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bility. Anesth Analg. 2008;107:494–506. Used with permission.)
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More profound synergy for specific endpoints related to 
analgesia and hypnosis has also been demonstrated for the 
interaction between propofol and opioids. Thus when anes-
thetic regimens are designed that rely on synergy to produce 
the anesthetic state, distinguishing the desired endpoint—
loss of consciousness or ablation of response to noxious 
stimulation(is important. Different combinations of drugs 
may be used to achieve any endpoint. Vuyk and colleagues 
characterized the interaction between propofol and alfent-
anil for several endpoints: loss of response to endotracheal 
intubation, loss of response to incision and retraction of the 
peritoneum, and emergence from anesthesia (Fig. 26.15).93 
The most profound stimulation was tracheal intubation, 
and when no opioid was used, the abolition of responses to 
that stimulus required a propofol concentration equal to or 
more than 12 µg/mL. More details for optimal drug combi-
nations based on the findings from Vuyk and coworkers93 
are provided in Table 26.3.

Minto and colleagues published response surfaces for com-
binations of midazolam-alfentanil, propofol-alfentanil, and 
midazolam-propofol associated with the loss of response 
to verbal command (Fig. 26.16).78 They also extended 
response surface methodology to describe the simultaneous 
interaction of three drugs. Rendering the full interaction 
surface for three drugs would require drawing the graph in 
four dimensions. If the graph is limited to the interaction at 
50% drug effect, then it can be rendered in three dimensions 
(Fig. 26.17).

In addition to studies of quantal responses, various stud-
ies investigated the interaction between hypnotics and opi-
oids as measured with continuous measures. The effect of 
combined drug administration on spontaneous and evoked 
EEG–derived indices was found to be important and exist-
ing but often in studies that did not provide sufficient data 
for full-response surface model development.24,94,95 Fortu-
nately, more accurately designed studies81 using surface 
modeling techniques revealed the interaction between hyp-
notics and opioids. Bouillon and colleagues found synergy 
between propofol and remifentanil regarding hypnosis as 
measured by the BIS and EEG approximate entropy. They 
also found that both indices were more sensitive to propofol 
than remifentanil.96 Others found conflicting results for the 
effect of opioids on the BIS.97 More recently, Gambus and 
colleagues modeled the effect of propofol and remifentanil 
combinations for sedation-analgesia in endoscopic pro-
cedures using an adaptive neurofuzzy inference system.98 
Both spontaneous and evoked EEG–derived indices (e.g., BIS 
or autoregressive auditory-evoked potential index [AAI/2] 
and index of consciousness [IoC]) were used. They found, 
based on these models, that the propofol and remifentanil 
effect-site concentration pairs provide a Ramsay Sedation 
Score of 4 ranging from (1.8 µg/mL, 1.5 ng/mL) to (2.7 
µg/mL, 0 ng/mL), associated with a BIS of 71 to 75, AAI/2 
values of 25 to 30, and IoC of 72 to 76, respectively. The 
presence of noxious stimulation increases the requirements 
of propofol and remifentanil to achieve the same degree of 
sedative effects.98

Other effects of drug combinations were also studied. 
Bouillon and associates and Nieuwenhuijs and associates 
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investigated the effects of hypnotic-opioid combinations 
on cardiorespiratory control.97,99 These data show dose-
dependent effects on respiration at relatively low concen-
trations of propofol and remifentanil. When combined, 

their effect on respiration is strikingly synergistic, resulting 
in severe respiratory depression.

Surface models were also used to optimize drug admin-
istration in challenging situations such as short-duration 
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procedures in spontaneous breathing patients. LaPierre and 
coworkers100 explored remifentanil-propofol combinations 
that led to a loss of response to esophageal instrumenta-
tion, a loss of responsiveness, and/or an onset of ventila-
tory depression requiring intervention. They found that 
the combinations that allowed esophageal instrumentation 
and avoided intolerable ventilatory depression and/or loss 
of responsiveness primarily clustered around remifentanil-
propofol effect-site concentrations ranging from 0.8 to 1.6 

ng/mL and 1.5 to 2.7 µg/mL, respectively. However, block-
ing the response to esophageal instrumentation and avoid-
ing both intolerable ventilatory depression and/or a loss 
of responsiveness is difficult. It may be necessary to accept 
some discomfort and blunt, rather than block, the response 
to esophageal instrumentation to consistently avoid intol-
erable ventilatory depression and/or loss of responsiveness.

In a previously mentioned study, using response sur-
face modeling, Bouillon and colleagues also determined 
the interactions between propofol and remifentanil on the 
probability to tolerate laryngoscopy (PTOL).96 Luginbuhl, 
working with a group that included Bouillon, normal-
ized and calibrated PTOL, to produce an index called the 
noxious stimulus response index (NSRI).101 The NSRI is a 
dimensionless integer number between 0 and 100, where 
50 corresponds to a PTOL of 50% and 20 to a PTOL of 90%.

The interactions between hypnotics such as propofol and 
sevoflurane should also be understood, because these drugs 
are frequently used sequentially. Schumacher and col-
leagues102 used response surface methodology to examine 
the influence of this interaction on the probability of TOSS 
and three noxious stimuli (TTET, TLMA, and TLAR). They 
found that for both EEG suppression and tolerance to stim-
ulation, the interaction of propofol and sevoflurane were 
additive. Others found similar results on the C50 level.103 
Hammer and colleagues104 determined the pharmacody-
namic interaction of propofol and dexmedetomidine during 
pediatric esophagogastroduodenoscopy and concluded that 
the concentration of propofol at which 50% of patients are 
adequately anesthetized (EC50) in children was unaffected 
by a concomitant intravenous infusion of dexmedetomidine 
1 µg/kg body weight given over 10 minutes.

Hannivoort and colleagues took this work a step further 
by using response surface modeling to develop a model that 
predicts the effect of combinations of sevoflurane, propofol, 
and remifentanil in terms of PTOL and the NSRI.105

Although models of the pharmacokinetics and pharma-
codynamics of drug, and models of drug interactions, are 
essentially just that—models that attempt to provide quali-
tative and quantitative representations of reality—they 
are based on many assumptions, and inherently involve 
many sources of error.106 Nonetheless, the models provide 
information that is useful to clinicians to help guide ratio-
nal practice. Information on drug interactions, including 
the NSRI, has been incorporated in commercially available 
anesthetic display monitors and are described by van den 
Berg and associates in a concise summary of current knowl-
edge, and the ways that it has and can be incorporated into 
clinical practice.107!

Designing Dosing Regimens

BOLUS DOSE CALCULATIONS

The definition of concentration is drug mass per unit of vol-
ume. The definition of concentration can be rearranged to 
find the amount of drug required to produce any desired 
concentration for a known volume (Eq. 26.10):

 Amount = CT ! Volume (26.10)
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where CT is the desired or target concentration. This for-
mula is often used to calculate the initial (loading) bolus 
dose required to achieve a given concentration. The prob-
lem with applying this concept to anesthetic drugs is that 
there are several volumes of distribution: V1 (central com-
partment), V2 and V3 (the peripheral compartments), and 
Vdss (the sum of the individual volumes). V1 is usually sig-
nificantly smaller than Vdss, and thus saying that the load-
ing dose should be something between CT " V1 and CT " 
Vdss is tempting.

Consideration should be given to the dose of fentanyl 
required to attenuate the hemodynamic response to endo-
tracheal intubation when combined with thiopental. The 
C50 for fentanyl, combined with thiopental for intubation, is 
approximately 3 ng/mL. The V1 and Vdss for fentanyl are 13 
L and 360 L, respectively. The aforementioned equations 
can thus be interpreted as suggesting that an appropriate 
dose of fentanyl to attenuate the hemodynamic response is 
between 39 µg (3 ng/mL " 13 L) and 1080 µg (3 ng/mL 

TABLE 26.3 Propofol/Opioid Combinations Associated with the Fastest Recovery from Anesthesia

Infusion  
Duration (min)  

Propofol/Alfentanil  
(µg/mL; ng/mL)

Propofol/Sufentanil  
(µg/mL; ng/mL)

Propofol/Remifentanil  
(µg/mL; ng/mL)

15 Coptimal
Cawakening
Time to awakening (min)

3.25/99.3
1.69/65.0
8.2

3.57/0.17
1.70/0.10
9.4

2.57/4.70
1.83/1.93
5.1

60 Coptimal
Cawakening
Time to awakening (min)

3.38/89.7
1.70/64.9
12.2

3.34/0.14
1.70/0.10
11.9

2.51/4.78
1.83/1.93
6.1

300 Coptimal
Cawakening
Time to awakening (min)

3.40/88.9
1.70/64.9
16.0

3.37/0.14
1.70/0.10
15.6

2.51/4.78
1.86/1.88
6.7

Coptimal represents combinations associated with a 50% probability of a response to surgical stimuli; Cawakening concentrations represent the estimated con-
centrations at which consciousness will be regained; and Time to awakening represents the estimated time from termination of the infusion to return of 
consciousness in 50% of patients.

From Vuyk J, Mertens MJ, Olofsen E, et al. Propofol anesthesia and rational opioid selection. Determination of optimal EC50-EC95 propofol-opioid concentrations 
that assure adequate anesthesia and a rapid return of consciousness. Anesthesiology. 1997;87:1549–1562; and modified from Absalom A, Struys MMRF. An 
Overview of TCI and TIVA. ed 2. Gent, Belgium: Academia Press; 2007. Used with permission.
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" 360 L). A fentanyl bolus of 39 µg achieves the desired 
concentration in plasma for an initial instant, but plasma 
levels almost instantly decrease below the desired target. 
Levels at the effect site will never be close to the desired tar-
get concentration of 3 ng/mL. A fentanyl bolus of 1080 µg, 
not surprisingly, produces a significant overshoot in plasma 
levels that persists for hours (Fig. 26.18). Additionally, 
using equations to calculate the fentanyl dose if the result-
ing recommendation is to “use a fentanyl dose between 39 
and 1080 µg” is absurd.

The usual dosing guidelines for a bolus dose, presented ear-
lier, are designed to produce a specific plasma concentration. 
Because plasma is not the site of drug effect, calculating the 
initial bolus on the basis of a desired plasma concentration is 
irrational. By knowing the ke0 of an intravenous anesthetic, 
a dosing regimen can be designed that yields the desired 
concentration at the site of drug effect. To avoid an overdose 
for the patient, a bolus should be selected that produces the 
desired peak concentration at the effect site.

The decline in plasma concentration between the initial 
concentration after the bolus (amount/V1) and the con-
centration at the time of peak effect can be thought of as 
dilution of the bolus into a larger anatomic volume than 
the volume of the central compartment. This introduces 
the concept of Vdpe, the apparent volume of distribution at 
the time of peak effect,28,94 or pseudoequilibration between 
plasma and the site of drug effect.95 The size of this volume 
can be readily calculated from the observation that the 

plasma and effect-site concentrations are the same at the 
time of peak effect (Eq. 26.11):

 7EQF � #PMVT BNPVOU
$QF

 (26.11)

where Cpe is the plasma concentration at the time of peak 
effect.

If the clinical goal is to select the dose required to achieve 
a certain drug effect without producing an overdose, then 
Eq. 26.11 can be rearranged by substituting CT, the target 
concentration (which is the same in plasma and the effect 
site at the moment of peak effect), for Cpe to calculate the size 
of the initial bolus (Eq. 26.12)

 -PBEJOH EPTF�$5 °7EQF (26.12)

The Vdpe for fentanyl is 75 L. To achieve a peak fentanyl 
effect-site concentration of 3.0 ng/mL requires 225 µg, 
which produces a peak effect in 3.6 minutes. This dosing 
guideline is more reasonable compared with the previ-
ous recommendation of a dose between 39 and 1080 µg. 
Table 26.4 lists V1 and Vdpe for fentanyl, alfentanil, sufen-
tanil, remifentanil, propofol, thiopental, and midazolam. 
Table 26.1 lists the time to peak effect and the t1/2 ke0 of the 
commonly used intravenous anesthetics.!

MAINTENANCE INFUSION RATES

By definition, the rate at which active drug exits the body 
is systemic clearance (ClS) times the plasma concentration. 
To maintain a given target concentration (CT), drug must 
be delivered at the same rate that it is exiting the body. Thus 
(Eq. 26.13),

 Maintenance infusion rate = CT ! ClS (26.13)

For drugs with multicompartment pharmacokinetics, 
which includes all of the intravenous drugs used in anesthetic 
practice, drug is distributed into the peripheral tissues, as well 
as cleared from the body. The rate of distribution into tissues 
changes over time as the tissues equilibrate with plasma. Eq. 
26.13 is correct only after the peripheral tissues have fully 
equilibrated with plasma, which requires many hours. At all 
other times, this maintenance infusion rate underestimates 
the infusion rate necessary to maintain a target concentration.

Yet in some situations, this simple maintenance rate cal-
culation may be acceptable. For example, if an infusion at 
this rate is used along with a bolus dose based on Vdpe and 
the drug has a long delay between the bolus and peak effect, 
then most of the distribution of drug into tissues may have 
occurred by the time that the effect-site concentration reaches 
the target concentration. In this case, the maintenance infu-
sion rate calculated as clearance times target concentration 
may be accurate because Vdpe is sufficiently higher than V1 
to account for the distribution of drug into peripheral tissues. 
Unfortunately, most drugs used in anesthesia achieve suffi-
ciently rapid equilibration between plasma and the effect site 
that Vdpe does not adequately encompass the distribution 
process, thus making this approach unsuitable.

As such, approaches need to be used that are mathemati-
cally and clinically sound. Because the net flow of drug into 
peripheral tissues decreases over time, the infusion rate 
required to maintain any desired concentration must also 
decrease over time. If the initial bolus has been based on 
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Fig. 26.18 Pharmacokinetic simulation demonstrating the limita-
tions of infusion regimens based on simple pharmacokinetic param-
eters with fentanyl used as an example. These infusion schemes were 
designed to achieve a fentanyl plasma concentration (Cp) of 3 ng/mL. 
The upper blue curve shows that a regimen using a loading dose based 
on the volume of distribution followed by a constant infusion based on 
clearance results in a transient period of very high plasma concentra-
tions. If the same maintenance infusion is given but the loading dose 
is based on the volume of the central compartment, then the distribu-
tion of drug to the peripheral compartments causes the plasma con-
centration to fall below the desired level until the compartments reach 
steady-state concentrations as shown in the lower gold curve.
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Vdpe, no infusion needs be administered until the effect-site 
concentration peaks. After the peak in effect-site concentra-
tion, the (nearly) correct equation to maintain the desired 
concentration is (Eq. 26.14)
Maintenance infusion rate

= CT ! V1
! k 10 + k12e"k21t + k13e"k31t

 
(26.14)

This equation indicates that a rapid infusion rate is ini-
tially required to maintain CT. Over time, the infusion rate 

gradually decreases (see Fig. 26.14). At equilibrium (t = )), 
the infusion rate decreases to CT " V1 " k10, which is the 
same as CT " ClS. Few clinicians would choose to solve such 
an equation during the administration of an anesthetic. 
Fortunately, simple techniques can be used in place of solv-
ing such a complex expression.

Fig. 26.19 is a nomogram in which Eq. 26.14 has been 
solved; the infusion rates at different times necessary to 
maintain any desired concentration of fentanyl, alfentanil, 
sufentanil, and propofol are shown. Because this nomo-
gram is complex, the following review is provided:

The y axis represents the target concentration CT. The x 
axis is the time since the beginning of the anesthetic (i.e., 
since the initial bolus). The suggested initial target concen-
trations (shown in gold) are based on the work of Vuyk and 
colleagues93 with propofol and alfentanil (see Fig. 26.15) 
and are scaled to fentanyl and sufentanil according to their 
relative potencies.108 The intersections of the target concen-
tration line and the diagonal lines indicate the infusion rate 
appropriate at each point in time. For example, to maintain 
a sufentanil concentration of 0.16 ng/mL, the appropriate 
rates are approximately: 0.6 µg/kg/h at 5 minutes, 0.5 µg/
kg/h at 10 minutes, 0.4 µg/kg/h at 20 minutes, and 0.3 
µg/kg/h at 40 minutes. Of course, selecting target concen-
trations and different times of rate adjustment is possible, 
depending on the clinical circumstances and an assessment 
of how accurately the intravenous drug needs to be titrated.!
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Fig. 26.19 Nomogram for calculating maintenance infusion rates to maintain a stable concentration of fentanyl, alfentanil, sufentanil, or propofol. The 
y axis is the desired concentration. The x axis is the time relative to the initial bolus. The diagonal lines show the infusion rates at different times required 
to maintain the desired concentration selected on the y axis.

TABLE 26.4 Volume of Distribution at the Time of Peak 
Effect

Drug V1 (L) Vdpe (L)

Fentanyl 12.7 75

Alfentanil 2.19 5.9

Sufentanil 17.8 89

Remifentanil 5.0 17

Propofol 6.7 37

Thiopental 5.6 14.6

Midazolam 3.4 31

V1, Volume of the central compartment; Vdpe, apparent volume of distribu-
tion at the time of peak effect.
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RECOVERY FROM ANESTHESIA

Recovery from anesthesia is determined by the pharmaco-
kinetic principles that govern the rate of decrease in drug 
from the effect compartment once drug administration is 
terminated, as well as by the pharmacodynamics of the 
drug. Although the terminal elimination half-life is often 
interpreted as a measure of how short- or long-lasting a drug 
is, the rate at which drug plasma concentration decreases 
is dependent on both elimination and redistribution of the 
drug from the central compartment. The contribution of 
redistribution and elimination toward the rate of decrease 
in drug concentration varies according to the duration for 
which the drug has been administered108,109 and also the 
time since the infusion has stopped, because these processes 
have different rate constants.

In 1985, Schwilden110 developed a mathematic model to 
relate the time course of offset of action of inhaled anesthet-
ics to the duration of anesthetic drug delivery. Similarly, 
Fisher and Rosen111 demonstrated how the accumulation 
of neuromuscular blocking agents in peripheral volumes 
of distribution results in slowed recovery with increasing 
duration of administration. They introduced two measures 
of the time course of recovery, the time for twitch tension to 
recover from 5% to 25% and the time for twitch tension to 
recover from 25% to 75%.

Since then, the time for the plasma concentration to 
decrease by 50% from an infusion that maintains a con-
stant concentration (e.g., infusion given by (Eq. 26.14) has 
been termed the context-sensitive half-time (Fig. 26.20),109 
with the context being the duration of the infusion. The 
50% decrease was chosen both for tradition (e.g., half-lives 
are the time for a 50% decrease with a one-compartment 
model) and because, very roughly, a 50% reduction in drug 
concentration appears to be necessary for recovery after the 
administration of most intravenous hypnotics at the termi-
nation of surgery. Depending on circumstances, decreases 
other than 50% may be clinically relevant. Additionally, 
sometimes it is the plasma concentration that is of interest, 
and sometimes it is the effect-site concentration that is of 
interest. A more general term is the context-sensitive dec-
rement time,112 in which the decrement in concentration is 
specifically noted, as is the compartment where the decrease 
is modeled (plasma or effect site). For example, the relation-
ship between infusion duration and the time required for 
a 70% decrease in fentanyl effect-site concentration is the 
context-sensitive 70% effect-site decrement time.

Context-sensitive effect-site decrement times for varying 
percent decreases in alfentanil, fentanyl, sufentanil, and 
remifentanil concentration are illustrated in Fig. 26.21. 
To determine when an infusion should be terminated (to 
enable awakening of the patient at the end of surgery), the 
clinician needs to bear in mind the decrease in concentra-
tion necessary for recovery, the duration of the infusion 
(the context), and the context-sensitive, effect-site decre-
ment time required for the necessary decrease.

Context-sensitive decrement times are fundamentally dif-
ferent from the elimination half-life. With monoexponen-
tial decay, each 50% decrease in concentration requires the 
same amount of time, and this time is independent of how the 
drug is given. This is not true for the context-sensitive half-
time. First, as the name is intended to imply, the time needed 

for a 50% decrease is absolutely dependent on how long the 
drug was given, with infusion duration being the context to 
which the name refers. In addition, small changes in percent 
decrement can result in surprisingly large increases in the 
time required. The time required for a 60% decrease in drug 
concentration can be more than twice the time required for a 
50% decrease in some situations (see Fig. 26.21).

Context-sensitive decrement times are based on the assump-
tion that plasma or the effect site is maintained at a constant 
concentration. Such is rarely the case clinically, but the main-
tenance of constant concentrations is a necessary assumption 
to provide a unique mathematic solution to the time required 
for a given percent decrement in plasma or effect-site concen-
tration. Because plasma and effect-site concentrations are 
rarely kept constant, it is important that context-sensitive 
decrement times are used as general guidelines for interpreting 
the pharmacokinetics of intravenous drugs and not as abso-
lute predictions for any given individual patient case or infu-
sion regimen. Automated drug delivery systems can provide 
more precise predictions of the time required for the plasma or 
effect-site concentration to decrease to any desired concentra-
tion, based on the actual drug dosing in the individual patient, 
which provides the clinician with guidance for the most appro-
priate time to terminate the infusion.

Context-sensitive decrement times focus on the role of 
pharmacokinetics in recovery from anesthesia. Pharmaco-
dynamics plays an important role in recovery as well. Bai-
ley113 used integrated pharmacokinetic-pharmacodynamic 
models to define the mean effect time as the average time 
to responsiveness after maintenance of anesthesia at the 
90% probability of unresponsiveness. The mean effect time 
demonstrates that when drugs have a very shallow concen-
tration-versus-response relationship, concentrations must 
decrease by a significant fraction to provide adequate emer-
gence, which delays recovery from anesthesia. In contrast, 
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recovery is hastened by a steep concentration-versus-
response relationship, in which emergence from anesthesia 
occurs after a relatively small fractional decrease in con-
centration. Most intravenous hypnotics have a moderately 
steep concentration-versus-response relationship.

Pharmacodynamic drug interactions also play a role in 
recovery from anesthesia. Interaction relationships predict 
that the same anesthetic state can be achieved by different 
ratios of two drugs. One way of selecting the best ratio might 
be the combination that offers the most rapid recovery. For 
example, when an opioid is combined with a hypnotic, the 
rate of recovery from anesthesia depends on the opioid and 
hypnotic concentrations, the rate of decrease in both drug 
concentrations, and the relative synergy between them for 
loss of response to noxious stimulation (i.e., the state main-
tained during anesthesia) versus the relative synergy for loss 
of consciousness. Although the time course of decreases in 
opioid and hypnotic concentrations can be approximately 
described by their respective context-sensitive decrement 
times for both drugs (Fig. 26.22; see Fig. 26.15]), the influ-
ence of relative synergy for different endpoints must be cap-
tured by separate models of the interaction of the drugs for 
adequate anesthesia and emergence from anesthesia.

Vuyk and coworkers54 modeled the predicted time to 
awakening from adequate anesthesia when propofol is 
combined with fentanyl, sufentanil, alfentanil, or remifen-
tanil. Their calculations took into account the interaction 
between propofol and these opioids to provide adequate 

anesthesia and the interaction between propofol and opi-
oids on consciousness levels on emergence from anesthe-
sia (Figs. 26.23 and 26.24). Recovery times vary with 
the choice of opioid and the relative balance of opioid and 
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Fig. 26.22 Interaction between hypnotics and opioids for the preven-
tion of movement after a noxious stimulus and for awakening and 
adequate spontaneous ventilation at the end of a surgical procedure. 
The time to recover at the end of a procedure is dependent on the con-
centration of both drugs used during surgery and the time for both to 
decrease below that required for consciousness and adequate sponta-
neous ventilation (i.e., their context-sensitive decrement times).
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propofol during maintenance of anesthesia. For example, 
the upper left of Fig. 26.23 simulates the emergence from 
a propofol-fentanyl anesthetic of 15-minute duration. The 
simulations assume a steady concentration of fentanyl and 
propofol throughout the anesthesia, similar to the underly-
ing assumption of context-sensitive decrement times. The 
lowest curve on the response surface is the interaction curve 
between fentanyl and propofol; it ranges from no fentanyl 
and 12 µg/mL of propofol on the left to 5.33 ng/mL of fen-
tanyl and 1.8 µg/mL of propofol on the right. In theory, any 
point along this curve would ensure maintenance of equiv-
alent depth of anesthesia. When the infusion is turned off 
after 15 minutes of anesthesia, the concentrations of both 
drugs decrease. The decreasing concentrations of propofol 

and fentanyl when the infusion is turned off can be found by 
the upward lines drawn from different points on the inter-
action curve, with the distance away from the lower plane 
representing time. Taken together, these upward lines rep-
resent a recovery surface. The blue line drawn on the recov-
ery surface shows the points at which the fentanyl-propofol 
interaction model predicts emergence.

After 15 minutes of maintaining 1.8 µg/mL of propofol 
and 5.33 ng/mL of fentanyl (right margin of the interac-
tion curve), approximately 12 to 17 minutes is needed for 
the concentrations of both drugs to decrease sufficiently to 
permit emergence (see Fig. 26.23). However, if one main-
tains concentrations of 3.5 µg/mL of propofol and 1.5 ng/
mL of fentanyl (toward the middle of the interaction curve), 
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Fig. 26.23 Simulation of the interaction of propofol and fentanyl in preventing a somatic response at skin incision and time to recovery. On the x axis 
is the fentanyl concentration, and on the y axis is the propofol concentration. The blue curve in the lower plane shows the propofol-fentanyl interaction 
required to provide adequate anesthesia. When the infusion is turned off, the concentrations of each drug decrease, as shown on the z axis. The blue 
curve drawn on the recovery surface shows the time to emergence from anesthesia for combinations of fentanyl and propofol after an anesthetic of 15 
minutes’ (A), 60 minutes’ (B), 300 minutes’ (C), and 600 minutes’ (D) duration. The optimal combination for the most rapid recovery is a propofol concen-
tration of 3.0 to 3.5 µg/mL, combined with 1.5 ng/mL fentanyl. As the concentration of propofol or fentanyl increases, the time for recovery increases. 
In addition, the longer the duration of drug infusion, the longer recovery takes, especially if the optimal combination is not used. (Modified from Vuyk J, 
Mertens MJ, Olofsen E, et al. Propofol anesthesia and rational opioid selection. Determination of optimal EC50-EC95 propofol-opioid concentrations that assure 
adequate anesthesia and a rapid return of consciousness. Anesthesiology. 1997;87:1549–1562.)
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then emergence can be expected only 8 minutes after the 
infusions are turned off. Examination of the curves for 60, 
300, and 600 minutes of propofol-fentanyl anesthesia sug-
gests that the fentanyl target concentration that provides 
the most rapid emergence is approximately 1.0 to 1.5 ng/
mL, which requires a propofol concentration of approxi-
mately 3.0 to 3.5 µg/mL to maintain adequate anesthesia. 
In similar simulations, Vuyk and colleagues demonstrated 
that maintaining alfentanil and sufentanil concentrations 
in excess of the analgesic range (i.e., approximately 80 ng/
mL for alfentanil and 0.15 ng/mL for sufentanil) is of little 
clinical benefit and can be expected to delay recovery from 
anesthesia. A second conclusion from these simulations 
is that if the patient demonstrates inadequate anesthesia, 

increasing the hypnotic concentration rather than increas-
ing the opioid concentration beyond the analgesic range is 
preferable, so as to prevent prolongation of recovery.

The situation is different for remifentanil because of its 
unusual pharmacokinetic properties (see Fig. 26.24). When 
a remifentanil infusion is terminated, the extraordinarily 
fast clearance of remifentanil results in a very rapid offset of 
opioid drug effect. The lower plane again shows equivalent 
anesthetic states during maintenance with remifentanil and 
propofol (see Fig. 26.24). High doses of remifentanil permit 
a modest reduction in the dose of propofol needed for ade-
quate anesthesia.114 However, the recovery surfaces show 
that high doses of remifentanil, with a modest reduction 
in the propofol dose, permit considerably faster emergence 
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Fig. 26.24 Simulation of the interaction of propofol and remifentanil in preventing a somatic response at skin incision and time to recovery. The remi-
fentanil concentration is on the x axis, and the propofol concentration is on the y axis. The blue curve in the lower plane shows the propofol-remifentanil 
interaction required to provide adequate anesthesia. When the infusion is turned off, the concentrations of each drug decrease, as shown on the z 
axis. The blue line drawn on the recovery surface shows the time to emergence from anesthesia for combinations of remifentanil and propofol after an 
anesthetic of 15 minutes’ (A), 60 minutes’ (B), 300 minutes’ (C), and 600 minutes’ (D) duration. With remifentanil, the optimal combination is a propofol 
concentration of 2.5 µg/mL and with remifentanil, 5 to 7 ng/mL. In addition, increasing the duration of the infusion has minimal impact on recovery time 
if the optimal dose of remifentanil is not used. However, if the propofol dose is increased, then recovery is prolonged. (Modified from Vuyk J, Mertens MJ, 
Olofsen E, et al. Propofol anesthesia and rational opioid selection. Determination of optimal EC50-EC95 propofol-opioid concentrations that assure adequate 
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Fig. 26.25 On-line advisory displays including characteristics of drug behavior and interaction. The SmartPilot (Dräger, Lübeck, Germany) (upper dis-
play) is a two-dimensional display that shows the effect-site concentrations of combined drugs (opioids and intravenous or inhalation hypnotics), 
based on pharmacokinetic models and the resulting anesthetic effect and on pharmacodynamic models. Grey shaded areas indicate different levels of 
anesthesia. The orange point indicates the current combination of effect-site concentrations; the white line shows the retrospective concentrations; and 
a 10- and 15-minute prediction is marked by a black point and arrow(already calculated during presetting of delivery. Event markers may be set to 
show specific states of the patient related to the level of anesthesia. The time-based real-time curves, trends, and prediction of effect-site concentrations 
of individual drugs, resulting anesthetic effect (noxious stimulus response index [NSRI]), correlated bispectral index (BIS), vital signs, and event markers 
are shown as reference for interpretation. The Medvis display (Medvis, Salt Lake City, Utah) (lower display) shows a real-time visualization of anesthetic 
using pharmacokinetic and pharmacodynamic models to predict drug effect-site concentrations and drug effects in the past, current time, and 10 
minutes into the future. Drug doses as boluses and infusions are administered via a separate data interface or user interface. Drugs are categorized 
according to sedation (top plot), analgesia (middle plot), and muscle relaxation (bottom plot). Effects are depicted as a population-based probability of 
unconsciousness (top plot), no response to tracheal intubation (middle plot), and no twitch response to a train of four stimulus (bottom plot). In addition, 
a second pharmacodynamic endpoint, POST-OP ANALG, represents a guideline therapeutic window for postoperative pain. Synergistic interactions of 
sedative-hypnotics and analgesics are shown by the white curves in the plot. For example, the top plot shows that with only propofol, the probability of 
unconsciousness is between 50% and 95% (yellow curve), but because propofol interacts with the opioids, the probability of unconsciousness is greater 
than 95% (white curve). Similarly, propofol potentiates the effect of the opioids in the middle plot.
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from anesthesia. For example, it takes approximately 12 
minutes to awaken from 600 minutes of anesthesia main-
tained with 3 µg/mL of propofol and 2.5 ng/mL of remifent-
anil (see Fig. 26.24D). On the other hand, if the remifentanil 
concentration is increased to 5 ng/mL, then the propofol 
concentration can be reduced to between 2 and 2.5 µg/mL, 
and emergence can be anticipated within 6 minutes of dis-
continuation of the infusions. One might be concerned that 
such a technique places patients at increased risk for aware-
ness because a propofol concentration of 2 µg/mL is below 
the C50 value for wakefulness.115 Therefore combining such 
a technique with intraoperative EEG monitoring to assess 
anesthetic adequacy is reasonable.21,115!

DISPLAYING PHARMACOLOGIC INFORMATION

Integrating all sources of pharmacologic information includ-
ing drug interaction together with measurements of patient 
response to a specific drug dose might offer a powerful advi-
sory tool to depict the complete dose-response relationship 
of multiple drugs, thereby optimizing drug administration 
and improving patient care.116,117 For example, Fig. 26.25 
shows a drug interaction advisory display.!

Intravenous Infusion Devices and 
Technologies

MANUAL INTRAVENOUS INFUSION

When an infusion of an intravenous anesthetic is adminis-
tered, the infusion regimen can be controlled by a variety of 
mechanisms varying from the simple Cair clamp or Dial-a-
Flo (Abbott Laboratories) to complex computer-controlled 
infusion pumps. Simplicity of mechanical design, however, 
is not necessarily correlated with ease of use, which has 
prompted ongoing advances in infusion device technology 
over the past decades.

Infusion devices can be classified as either controllers or 
positive displacement pumps. Explicit in their title, control-
lers contain mechanisms that control the rate of flow pro-
duced by gravity, whereas positive displacement pumps 
contain active pumping mechanisms.

The most commonly used pumps for administration of 
intravenous anesthetics are positive displacement syringe 
pumps that use a variety of mechanisms. These pumps 
have acceptable accuracy and have several features that 
make them particularly suitable for anesthetic delivery. An 
important advance has been the introduction of a calcula-
tor feature within the pump so that the clinician can input 
the weight of the patient, the drug concentration, and the 
infusion rate in dose/unit weight/unit time and the pump 
will then calculate the infusion in volume/unit time. These 
pumps also permit simple application of a staged infusion 
scheme by allowing an initial dose and a maintenance 
infusion rate to be programmed into the pump. Numer-
ous syringe pumps also include automated recognition of 
syringe size. Further enhancements are drug libraries by 
class of drug, suggested dosing schemes, and maximal dos-
ing alerts. These modest advances in pump technology and 
design enable intravenous anesthetics to be conveniently 
and safely delivered.

In addition to the pumps, the complete intravenous 
delivery systems’ hardware must perform perfectly,5 which 
means that the correct amount of drug should be deliv-
ered to the venous circulation in each unit of time. When 
the drug administration set has too large a deadspace, the 
actual delivery rate can be altered, depending on the flow 
rate of coadministered fluid.118 The use of an antireflux 
valve is certainly advisable to prevent flow of the medica-
tion backward into the intravenous fluid bag rather than 
into the patient. Other factors include excessive compliance 
within the administration system (in the syringe plunger 
or in the administration lines) and the use of syringes with 
suboptimal lubrication, causing the plunger to advance 
in small jumps when infusion rates are slow; that is, with 

TABLE 26.5 Manual Infusion Schemes

Drug

ANESTHESIA SEDATION OR ANALGESIA

Loading Dose (µg/kg)
Maintenance Infusion  
(µg/kg/min) Loading Dose (µg/kg)

Maintenance Infusion  
(µg/kg/min)

Alfentanil 50-150 0.5-3 10-25 0.25-1

Fentanyl 5-15 0.03-0.1 1-3 0.01-0.03

Sufentanil 0.5-5 0.01-0.05 0.1-0.5 0.005-0.01

Remifentanil 0.5-1.0 0.1-0.4 * 0.025-0.1

Ketamine 1500-2500 25-75 500-1000 10-20

Propofol 1000-2000 50-150 250-1000 10-50

Midazolam 50-150 0.25-1.5 25-100 0.25-1

Methohexital 1500-2500 50-150 250-1000 10-50

Dexmedetomidine   0.5-1 over 10 min 0.2-0.7

*For analgesia or during sedation, an initial loading dose of remifentanil should not be given because its very rapid onset may result in apnea or muscle rigidity.
After the loading dose, an initially high infusion rate to account for redistribution should be used and then titrated to the lowest infusion rate that will maintain 

adequate anesthesia or sedation. When using opiates as part of a nitrous-narcotic technique or for cardiac anesthesia, the dosing scheme listed under anes-
thesia is used. When the opiate is combined as part of balanced anesthesia, dosing listed for analgesia is needed.
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small patients, low target concentrations, drug solutions of 
high concentration, or large-volume syringes.5

Manual intravenous drug delivery consists of a com-
bination of a bolus dosage and a continuous infusion, 
as explained earlier when discussing the pharmacoki-
netic considerations. Table 26.5 offers recommendations 
for delivering intravenous anesthetics via conventional 
infusion pumps based on integrated pharmacokinetic- 
pharmacodynamic models. Ultimately, the adequate rate of 
drug administration is based on observation and examina-
tion. Individual patients vary significantly in their response 
to a given drug dose or concentration; therefore titrating to 
an adequate drug level for each individual patient is essen-
tial. Drug concentrations required to provide adequate 
anesthesia also vary according to the type of surgery (e.g., 
superficial surgery vs. intraabdominal surgery). Drug con-
centration requirements are often smaller during the end 
phase of surgery; therefore titration often involves judicious 
reduction of the infusion rate toward the end of surgery to 
facilitate rapid recovery.

If the infusion rate is insufficient to maintain adequate 
anesthesia, then both an additional loading (bolus) dose and 
an increase in infusion are required to increase the plasma 
(biophase) drug concentration rapidly. Various interven-
tions also require larger drug concentrations, usually for 
brief periods (e.g., laryngoscopy, endotracheal intubation, 
skin incision). Consequently, the infusion scheme should be 
tailored to provide peak concentrations during these brief 
periods of intense stimulation. An adequate drug level for 
endotracheal intubation is often achieved with the initial 
loading dose; however, for procedures such as skin incision, 
an additional bolus dose may be necessary.

Infusion schemes (see Table 26.5) do not approach the 
convenience and precision of use associated with the deliv-
ery of an inhaled anesthetic via a calibrated vaporizer, 
particularly when the user is still required to calculate vol-
ume infusion rates (mL/hr) from the mass-based infusion 
rates given in the infusion schemes. The use of “calculator” 
pumps helps to simplify the task of the anesthesiologist. 
At start-up the user is required to input the weight of the 
patient and the drug concentration. Thereafter, the pumps 
are able to accept as input mass-based rates, from which 
they calculate and implement volume infusion rates. The 
level of convenience and precision of vaporizers can how-
ever be achieved by using TCI devices, such as the commer-
cially available TCI pumps.!

COMPUTER-CONTROLLED DRUG DELIVERY

As discussed in the introduction of this chapter, optimal 
patient-individual dosing may be achieved by the applica-
tion of pharmacokinetic and pharmacodynamic principles. 
Using the dose-response relationship, drug titration should 
be performed as close as possible to the drug effect. Titrat-
ing to a specific effect or, if not possible, a specific effect-site 
concentration offers advantages. Because the effect-site or 
plasma concentrations are not continuously measurable 
online for most intravenous anesthetics (in contrast to 
inhaled anesthetics), a drug model using a computer that 
continuously updates the anesthetic administration rate to 
maintain an estimated drug effect or drug concentration is 
required (Fig. 26.26).

If a specific plasma or effect-site concentration is titrated, 
then this technique is called TCI. TCI is a closed-loop control 
system. The history of the development of TCI systems has 
recently been summarized.119 In these systems the clinician 
serves as the human controller in the loop and, as a conse-
quence, the control actions are intermittent and irregular 
in time.120 Control theory is increasingly being applied 
in the development of computer-controlled drug delivery 
systems, among others in anesthetic closed-loop control 
applications. The aim of computer-controlled closed-loop 
systems is to formalize this process of observation and inter-
vention to provide fine-tuned and more accurate control. 
Such systems use a near continuous signal of drug effect, 
calculate the error between the observed value and the set 
point value (selected by the user), and use this error figure 
in an algorithm to make frequent and regular adjustments 
to drug administration rates. Some computer-controlled 
drug delivery systems try to predict the future drug effect to 
make appropriate adjustments well in advance.120!

TARGET-CONTROLLED INFUSION

Devices
The development of microprocessor-controlled syringe 
pumps and a better understanding of the dose-response 
relationship have enabled the development of TCI systems. 
A TCI is a computer- or microprocessor-controlled system 
that aims to achieve a user-defined estimated drug concen-
tration in a body compartment or tissue. A clinician using a 
TCI system to administer an anesthetic drug is thus able to 
set and adjust a desired drug concentration, usually referred 
to as the target concentration, based on clinical observation 
of the patient or measurement of drug effect. Multicompart-
ment pharmacokinetic-pharmacodynamic models are used 
by TCI systems to calculate the infusion rates required to 
achieve the target concentration (see Fig. 26.4). A com-
puter or microprocessor is required to perform the complex 
calculations and to control the infusion pump. Typically, 
plasma or effect-site concentrations are targeted.3

TCI systems in use today still apply the theoretical approach 
described by Kruger-Thiemer121 to achieve and maintain a 
steady-state blood concentration of a drug whose pharmaco-
kinetic can be described by a multicompartment model. This 
approach was first clinically implemented by Schwilden.7 
The infusion schemes used, better known as bolus-elimina-
tion-transfer (BET) schemes (see Fig. 26.4), were initially 
designed for two-compartment models. Briefly, the infusion 
starts with an initial bolus of drug required to achieve the 
initial target concentration. Second, an infusion is adminis-
tered to replace drug lost by elimination. Since the elimina-
tion rate constant is fixed, the amount of drug eliminated in 
each unit of time is proportional to the plasma concentration; 
accordingly, at steady-state plasma concentrations, drug 
removal by elimination can be compensated for by a con-
stant rate infusion. Third, a second infusion is administered 
to replace drug distributed or transferred to peripheral tis-
sues. The amount redistributed exponentially declines over 
time as the gradient between the central compartment and 
the peripheral compartment decreases. Replacing distributed 
drug requires an infusion at an exponentially declining rate 
to replace drug lost from the central compartment by distri-
bution until steady state.4
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BET schemes have some disadvantages such as the 
requirement of a no-drug status before infusion, which 
disables a change in the target concentration. In addition, 
more recent research concluded that the pharmacokinet-
ics of most anesthetics is better described using a three- 
instead of a two-compartment model. Lastly, as previously 
discussed in this chapter, the plasma is not the site of drug 
effect. Consequently, effect compartment– controlled TCI 
algorithms were developed.29 During the 1990s, vari-
ous computer-based TCI prototypes were developed by 
researchers at Stanford (STANPUMP, California), Stellen-
bosch (STELPUMP, South Africa), Duke (computer-assisted 
continuous infusion [CACI], North Carolina), and Ghent 
(RUGLOOP, Belgium) universities. Groups in Erlangen, 
Germany, and Leiden, The Netherlands, produced software 
able to simulate pharmacokinetic trajectories (IVA-SIM and 
TIVA Trainer, respectively). Finally, the Diprifusor (Astra-
Zeneca, London) became the first commercially available 
TCI pump. It was based on a prototype from the Kenny 
group122 and was able to control a set plasma target con-
centration using specific prefilled syringes from AstraZen-
eca. Although the technology never became available in the 
United States,8 this TCI pump was the first breakthrough in 
an attempt to optimize drug administration in daily clinical 
practice in many countries. More recently, various com-
panies have commercialized more flexible open TCI pumps 
capable of administering multiple drugs in both plasma and 
effect compartment–control mode (Fig. 26.27).8,119

Effect compartment–control requires a rate constant 
that accurately describes the rate of equilibration between 
plasma (Fig. 26.28A) and effect-site concentrations (Fig. 
26.28B). The benefits of effect compartment–controlled 
TCI were demonstrated for propofol by Wakeling and asso-
ciates123 and Struys and associates.47 This mode is com-
monly used throughout Europe.

A detailed description of the history of the development of 
TCI and of the development and availability of TCI devices 
was published in 2016.8,124!
Evaluation of Target-Controlled Infusion Delivery
Acceptance of target-controlled drug delivery of intrave-
nous anesthetics requires evaluation of accuracy (defined 
as the difference between predicted and measured con-
centrations) and outcomes among patients in whom 
automated drug delivery has been used. The inaccuracies 
associated with pharmacokinetic model–driven devices are 
attributed to possible problems with the software and hard-
ware, and more importantly to pharmacokinetic variability 
(Fig. 26.29).

Inaccuracy in the software results from incorrect mathe-
matic implementation of the pharmacokinetic model. Com-
puter simulations can be used to test the infusion rates as 
calculated by a software program, and thus software errors 
are fairly simple to identify and correct.125 Inaccurate drug 
delivery from the infusion pump (i.e., failure to correctly 
infuse the amount intended by the system) infrequently 
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Fig. 26.26 Schematic representation of the pharmacokinetic and pharmacodynamic processes determining the relationship between administered 
doses and resulting effect intensity of a drug (yellow). Pharmacokinetic factors such as distribution, metabolism, and/or excretion determine the rela-
tionship between drug dose and drug concentration in the biophase. In the biophase, the drug interacts with the receptor, and the pharmacologic 
effect is accomplished via effectuation processes. Target-controlled infusion (TCI) will use a model to estimate the plasma or biophase drug concentra-
tion (red), and will calculate the dose needed to approach a target concentration in plasma (A) or biophase/effect-site (B). Computer-controlled, closed-
loop feedback measures the error between the effect and the target effect to control the dose administration (blue). Better closed-loop performance 
can result if, rather than using the dose as a direct actuator, the simulated variable of a TCI system is used as actuated variable (A/A#, B/B#). The TCI system 
then compensates for part of the complexity of the dose-interaction relationship. Advanced control algorithms may take into account a continuously 
updated model of the interaction (light green). (Modified from Struys M, de Smet T. Principles of drug actions: target-controlled infusions and closed-loop 
administration. In: Evers AS, Maze M, Kharasch ED, eds. Anesthetic Pharmacology: Basic Principles and Clinical Practice. Cambridge: Cambridge University Press; 
2011:103–122. Used with permission.)
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occurs with present syringe-pump technology and contrib-
utes little to the overall inaccuracy of these devices.126 The 
aforementioned safety review identified only two company 
reports of problems with TCI devices that were attributable 
to software programming errors, neither of which caused 
actual patient harm.127

The major cause of inaccuracy is biologic variability, 
of which there are two sources: (1) the pharmacokinetic 
model is always wrong,106 and (2) the pharmacokinet-
ics of the individual patient are not as programmed into 
the model. The pharmacokinetic model is always wrong 
because individuals are far more complex than implied 
by simple compartment models,106 and no model can 
precisely predict the concentrations, even if the pharma-
cokinetic parameters in the individual were known with 
absolute precision. However, even if the pharmacokinetic 

model truly reflected the underlying biologic variables, the 
parameters of the model would be average parameters for 
the population and not the exact parameters of the patient. 
Even if the parameters were modified to reflect the influence 
of demographic factors such as age, gender, hypovolemia, 
and coadministration of other drugs, they would still devi-
ate from the true pharmacokinetic parameters in the indi-
vidual. Thus biologic variability fundamentally precludes 
the possibility of precisely achieving the desired target con-
centration when automated drug delivery devices are used. 
Realizing that biologic variability always exists, no matter 
how drugs are given, and that this same biologic variability 
affects all methods of drug delivery is important. Nonethe-
less, the variability with TCI devices will always be less than 
the variability observed after a single bolus injection.128 The 
performance of computer-controlled drug administration 

A B

C D

E F
Fig. 26.27 Target-controlled infusion (TCI) pumps. (A) Fresenius Base Primea. (B) Fresenius Injectomat TIVA. (C) CareFusion Alaris PK. (D) Arcomed µSP 
6000. (E) Arcomed µVP 7000. (F) Bionet PION TCI pump. (G) B. Braun Infusomat Space and Perfusor Space. (H) Veryark Concert-CL. (I) MedCaptain HP TCI. 
([A and B] Courtesy Fresenius Kabi AG, Homburg, Germany; [C] Courtesy BD, Franklin Lakes, NJ; [D and E] Courtesy Arcomed, Zurich, Switzerland; [F] Courtesy 
Bionet, Seoul, Korea; [G] Courtesy B. Braun Medical Inc., Bethlehem PA; [H] Courtesy PRHOINSA, Madrid, Spain; [I] Courtesy Medcaptain, Shenzhen, P.R. China.)
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must be interpreted in terms of the therapeutic expectations 
of the clinician. Possible goals include accurately produc-
ing a desired concentration in plasma, precisely titrating 
the plasma drug concentration, achieving the desired drug 
effect, and producing the desired time course of drug effect. 
Over the past decade, investigators have addressed each of 
these goals and have refined the performance of automated 
drug delivery devices accordingly.

The ability of an automated drug delivery system to rap-
idly achieve and then maintain a selected target concentra-
tion is a logical measure of the performance of such a device. 
The difference between the measured and target concen-
trations can be expressed in several ways. Classic graphic 
representations are X-Y plots depicting predicted versus 
measured blood (plasma) drug concentrations (Fig. 26.30) 
or the relationship of the measured and predicted drug 

concentration versus time of administration (Fig. 26.31). 
Numerically, the primary concern is how far the measured 
concentration is from the predicted one; this relationship 
is now most frequently described in terms of performance 
errors, which is the difference between measured and tar-
get concentrations as a percentage of the desired target(
for example, [(measured ! target) ÷ target " 100%].129 
The median value of the performance error for a patient or 
population is referred to as the median performance error 
(MDPE) and represents the average overshoot or under-
shoot of the system. The median absolute performance error 
(MDAPE) is the median of the absolute values of all perfor-
mance errors. The MDAPE is commonly used as a measure 
of the inaccuracy of an automated drug delivery device. An 
MDAPE of zero is perfect performance, and an MDAPE of 
20% means that one half the plasma concentrations will 

G H

I
Fig. 26.27 cont’d
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be within 20% of the target and one half will be outside 
that range. A further assessment of accuracy is whether 
the system maintains a stable target concentration, which 
is best measured by the wobble of the system. Varvel and 
colleagues129 asked a group of clinicians to evaluate the 
performance of automated drug delivery devices and dem-
onstrated that the MDAPE best predicted the adequacy of 
performance of the automated delivery device, as judged by 
experienced clinicians.

As observed earlier, expecting all performance errors to 
be zero is not reasonable. However, it would be desirable 
if positive and negative errors offset each other so that the 
MDPE of an automated drug delivery device were 0%. The 
MDPE does not indicate the range of performance errors 
(because positive and negative performance errors offset 
each other), but it does indicate whether the plasma con-
centrations achieved with the device tend to overshoot 
(+MDPE) or undershoot (!MDPE) the desired target.

Many groups have evaluated the accuracy of many dif-
ferent pharmacokinetic sets for virtually all the intravenous 
hypnotics and analgesics. Most studies have involved healthy 
volunteers or lower-risk patients undergoing procedural 
sedation or anesthesia, and in these settings the authors have 
studied adult models for propofol,13,31,130-137 midazolam,138 
ketamine,139 dexmedetomidine,140,141 fentanyl,142-144 alfen-
tanil,67,145-147 sufentanil,138,148,149 and remifentanil.150,151 
Pediatric models for propofol have also been evaluated.152-155

Few studies have been performed in the intensive care 
unit (ICU) setting. The performance of the Marsh model for 
propofol sedation in different adult populations has how-
ever been studied.156,157

Based on many of these studies, the expected predic-
tive performance of such pharmacokinetic models, at best, 
tends to be around 20% to 30% MDAPE.!
Model Selection for Target-Controlled Infusion: 
Adult Propofol Models
For most intravenous drugs, various multicompartment 
pharmacokinetic-pharmacodynamic models have been 
published. The pharmacokinetics of propofol have been the 
most frequently tested (see Fig. 26.6) of all anesthetic drugs. 
Coetzee and coworkers compared the accuracy of some of 
the models published before 1995 and found that propofol 
TCI using the model published by Marsh and coworkers 
resulted in acceptable performance (MDPE !7%; MDAPE 
18%).130

The Marsh model was incorporated in the first com-
mercially available TCI system (Diprifusor). Clinical stud-
ies using this plasma-controlled TCI system showed that 
the technique and model were clinically useful in various 
clinical situations.158-162 The major drawback of the Marsh 
model is the lack of effect compartment information and 
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Fig. 26.29 Major sources of potential error in pharmacokinetic model–driven drug delivery. In a commercial device, the computer functions are incor-
porated into the infusion device. IV, Intravenous.
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Fig. 26.28 Simulation of propofol plasma (A) versus effect compart-
ment–controlled (B) target-controlled infusion.
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Fig. 26.30 Predicted versus measured propofol plasma concentration for the four pharmacokinetic models. Each point represents a single sample. Thin 
black line represents the line of identity. For target-controlled infusion (TCI) and long infusion conditions, the bold red line shows the regression line and 
the bold dashed green line indicates the 95% confidence interval for the regression line. The formula represents the equation from the linear regression. 
(From Masui K, Upton RN, Doufas AG, et al. The performance of compartmental and physiologically based recirculatory pharmacokinetic models for propofol. 
A comparison using bolus, continuous, and target-controlled infusion data. Anesth Analg. 2010;111:368–379. Used with permission.)

the fact that weight is the only covariate. Later, Schnider 
and coworkers163,164 evaluated age, height, weight, and 
lean body mass as covariates in a new combined pharma-
cokinetic-pharmacodynamic three-compartment model. 
The large variability of the study population (age 18-81 
years, weight 44-123 kg) provides a wide applicability of 
the model. Several validation studies rated this model accu-
rate under various conditions. For example, Masui and 
colleagues13 compared the measured propofol plasma con-
centrations with the predictions of four published models 
and revealed bias in all three compartment models during 
the bolus and short infusion regimens (see Figs. 26.30 and 
26.31). During long infusions, a worse measured/predicted 
propofol plasma concentration at higher concentration was 
observed for the Marsh152 and Schüttler165 models than for 
the two other models. Less biased measured/predicted pro-
pofol plasma concentration was found for all models during 
TCI. In the bolus group, after 1 minute, a clear overpredic-
tion was observed for all three-compartment models for the 
entire 5-minute period; however, this initial error resolved 
after 4 minutes in the Schnider model. During the bolus and 

short infusion conditions, the Marsh model demonstrated 
worse MDPE and MDAPE when compared with the other 
models. During short infusion, MDAPE for the Schnider 
and Schüttler models was better. All models showed simi-
lar MDPE and MDAPE during TCI simulations. During 
long infusion, the Marsh and the Schüttler models under-
estimated the higher plasma concentrations. Interestingly, 
the physiologically based recirculatory model developed by 
Upton and coworkers14 did not reveal a better description of 
the pharmacokinetic time course. The Schüttler model has 
a major practical drawback; it defined the infusion charac-
teristics, being bolus or infusion, as a significant covariate, 
thereby discouraging TCI applicability.

An additional drawback of the Schnider model is the use 
of lean body mass as calculated using the equation devel-
oped by James.12 The quadratic behavior of the lean body 
mass function makes it invalid (negative values!) when 
used in patients who are very obese. Therefore as changing 
population demographics such as obesity might influence 
the pharmacokinetics of propofol, models should ideally 
be applicable to a broad range of population demographics 
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before being used in clinical practice. One potential solu-
tion to the problem of scaling for size in obese patients is 
the application of allometric scaling. When using allome-
tric scaling, growth and development can be studied using 
classic covariates (e.g., weight, age, sex). Size is the primary 
covariate and can be referenced to a 70-kg person with allo-
metric scaling using a coefficient of 0.75 for clearance and 
1 (one) for volume. Anderson and Holford166 promote this 
approach because the use of these coefficients is supported 
by fractal geometric concepts and observations from bio-
logically diverse areas.167

Cortinez and coworkers168 derived a population pharma-
cokinetic model using obese and nonobese data to describe 
the pharmacokinetics of propofol over a wide range of body 
weights. A model using allometric scaling of total body 
weight as the size descriptor of volumes and clearances was 
better able to characterize propofol pharmacokinetics in 
obese patients than a model using size descriptors. The same 
model was later used to control TCI propofol administration 
in a new cohort of obese patients, and the predictive perfor-
mance of this model was then compared with that of four 

other models (Marsh, Schnider, Eleveld, and van Kralin-
gen).133 While all models tended to underestimate measured 
concentrations in this study (i.e., measured concentrations 
were higher than those estimated), the Eleveld model pro-
vided the most accurate predictions. When, instead of using 
the total body weight with the Marsh and Schnider models, 
an adjusted body weight was used (adjusted weight = ideal 
weight + 40% " [total – ideal weight]), the predictive per-
formance of these two models were then associated with the 
lowest MDPE and MDAPE of all models.133

Most recently, Cortinez and colleagues used the data from 
47 patients enrolled in three previous studies to develop and 
prospectively evaluate a new pharmacokinetic-pharmaco-
dynamic model for obese patients.169 Interestingly, during 
the development phase, allometric scaling did not improve 
the fit of their new model, and thus their newest model uses 
linear scaling of compartmental volumes and clearances, 
with total body weight. When, in the second phase of their 
study, this newer model was tested prospectively in obese 
patients, the pharmacokinetic and pharmacodynamic 
components performed adequately; with regard to the 
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pharmacokinetic component, the predictive performance 
of the Eleveld model was better than that of their older and 
newer models, and that of the Schnider model.

Attention has also been focused recently on the perfor-
mance of propofol models in underweight patients. Lee and 
colleagues studied the predictive performance of the Marsh 
and Schnider model in underweight adults and showed that 
although predictive performance of both models was within 
limits considered clinically acceptable, the former tended to 
overestimate plasma concentrations, whereas the Schnider 
model tended to underestimate plasma concentrations.135

Interestingly, when the performance of the older Cortinez 
model, which uses allometric scaling of total body weight, 
was studied in volunteers of normal weight, the predic-
tive performance was acceptable and similar to that of the 
Schnider model.170 As mentioned earlier, the newer Corti-
nez model scales volumes and clearances linearly with total 
weight.169 It may not extrapolate that well to patients of 
normal weight, and for this reason the authors do not rec-
ommend using it in patients of normal weight.

Different pharmacokinetic-pharmacodynamic models for 
propofol are associated with different ke0 values, which were 
sometimes derived in very different ways.12 When effect-site 
targeting is used, not only is the accuracy of the pharmaco-
kinetic model important for accurate drug administration, 
the validity of the ke0 is also important. First, the value of 
the ke0 will determine the degree of plasma concentration 
overshoot when the target concentration is increased, and 
second, it will determine the estimated values of the effect-
site concentrations during periods when the plasma and 
effect-site are not in equilibrium. If one assumes that there 
is no hysteresis in the relationship between effect-site drug 
concentration and clinical effect, then it might be rational 
to evaluate the overall accuracy of propofol pharmacoki-
netic-pharmacodynamic models by experiments in which 
propofol is administered by effect-site TCI, by recording a 
measure of the clinical effect observed over a period of time 
and then comparing the time course of the estimated effect-
site concentrations and clinical effect.

Barakat and colleagues compared the Marsh and 
Schnider models by observing BIS and MOAA/S scores 
after starting an effect-site targeted propofol TCI infusion 
at a fixed target concentration of 2 µg/mL.171 Subsequently 
they compared the shapes of the curves of the time course 
of the estimated effect-site concentration and of measures 
of clinical effect (BIS and MOAA/S). They found that the 
shape of the effect-site concentration curve estimated by 
the Marsh model (with ke0 0.26 min!1) was more similar to 
the curves for clinical effect than the curve of the effect-site 
concentration estimated by the Schnider model.171

A more objective application of the preceding rationale 
is to observe clinical effect over a time period when a TCI 
system estimates that the effect-site concentration is stable. 
With this approach, one can reason that if the effect-site 
(target) concentration is kept constant, and there are no 
other changes (i.e., no other drugs are administered, and 
no new stimuli), then the most appropriate model will be 
the one for which a measure of clinical effect is most stable 
over time.

Using this approach to compare the Schnider and Marsh 
models, Coppens and coworkers172 administered propofol 
by manual infusion until loss of consciousness. They then 

continued propofol administration in effect-site target-
ing TCI mode, using as target concentration the estimated 
effect-site concentration at the moment of loss of conscious-
ness. They found that among 20 patients assigned to effect-
site TCI propofol with the Marsh model, BIS values rose and 
all patients regained consciousness within the subsequent 
20 minutes. On the other hand, among the 40 patients 
assigned to effect-site TCI propofol with the Schnider model 
(20 with a fixed ke0, and 20 in whom an individual-specific 
ke0 was calculated using the Schnider pharmacokinetic 
parameters and a fixed time-to-peak effect of 1.6 minutes), 
only one regained consciousness and there was a gen-
eral trend for the BIS to decline during the subsequent 20 
minutes.

Thomson and colleagues applied the same rationale to 
a study in which they sought to determine the most suit-
able ke0 for use with the Marsh model when used in effect-
site targeting mode for sedation.173 Six sequential groups 
received sedation with the Marsh model with the ke0 set 
to 1.2, 0.8, 0.7, 0.6, 0.5, and 0.2 min!1, respectively. In 
each patient, the initial target concentration was 0.5 µg/
mL. Once the effect-site and plasma concentrations were 
calculated to have equilibrated, the effect-site target con-
centration was increased in increments of 0.2 µg/mL, until 
a MOAA/S score of 3 was reached. Thereafter the effect-
site target concentration was fixed, and two-choice visual 
reaction times were recorded. Interestingly, while a ke0 of 
0.6 min!1 seemed best overall, it should be noted that there 
was considerable interindividual variability. In every group 
there were patients where the sedation level (just by reac-
tion times) remained stable, whereas in all groups except 
the 1.2 min!1 group there were patients where reaction 
times decreased (suggesting lightening of sedation depth) 
and in every group except the 0.2 min!1 group there 
were patients where reaction times increased (suggesting 
increasing sedation depth).

As mentioned previously, there is no strong consensus on 
which model is best for propofol administration. Clinician 
choices concerning which model to use and the mode of use 
(plasma versus effect-site targeting and method of imple-
mentation of effect-site targeting) are largely pragmatically 
made, based on geographical and historical issues, avail-
ability of equipment, and the choices made by the supplier of 
the equipment.8,12 More fundamental research is required 
to better understand the mechanisms of anesthetic-induced 
loss of consciousness, to determine whether the aforemen-
tioned hysteresis occurs, and to subsequently fine-tune our 
understanding of the pharmacometric principles governing 
effect-site modeling.120

At present a variety of different adult and pediatric 
models for propofol are used in studies, but also in clinical 
use, having been implemented in commercially available 
TCI systems. This generates a potential source of confu-
sion and error. A group in Groningen, The Netherlands, 
thus combined the data from a large number of pharma-
cokinetic-pharmacodynamic studies of propofol, involving 
subjects with a wide range of characteristics (age, weight, 
and patients vs. volunteers), and used nonlinear mixed 
effects modeling to generate a single model that applies to 
all patients. Initially, a pharmacokinetic-only model was 
produced.174 This model is able to provide pharmacokinetic 
parameters for a wide range of patients, from small children 
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to elderly patients, as well as for obese patients. Later a 
complete pharmacokinetic-pharmacodynamic model was 
produced, with the pharmacokinetic part involving the 
same structure as the previous model, but slightly updated 
parameters, and a sigmoidal Emax pharmacodynamic 
model.76 Internal testing of the pharmacokinetic compo-
nents of both models showed similar or better performance 
than that of specialist models designed for specific subpopu-
lations (children, elderly, and obese).76,174!
Model Selection for Target-Controlled Infusion: 
Pediatric Propofol Models
Two pharmacokinetic models for propofol in children are 
available in clinical TCI systems. Kataria and colleagues 
described the time course of propofol plasma concentration 
in a population of children between ages of 3 and 11 years 
using a three-compartment model with weight as the sole 
significant covariate. Weight-adjusting the volumes and 
clearances significantly improved the accuracy of the phar-
macokinetics. Adjusting the pharmacokinetics for inclu-
sion of additional patient covariates or using a mixed-effects 
model did not further improve the ability of the pharmacoki-
netic parameters to describe the observations.175 An alter-
native propofol TCI model called Paedfusor,153 developed by 
the Glasgow research group, incorporated a preliminary 
model published by Schüttler and coworkers165 and was 
recently found to be more accurate than the Kataria model. 
Coppens and associates31 were the first to publish a com-
bined pharmacokinetic-pharmacodynamic model for pro-
pofol in children, revealing a ke0 of 0.79 min!1 and a Ce50 
of 3.85 µg/mL as measured using the BIS (Table 26.6). A 
recent study compared the predictive performance of 11 dif-
ferent models for propofol in children during long-duration 
anesthesia,176 and found that in this setting, the Short177 
pediatric model performed best.

As can be seen in Table 26.6, several different models 
for children are available, and this can lead to errors. This 
problem, and the potential solution of the Eleveld general 
purpose model,76,174 has been discussed previously.!
Model Selection for Target-Controlled Infusion: 
Opioids
Table 26.7 shows the clinically used pharmacokinetic-
pharmacodynamic models for remifentanil, fentanyl, suf-
entanil, and alfentanil. For sufentanil, the covariate model 
developed by Gepts and colleagues178 is accurate with 
MDPE between !2.3% and 22.3% and MDAPE between 
18.5% and 29%, even in patients who are obese.138,148,149 
Multiple pharmacokinetic models were developed for alfen-
tanil. A combined analysis of these early study results using 
a true population analysis was used to develop a new alfen-
tanil model.179 A comparison showed a better performance 
for the Maitre alfentanil model (MDPE, 35%; MDAPE, 36%) 
than the Scott model (MDPE, 12%; MDAPE, 28%).180 Other 
studies found contradictory results.181

A compartment fentanyl model without covariates spe-
cifically aiming for TCI was developed143 and tested in both 
lean and obese patients.144 A simulated plasma concen-
tration required a specific correction in patients who were 
obese.144 Various three-compartment combined pharma-
cokinetic-pharmacodynamic models for remifentanil were 
developed from studies with both volunteers and patients; 

however, only the model published by Minto and colleagues 
is applied in TCI.61,182 Evaluation of this model showed an 
acceptable performance, with an MDPE of !15% and an 
MDAPE of 20%.150 Because combined pharmacokinetic-
pharmacodynamic models are lacking for some of the opi-
oids, the times to peak effect after a bolus administration of 
alfentanil (1.4 minutes), fentanyl (3.6 minutes), and sufen-
tanil (5.6 minutes) can be applied to calculate the effect-site 
concentration using the tpeak algorithm.32

Preliminary remifentanil models in children have been 
developed. For example, Rigby-Jones and colleagues183 
applied allometric scaling during a study of remifentanil 
pharmacokinetics in children and reported a single fixed 
allometric function scaled to a body mass of 10.5 kg that 
performed well across a broad range of patient weights. 
More recently, Eleveld and colleagues, using data from a 
variety of pharmacokinetic-pharmacodynamic studies of 
remifentanil, involving patients with a wide range of age, 
height, and weight characteristics, developed a model in 
which clearances are also allometrically scaled.184 This 
model performed well on internal testing and is thought to 
be suitable for use in all patients, but now requires external 
prospective validation.

In addition to propofol and the opioids, compartment 
models have been published describing the time course of 
the plasma concentration and clinical effect of benzodiaz-
epines, neuromuscular blocking agents, ketamine, and 
dexmedetomidine, although these drugs have not yet been 
included in the commercially available TCI pumps.!
Rational Target Concentration Selection
No single regimen, concentration, or drug combination 
applies to all patients. While some sources of interindivid-
ual pharmacokinetic and pharmacodynamic variability are 
known, much of this variability remains unexplained.

Most of the previously mentioned pharmacokinetic-
pharmacodynamic models have been derived from popula-
tion pharmacologic studies. Interpatient variability limits 
the accuracy of the estimated drug concentration for the 
individual but can be counteracted if the model is built 
while exploring a wide variety of possible covariates using 
parametric modeling, optionally nonlinear mixed-effects 
modeling. Consequently, caution is needed when apply-
ing these models to patients who are obese, older, very 
young, diabetic, alcoholic, or unwell if similar participants 
were not part of the study population. The current com-
mercial implementations of TCI, therefore, do not function 
well when used for patients with characteristics beyond 
the range of the model’s development study population. 
As illustrated by Absalom and coworkers, the use of spe-
cific TCI algorithms outside the original studied population 
might result in dangerous drug infusion profiles.12

These investigators compared two currently used meth-
ods for calculating the effect-site concentration for propofol 
in patients who were obese, one using a fixed ke0 and the 
other using a fixed tpeak (see also “Direct-Effect Models” ear-
lier in this chapter).

As the models in clinical use were not developed from data 
from obese patients, they should not be expected to perform 
accurately in obese patients. Tachibana and colleagues 
studied the influence of obesity on the predictive perfor-
mance of the Marsh model, which scales compartment 
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volumes linearly with body weight.134 In their study, they 
used a single target plasma propofol concentration (4 µg/
mL) and found that whereas in nonobese patients the bias 
was reasonably low, in obese patients measured concentra-
tions were consistently higher than those predicted, to the 
extent that they found that when they applied a correction 
factor involving the BMI to the predicted concentration, the 
bias was reduced.

Growing evidence suggests that gender, ethnic, and 
racial differences may be important sources of popula-
tion pharmacokinetic-pharmacodynamic variability and 
should be considered when designing dosage regimens.185

The influence of different factors is often very complex. 
In one study involving the influence of age and gender on 
propofol clearance, clearance tended to be higher in females 
(and it declined with age), whereas age did not appear to 
have an influence in males.186 Another study showed that 
different phases of the menstrual cycle were associated with 
significant differences in EC50 of propofol (predicted con-
centrations).187 Xu and coworkers55 confirmed that race 
can significantly influence propofol pharmacokinetics and 
pharmacodynamics. They evaluated the C50 for propofol-
remifentanil TCI and the BIS at loss of consciousness and the 
response to noxious stimulus in patients of Chinese ethnic-
ity and revealed that the predicted blood and effect-site con-
centrations at loss of consciousness were lower than those 
in previous publications involving Caucasian populations.

An additional caveat is required with the use of different 
formulations of a drug. For propofol, Calvo and colleagues188 
found that pharmacokinetics and pharmacodynamics were 
not equal for all formulations, which contributed to an 
increase in variability of the observed effect. Because of the 
aforementioned factors, no single regimen, concentration, 
or drug combination applies to all patients. Some guidance 
can be found in the ECs at which 50% and 95% of patients 
have accurate clinical effect (see Table 26.3). As with all drug 
administration in anesthesia, clinical judgment is always 
required, and the target concentration should be titrated 
according to the clinical response of the patient.

One of the major sources of variability in the clinical 
effect of propofol is interaction with concurrently admin-
istered drugs (see prior discussion). The interacting drugs 
may cause changes in the pharmacokinetics and/or phar-
macodynamics of propofol. In this regard, the (mutual) 
interactions between hypnotics and opioids are currently 
best understood, but in fact, a wide array of drugs may 
interact with the hypnotics, including drugs that have been 
chronically administered during the preoperative phase.107

Finally, in individual cases, other obvious sources of 
reduced single-drug model accuracy are errors such as drug 
spills, excessive blood loss causing shock, or pharmacoki-
netic drug interaction.189-191 The number of factors that can 
influence drug pharmacokinetics and pharmacodynamics is 
so large that it would not be practicable to develop models 
taking all the factors into account, and even less so to have 
different models to take into account factors such as race. 
Thus regardless of the accuracy and complexity of available 
models, it will probably always be necessary for clinicians to 
titrate anesthetic drug administration to clinical effect.!
Benefits of Target-Controlled Infusion
The ability of TCI to rapidly achieve and maintain a steady 
concentration facilitates attainment of a desired drug effect, 
irrespective of the absolute achieved drug concentration 
in the target compartment. The application of TCI in most 
cases even reduces the variability of intersubject drug-
response relationships.128 As a result, clinical outcomes 
when comparing TCI versus manual infusion were found to 
be improved in various early studies, although contradic-
tions exist in the literature.

In the 1980s, Ausems and coworkers192 compared phar-
macokinetic model–driven administration with intermit-
tent bolus administration of alfentanil. Automated drug 
delivery produced fewer episodes of muscular rigidity, hypo-
tension, and bradycardia on induction. Automated drug 
delivery during maintenance resulted in a significantly 
less frequent incidence of hemodynamic response, which 
resulted in a larger percentage of anesthesia time within 

TABLE 26.7 Commonly Applied Pharmacokinetic-Pharmacodynamic Models for Target-Controlled Infusion Systems for 
Analgesics

Drug Remifentanil Sufentanil Fentanyl Alfentani

Model Minto54,173 Gepts170 Shafer147 Maitre171

V1 (5.1 ! 0.0201 [age ! 40]) + 0.072 " (LBM ! 55) L 14.3 L 6.09 L * = 0.111 L/kg
+ = 1.15 " 0.111 L/kg

V2 (9.82 ! 0.0811 [age ! 40]) + 0.108 (LBM ! 55) L 63.4 L 28.1 L 12.0 L

V3 5.42 L 251.9 L 228 L 10.5 L

k10 (min!1) (2.6 ! 0.0162 [age ! 40]) + 0.0191 (LBM ! 55) ÷ V1 0.0645 0.083 <40 year = 0.356/V1
>40 year = 0.356 ! (0.00269 [age ! 40]) ÷ V1

k12 (min!1) (2.05 ! 0.0301 [age ! 40])/V1 0.1086 0.4713 0.104

k13 (min!1) (0.076 ! 0.00113 [age ! 40])/V1 0.0229 0.22496 0.017

k21 (min!1) k12 " V1 ÷ V2 0.0245 0.1021 0.067

k31 (min!1) k13 " V1 ÷ V2 0.0013 0.00601 <40 year = 0.0126
>40 year = 0.0126-0.000113 (age ! 40)

ke0 (min!1) 0.595 ! 0.007(age-40) NA 0.147* 0.77*

LBM, Lean body mass.
*ke0 is derived independently from the PK model by Scott and colleagues.39
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15% of the desired arterial blood pressure and heart rate. 
Recovery after TCI was associated with significantly less 
use of naloxone for adequate ventilation. Pharmacokinetic 
model–driven infusion of fentanyl during cardiac surgery 
resulted in better hemodynamic control with fewer addi-
tional drug interventions and significantly fewer episodes 
of either hypotension or hypertension than with bolus dose 
administration.193

Theil and colleagues194 compared double-blind manual 
administration of fentanyl-midazolam with pharmacoki-
netic model–driven infusion of these two drugs in a small 
group of patients undergoing cardiac surgery. Both systems 
were simultaneously titrated (one containing placebo), 
with the aim of maintaining hemodynamics within 20% of 
baseline values. Both systems were equally effective in pro-
viding hemodynamic control as dictated by the protocol. 
The most significant difference between the two modes of 
delivery was the greater variability in drug plasma concen-
trations in the manual group, which suggested that phar-
macokinetic model–driven infusion maintained patients 
within a more narrow therapeutic range.

TCI remifentanil provides improved hemodynamic con-
trol both intraoperatively and postoperatively with less 
remifentanil and similar propofol infusion rates.195 Age dra-
matically influences the pharmacokinetics of remifentanil; 
consequently, a TCI model that includes age will result in a 
beneficial drug titration compared with a standard µg/kg/
min infusion. For deep sedation in spontaneously breathing 
patients, Moerman and associates196 found that the com-
bination of remifentanil and propofol offered better condi-
tions for colonoscopy than propofol alone; and that TCI 
remifentanil administration was associated with reduced 
propofol dosing and a less frequent incidence of apnea and 
respiratory depression, compared with manually controlled 
administration. Others have confirmed this finding.192

Using the first commercially available TCI system (Dipr-
ifusor), early studies administering propofol by plasma-
targeted TCI showed some benefits.159,197,198 These 
revealed a significant preference of clinicians for the TCI 
system, although this was their first use of the device.

Passot and coworkers199 compared TCI and manual pro-
pofol infusion in high-risk older patients undergoing hip 
fracture surgery and concluded that TCI improved the time 
course of propofol-induced hemodynamic effects in these 
patients. Chen and colleagues found that similar induc-
tion and total doses of propofol were used when anesthe-
sia was induced and maintained with either a manual or a 
TCI system, and the propofol administration was titrated to 
achieve a specific BIS value.200

Wang and colleagues compared the clinical conditions 
associated with TCI and manual propofol infusion during 
asleep-awake-asleep epilepsy surgery. TCI was associated 
with significantly improved awakening times and higher 
BIS values after the first asleep phase.201 Chiang and asso-
ciates found similar results when they compared TCI with 
manually controlled propofol infusions for combined upper 
and lower endoscopy.202 Patients in the TCI group had bet-
ter hemodynamic and respiratory stability and recovered 
more quickly from sedation than patients assigned to the 
manually controlled infusion group.

The Irwin group recently compared TCI and manual pro-
pofol administration in children.203 Although they found 

that in children assigned to TCI propofol administration, 
higher total propofol doses were given, the amount of time 
the BIS was in an optimal range was greater and recovery 
times were similar. The authors concluded that TCI might 
facilitate easier titration of propofol to clinical effect.

TCI can theoretically facilitate rational drug adminis-
tration for patients in the ICU, where drugs are commonly 
administered for prolonged periods. In this situation, by 
taking account of drug redistribution and eventually equili-
bration between compartments and thus reducing infu-
sion rates, TCI systems have the potential to assist with 
maintenance of more stable sedation levels. McMurray 
and coworkers156 studied TCI propofol in 122 adult ICU 
patients. Bias and median absolute performance error were 
within acceptable ranges at 4.3% and 19.6%, respectively. 
Acceptable sedation levels occurred for 84% of the sedation 
period. They proposed propofol plasma targets between 0.2 
and 2.0 µg/mL for ICU sedation.

Overall, there is little high-quality evidence of improved 
outcome with the use of TCI as opposed to manual drug 
administration. Nonetheless, the popularity of TCI use has 
grown significantly since the introduction of the first com-
mercially available devices. The systems are registered for 
use in at least 93 countries of the world, and we recently 
estimated that in Europe alone, more than 2 million 
patients per year received one or more drugs administered 
with a TCI system.8!
Plasma Versus Effect-Site Targeting
Using experimental systems, Glass123 and Struys47 and their 
colleagues conducted similar studies in which they targeted 
either plasma or effect-site concentration of propofol and 
then observed the time and plasma versus effect-site con-
centration at loss of consciousness. In both studies, regard-
less of whether the effect-site or plasma concentration was 
targeted, loss of consciousness occurred when the appropri-
ate effect-site concentration for loss of consciousness was 
achieved, thus validating the concept. Two other important 
observations were made during these studies. First, hemo-
dynamic stability was not different for plasma or the effect-
site targeting, although higher plasma concentrations 
were achieved in the effect-site group. This finding implies, 
at least for propofol, that the time course for its hemody-
namic effects is similar or longer204 to that for its anesthetic 
effects. Second, ke0 is dependent on the pharmacokinetic 
set from which it is derived.32 A ke0 value cannot be taken 
from one pharmacokinetic set and used with another phar-
macokinetic set.31 Just as various demographics may alter 
the pharmacokinetics, they may also alter ke0. Therefore 
using the ke0 best adapted for the clinical milieu is desirable. 
An ideal test of whether targeting plasma or the effect site 
is better is to compare their use in a closed-loop system in 
which a measure of effect (e.g., the BIS) is used as the tar-
get of control. In a small study of 10 patients per group, 
Absalom and Kenny showed that maintenance of the tar-
geted BIS (as measured by MDPE, MDAPE, and wobble) was 
somewhat improved and induction times were significantly 
shorter when the pharmacokinetic model was for the effect 
site rather than for the plasma.205 Effect compartment–con-
trolled TCI systems are currently commercially available in 
many countries (not the United States).8 They may offer 
better control of the dose-response relationship.47,206,207!
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Safety of Target-Controlled Infusion
In noncomparative studies, pharmacokinetic model–driven 
infusion has been used to administer most of the potent 
opioids, as well as the hypnotics. Different anesthetic tech-
niques have also been tested with pharmacokinetic model–
driven infusion devices, including nitrous oxide–opioid 
anesthesia, supplementation of volatile anesthetics, total 
intravenous anesthesia, sedation for monitored anesthe-
sia care, and ICU sedation. In all these studies, outcome as 
measured by hemodynamics and recovery has been within 
the expectations of normal clinical care. Etomidate, metho-
hexital, midazolam, propofol, thiopental, dexmedetomi-
dine, alfentanil, fentanyl, remifentanil, and sufentanil have 
all been used with TCI. When these drugs were used with 
target-controlled drug delivery systems for total intrave-
nous anesthesia or to supplement nitrous oxide or volatile 
anesthetics, hemodynamics were well maintained during 
induction and intubation, as well as during maintenance. 
Recovery milestones were reached at times comparable 
with those achieved with similar drug combinations used 
in manual infusion schemes. None of these studies have 
reported adverse outcomes resulting from target-controlled 
drug delivery.

A recent review shows that the safety and reliability of 
commercially available TCI systems has been exemplary, 
suggesting that the systems perform as intended and pro-
grammed.127 Despite use of TCI systems in millions of 
patients around the world, a search of the medical litera-
ture, regulatory reports, and company safety statements 
revealed only a handful of possible problems specific to TCI 
device use, many of which were the result of user error and 
none of which resulted in product recalls or patient harm.!

PATIENT-CONTROLLED ANALGESIA AND 
SEDATION

A particular method of intravenous drug administration is 
patient-controlled analgesia, mostly used for the postopera-
tive administration of analgesics or for patient-controlled 
sedation (PCS) during therapeutic procedures. Although 
PCA can be considered as a method of computer-controlled 
or even closed-loop drug administration, most of these 
pumps currently do not include pharmacokinetic or phar-
macodynamic algorithms. In some cases, the PCA or PCS 
pump is set to deliver a low, constant or background flow 
of medication. Additional doses of medication can be self-
administered by the patient pressing a button as needed. 
Most commonly, no background infusion is provided, and 
the patient controls when he or she receives an analgesic 
bolus. To avoid overdosing, these pumps have built-in safety 
mechanisms such as lock-out times and limitations of the 
total amount of drug delivered per time unit. PCA is a com-
mon technique for delivery of postoperative pain medica-
tion such as morphine, piritramide, fentanyl, tramadol, and 
other drugs.208-212 In a systematic review, Walder and col-
leagues showed that the literature presented some evidence 
that in the postoperative pain setting, PCA with opioids, 
compared with conventional opioid treatment, improved 
analgesia and decreased the risk of pulmonary complica-
tions; in general, patients preferred the technique.213 Strict 
hospital guidelines may help avoid side effects such as 
oversedation and respiratory depression.214 When epidural 

analgesia is contraindicated during labor, remifentanil PCA 
has been suggested as an alternative. Pilot trials suggested 
that this alternative is safe under strict observation.215-220 
However, a more recently published randomized-controlled 
trial showed that, in comparison with epidural analgesia, 
not only was remifentanil PCA associated with lower sat-
isfaction scores, it was also associated with lower maternal 
oxygen saturation values.221

Although popular, PCA systems are imperfect, as they 
administer boluses that result in a time course of clinical 
effect that is unlikely to accurately match the time course 
of the painful stimulus the patient is suffering. The same 
applies to PCS systems, except that here the bolus will pro-
vide a time course of sedation or anxiolysis that does not 
match the experience of the patient. TCI technology has 
thus also been applied to PCA and PCS. With these patient-
maintained analgesia and patient-maintained sedation 
systems, the system administers a TCI of analgesic or seda-
tive, usually starting at a fixed low-target concentration, 
and after an initial period the patient is able to influence 
the target concentration. In some initial studies the target 
concentration was increased or decreased by a researcher 
using an algorithm,70,74,180,211,222,223 but in others the 
patient was able to activate target concentration increases 
by pressing the button of a handset, once a lockout period 
had passed.224

Van den Nieuwenhuyzen and colleagues demonstrated 
the advantages of PCA-TCI with alfentanil over routine 
morphine PCA for postoperative analgesia.74,180,222,223 
Analgesia support using effect-site targeted TCI of remifen-
tanil or fentanyl during extracorporeal shock-wave litho-
tripsy was tested by Cortinez and colleagues.70 They found 
a remifentanil and fentanyl EC50 of 2.8 ng/mL and 2.9 ng/ 
mL. At EC50, the probability of having a respiratory rate 
less than 10 was 4% for remifentanil and 56% for fentanyl. 
Hypoxemia, vomiting, and sedation were more frequent in 
the fentanyl group, making this drug less suitable for this 
clinical application than remifentanil. Lipszyc and associ-
ates211 used remifentanil effect-site PCA-TCI with a slow 
and progressive adapted algorithm for treatment of acute 
pain after uterine artery embolization and showed that it 
provided better care than PCA morphine in the first 4 hours 
of administration.

Schraag and colleagues studied the efficacy and safety 
of a remifentanil patient-maintained analgesic system for 
early analgesia after orthopedic surgery.224 If the patient 
operated an activating handset then the target concentra-
tion was increased by 0.2 ng/mL; otherwise the system 
gradually reduced the target. The system was found to 
provide satisfactory analgesia, with little sedation and few 
respiratory adverse effects.

Jeleazcov and colleagues have developed and studied a 
TCI-PCA system for hydromorphone.225 With this system 
the patient is also able to request higher target concentra-
tions by means of a button push. The authors found that 
patients using this system after cardiac surgery had satis-
factory pain control with only moderate adverse effects.

The initial developments of PCS systems enabled the 
patient to request bolus drug administration (propofol or 
midazolam), or occasionally an increase in drug infusion 
rate.226-230 Studies on the quality and outcomes after PCS 
have shown that it reduces discomfort and fear by inducing 

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



26 • Intravenous Drug Delivery Systems 785

sedation and amnesia during uncomfortable therapeutic 
procedures such as colonoscopy. Additionally, PCS facili-
tates the procedure by increasing the patient’s tolerance. 
Although propofol offers no analgesic effect, several stud-
ies of patient control of propofol administration (bolus or 
short infusions) during procedures showed that it pro-
vided reasonably safe, light sedation, and that patients 
expressed a preference for being in control.227,229,230 A 
recent study compared physician-controlled TCI propofol 
with PCS with boluses of propofol during endoscopic ret-
rograde cholangiopancreatography. It showed that with 
PCS lower doses of propofol were used and recovery was 
more rapid.231

As bolus or even manual infusion regimens might pro-
duce fluctuating levels of sedation, Kenny and colleagues 
in Glasgow combined PCS with TCI of propofol to overcome 
this problem. Using a patient-maintained sedation system, 
the patient can set a specific propofol target concentration 
using an activating handset button. With the system, the 
patient was required to press twice within one second to 
request a target increase. If no validated presses occurred, 
the system initially kept the target propofol concentra-
tion unchanged, but if after 6 minutes no further presses 
occurred, then the target concentration was reduced by the 
incremental amount. A starting concentration and a lock-
out time is set by the clinician (commonly with the default 
being approximately the equilibration time between plasma 
and effect-site concentrations). In various applications 
requiring sedation, their experimental system was shown to 
be feasible232-235; however, even when using an effect-site 
controlled TCI system, some volunteers rendered themselves 
unconscious.236 Whereas the system developed by Kenny 
and colleagues incorporated the Marsh model, Stonell and 
colleagues developed and tested a system enabling propo-
fol effect-site targeted patient-maintained sedation with 
the Schnider model. They compared patient-maintained 
sedation with anesthetist-administered sedation and found 
that patient-maintained sedation was associated with fewer 
adverse events, higher sedation scores, and BIS values, but 
at the cost of slower induction times, while patient and 
operator satisfaction was similar.237

It is possible that safety can be improved further, particu-
larly if a test or measure of responsiveness to a stimulus is 
added and if the control algorithm is incorporated to allow 
the facility to stop the infusion should the response become 
inadequate.238-241

Doufas and colleagues tested an automatic response test 
to optimize propofol administration for conscious seda-
tion.242,243 Although volunteers were required to push a 
delivery button in response to auditory and tactile stimuli, a 
TCI-like algorithm guided the propofol administration. The 
study showed that failure to respond to automated respon-
siveness monitoring precedes potentially serious adverse 
effects of sedation such as loss of responsiveness, and that the 
monitor was not susceptible to false-positive responses.244

An enlarged commercial version of this device, SEDASYS 
(Ethicon Endo-Surgery, Cincinnati, Ohio), was tested in 
two studies. It incorporated the automated responsiveness 
monitoring and built-in capnography and pulse oximetry. 
If the patient’s responses to stimuli were inadequate, then 
the subsequent increases in infusion rates were limited. If 
apnea or hemoglobin oxygen desaturation were detected, 

then the infusion was stopped and additional oxygen given. 
After a successful feasibility study,245 the system was then 
used in a large randomized study of sedation during upper 
gastrointestinal endoscopy and colonoscopy and was found 
to be associated with a reduced incidence of adverse events 
compared with standard care (5.8% vs. 8.7%, respec-
tively).246 Although the device was approved by the FDA in 
2013 for the provision of moderate sedation during routine 
endoscopic procedures in ASA 1 and 2 patients, poor sales 
figures prompted a commercial decision by the vendor to 
cease marketing the device.247,248

Closed-Loop Controlled Intravenous Drug 
Delivery
The next step in computer-controlled drug delivery is to feed 
a continuous measure of drug effect directly back to the auto-
mated drug delivery device, thus providing a continuous 
closed-loop system. This system avoids the requirement of a 
clinician to titrate the target concentration manually, based 
on intermittent observations of the desired therapeutic effect. 
With manual control, attempts to achieve tight titration of 
hypnosis require high clinical expertise and a labor-intensive 
process and may divert the clinician’s attention from critical 
actions resulting in a suboptimal therapy or even threatening 
the patient’s safety. Applying closed-loop drug administra-
tion techniques could optimize this process of dose titration.4 
The application of closed-loop systems for drug administra-
tion is complex and requires a perfect balance for all the basic 
components of such a system: (1) a control variable represen-
tative for the targeted therapeutic effect; (2) a clinically rel-
evant set-point or target value for this variable; (3) a control 
actuator which is, in this case, the infusion pump driving the 
drug; (4) a system, in this case a patient; and (5) an accurate, 
stable control algorithm.249

Control algorithms are all based on measuring the error 
between the target and the observed effect. Various control 
strategies are described in the literature to steer this closed-
loop administration. Proportional-integral differential (PID) 
controllers are frequently used in engineering applications. 
This controller will adjust the infusion rates in a manner 
that is proportional to the magnitude of the error, the inte-
gral of the error over time, and the derivative of the error 
over time. The fine-tuning of a PID controller might be dif-
ficult in this particular setting because of the complexity of 
the system to control and the interindividual pharmacologic 
variability, and because directly counteracting the adminis-
tration of excessive drug is not possible. A more appropriate 
approach could be to use a PID control system connected to 
a TCI system to decrease the order of complexity between 
dose and response (see Fig. 26.26).250 An alternative con-
trol strategy is called model-based adaptive control. This con-
troller has an internal model of the system, typically set 
up as an integrated pharmacokinetic-pharmacodynamic 
model that relates dose to concentration (pharmacokinet-
ics) and concentration to drug effect (pharmacodynamics). 
The model is updated to explain the difference between the 
measured and predicted drug effect.

A reliable physiologic signal, which is a measure of the 
clinical drug effect, is the most important component of 
closed-loop technology. Vital signs such as arterial blood 
pressure or muscle activity have been used to guide intrave-
nous closed-loop drug administration. For example, Kenny 
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and coworkers251 successfully evaluated closed-loop control 
of arterial blood pressure using a mixture of trimethaphan 
camsylate and sodium nitroprusside during controlled 
hypotensive anesthesia for local resection of intraocular 
melanoma. In the 1980s and the 1990s, various research-
ers investigated the accuracy of closed-loop controlled 
administration of atracurium252,253 and vecuronium.254 
However, since the introduction of the novel reversal drug, 
sugammadex, interest in closed-loop administration of 
vecuronium or rocuronium has significantly declined.

The commercialization of various EEG-based depth of 
anesthesia monitors, such as the BIS, spectral entropy, and 
auditory-evoked potential, has renewed the interest of vari-
ous research groups in closed-loop administration of intra-
venous hypnotics. Using an early version of the BIS as the 
control variable, Sakai and colleagues255 concluded that 
their closed-loop system provided intraoperative hemo-
dynamic stability and a prompt recovery from sedative-
hypnotic effects of propofol. A similar propofol closed-loop 
system using the BIS and PID control of a plasma-controlled 
TCI system showed acceptable control during major ortho-
pedic surgery256 and during sedation.257 Although these 
investigators improved the performance of their control 
system by switching toward effect-site targeted TCI, they 
also concluded that the PID controller might still face some 
stability problems. Similarly, Liu and colleagues used a 
closed-loop titration of TCI based on a proportional-differ-
ential algorithm guided by the BIS, allowing induction and 
maintenance of general anesthesia and compared this with 
manual propofol TCI. They found that closed-loop control 
resulted in less propofol consumption and longer induction 
times but with better hemodynamic stability, less excessive 
anesthetic levels (BIS <40), similar hemodynamic stability, 
and faster recovery.250,258

Liu and colleagues have developed a more advanced ver-
sion of their initial system, now using full PID control, for 
closed-loop coadministration of both propofol and remifen-
tanil, using the BIS as the controlled variable. A rule-based 
algorithm decides when to change the propofol or remifen-
tanil targets. In a multicenter study, this system showed 
a better overall performance versus manual administra-
tion.259 A similar approach was used with an alternative 
EEG-derived index, spectral entropy.260 The same group 
has since used their system in various groups of patients in 
a variety of clinical settings, such as during sedation, pedi-
atric surgery, and liver transplantation—and in a variety 
of applications in which it is used to provide an objective 
evaluation of the influence of pharmacological (e.g., use of 
dexmedetomidine) and nonpharmacological interventions 
(e.g., hypnosis) on anesthetic drug requirements for general 
anesthesia.261-269

Puri and colleagues in India developed a system that 
incorporates an adaptive PID algorithm to control propofol 
administration guided by the BIS. It has been extensively 
tested in a variety of circumstances, for general anesthe-
sia and postoperative sedation, in adults and children, at 
high altitude, and in patients with pheochromocytoma and 
heart failure, and found to perform satisfactorily.270-276 
In a randomized controlled trial involving more than 200 
patients, the system was shown to provide significantly 
more accurate control (defined as BIS within target range) 
than manually controlled anesthesia.277

A Canadian group lead by Dumont and Ansermino 
have also developed a PID-based closed-loop controller. 
For their system, they developed their own monitor (Neu-
roSENSE, NeuroWave Systems, Cleveland Heights, OH), 
which calculates the wavelet-based anesthetic value for 
central nervous system monitoring (WAVCNS) and the 
burst suppression ratio.278,279 The WAVCNS, which has 
a range of 0 to 100, has also been used for monitoring 
sedation in the ICU.280 A study comparing the perfor-
mance of WAVCNS with BIS and response entropy found 
that WAVCNS performed well, and was particularly good 
at capturing rapidly occurring changes.281 The system 
includes a PID algorithm, and initially was only used to 
control a propofol infusion.282 It contains an infusion 
safety system to manage the infusion rate when the feed-
back variable (WAVCNS) is unavailable or when the drug 
infusion exceeds predefined limits. Later, they developed 
and tested a so-called multi-input single-output system, in 
which the output remained the WAVCNS, but the control-
ler was able to control both a propofol and a remifentanil 
infusion.282 The authors have shown that their system 
provides robust, stable, and safe control of anesthetic 
depth, even under challenging conditions such as signifi-
cant bleeding,283 and that the addition of automatic con-
trol of remifentanil administration improved the quality of 
control.282

Another group in Canada have gradually taken their 
closed-loop system (McSleepy) to the next level. Their ini-
tial version of McSleepy used a PID algorithm and the BIS to 
automatically control a propofol infusion and was shown 
to be able to provide more accurate and stable control of the 
BIS than an anesthesiologist manually controlling the pro-
pofol infusion rate.284 They then developed McSleepy fur-
ther to enable closed-loop control of three drugs: propofol 
and remifentanil infusions, and rocuronium boluses.285 For 
propofol, a proportional integral algorithm is used with the 
BIS the control variable, whereas for remifentanil a rule-
based proportional algorithm is used to control the Anal-
goscore (a nociception score based on heart rate and blood 
pressure),286 and finally, rocuronium boluses are admin-
istered on the basis of simple rule set, to keep the train of 
four count less than 25%. This system has been shown to 
provide accurate control of all variables. The system has 
been adapted (the Analgoscore was adapted and the name 
changed to NociMap) and used for general anesthesia for 
cardiac surgery,287 and more recently also adapted to pro-
vide propofol sedation288 and used during transcatheter 
aortic valve implantation.289

Model-based adaptive control of BIS-guided propofol 
administration was previously used by Struys and col-
leagues for sedation during spinal anesthesia and for 
general anesthesia.290,291 The control algorithm is based 
on a patient-specific pharmacodynamic profile estimated 
during induction. Compared with manually titrated pro-
pofol administration, patients in the closed-loop group 
reached the target BIS at a somewhat slower rate, but this 
resulted in less BIS overshoot and better hemodynamics 
after induction. During the maintenance phase, improved 
control of the BIS and systolic blood pressure was found 
in the closed-loop group and recovery was faster. Using 
simulations, these authors compared their model-based 
control system with a previously published PID controller 
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and found that the model-based controller outperformed, 
even under extreme control conditions such as low and 
high BIS levels and abrupt changes in the BIS levels.292 De 
Smet and Struys later developed the adaptive part of the 
controller using Bayesian optimization (Fig. 26.32)293 and 
compared the feasibility and accuracy of this system with 
manually controlled BIS-guided, effect compartment–con-
trolled propofol TCI during ambulatory gynecologic pro-
cedures. They found that the closed-loop control system 
accurately titrated propofol administration resulting in 
BIS values close to the set point. The closed-loop control 
system was able to induce anesthesia in the patients within 
clinically accepted time limits and with less overshoot than 
the manual control group. Automated control resulted in 
beneficial recovery times. This closed-loop control group 
showed related acceptable clinical performance specified 
by similar hemodynamic respiratory stability, comparable 
movement rates, and quality scores as the manual control 
group.294

Alternative closed-loop systems have been developed 
for isoflurane administration using a controller with a cas-
cade structure, originally described by Gentilini and asso-
ciates.295,296 More recently, Moore and Doufas designed a 
closed-loop system using an intelligent system technique 
called reinforcement learning, known as a mathemati-
cally robust method of achieving optimal control in sys-
tems challenged with noise, nonlinearity, time delay, and 
uncertainty.297,298

So far, closed-loop systems have only been used under 
strict experimental conditions. The challenge is now to 
prove their safety and utility when applied in clinical prac-
tice.299,300 Liu and associates have shown improved sta-
bility of control of depth of anesthesia with their system 

in a large multicenter study.259 More recently two meta- 
analyses have evaluated the available data concerning the 
performance of closed-loop systems for intravenous anes-
thesia and other applications.301,302 Both found improved 
accuracy of control with closed-loop technology.

Liu and associates have also been able to show that 
the use of their system produces several secondary ben-
efits, such as a reduction in the workload of the anesthe-
siologist.303 Ultimately, clinicians will have to determine 
whether adaptive, intelligent computer systems with dual, 
interacting, closed-loop systems will facilitate better control 
and improve patient outcomes.120

Although closed-loop technology and automation are 
almost ubiquitous in our daily lives, closed-loop anesthesia is 
still only used within research settings. Recent editorials have 
discussed the relevance of closed-loop technology to anesthe-
sia, and the likely time course over which applications will 
become a routine part of our daily work.304-306 The theoreti-
cal benefits, however, are compelling, and so it is not surpris-
ing that the FDA recently held a workshop on the regulatory 
considerations for physiological closed-loop controlled medi-
cal for automation in critical care and anesthetic environ-
ments, and is currently formulating recommendations and 
regulatory proposals.307!

Future Perspectives

For all existing drugs there is broad pharmacokinetic 
and pharmacodynamic variability. In anesthesia prac-
tice, inaccurate dosing can have serious consequences. 
Whereas overdosing might be associated with hemody-
namic compromise and prolonged recovery, underdosing 
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Fig. 26.32 Flow chart of the closed-loop system. The solid lines represent the closed-loop control system. Each time the required effect-site concentra-
tion is calculated by the controller this value is sent to an additional algorithm, taking the safety limits into account. The result of these calculations is the 
required effect-site concentration sent to the target-controlled infusion (TCI) algorithm, which steers a pump injecting propofol to the patient. The mea-
sured bispectral index (BIS) is used as the input of the closed-loop controller. The dotted lines represent the Bayesian sigmoid EMAX model estimator. The 
estimator receives a priori information from the population sigmoid EMAX model, the optimal Bayesian variances for control, and the patient-measured 
BIS values. (From De Smet T, Struys MM, Greenwald S, et al. Estimation of optimal modeling weights for a Bayesian-based closed-loop system for propofol 
administration using the bispectral index as a controlled variable: a simulation study. Anesth Analg. 2007;105:1629–1638. Used with permission.)
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is particularly undesirable since it can result in unintended 
awareness during general anesthesia, with severe psy-
chological consequences.308 A recent study involving all 
hospitals in the United Kingdom and Ireland showed that 
accidental awareness during general anesthesia was more 
common with intravenous anesthesia compared with inha-
lational anesthesia.309 Thus for intravenous drug delivery, 
there remains a strong need for methods to ensure accurate 
and individualized estimation and titration of dosing. Cur-
rently there exist several emerging techniques and technol-
ogies that might help realize this goal.

Hypnotic drugs used in anesthesia are known to have 
strong interaction reactions with other commonly used 
drugs. While pharmacokinetic interactions are common, 
pharmacodynamic interactions are much larger in mag-
nitude, and thus clinically highly relevant. In the case of 
the hypnotics and opioid analgesics, the interactions are 
strongly synergistic, and so when these drugs are coadmin-
istered, dose adjustments are usually necessary to avoid 
adverse effects. These interactions are very complex, with 
the magnitude of the interaction effect dependent on the 
plasma and effect-site concentrations of all of the interact-
ing drugs. Interactions between two drugs are best depicted 
on three-dimensional response surface plots.80,96,99 As 
mentioned earlier, advisory displays have been developed 
to provide the anesthesiologist with real-time information 
on the likely magnitude of the clinical effect of drug combi-
nations (see Fig. 26.25). Although seldom used in clinical 
practice, it is likely that these and similar systems will be 
more widely employed in the future, to help guide anesthe-
siologists to optimize anesthetic dosing.

A development that could potentially improve safety and 
accuracy is the broader implementation and clinical use of 
the new “universal” pharmacokinetic-pharmacodynamic 
models that have been developed for propofol76 and remi-
fentanil.184 The models currently used to implement TCI 
were developed from studies of patients or volunteers with 
a rather narrow range of age, weight, and height charac-
teristics; and so naturally these models are only applicable 
in patients of similar characteristics. On the other hand, the 
universal models were developed from a combined analysis 
of the data from a significant number of studies involving a 
large number of patients with different characteristics. The 
origin of the underlying data, along with the use of allome-
tric scaling, should broaden the applicability of these mod-
els. Once these models have been prospectively validated, 
it is hoped that availability of a single, accurate model for 
propofol and remifentanil will enhance patient safety and 
encourage infusion system manufacturers to incorporate 
these models into their TCI pumps. This might also help 
reduce the likelihood of drug errors (e.g., those resulting 
from choice of an inappropriate model, or a lack of under-
standing of the model chosen), and this too might help 
improve the popularity and broaden the applications of TCI 
systems.

TCI systems contain population pharmacokinetic models, 
designed to provide the best estimate of the parameters of drug 
kinetics in a population, but not necessarily for an individual. 
Inevitably, there will be some degree of error when a phar-
macokinetic-pharmacodynamic model is used to guide or 
determine drug infusion rates to a single patient. One possible 
solution to the inevitable problem of any mismatch between 

the pharmacokinetic behavior of a drug and the pharma-
cokinetic model used to guide administration is to perform 
real-time measurements of achieved concentrations, and 
to individualize the model. Recently, a system has become 
available that provides accurate point-of-care measurement 
of plasma propofol concentrations within 5 minutes.310 
Plasma propofol concentrations measured by this apparatus 
were thus used in a system that used Bayesian methodology 
to update the pharmacokinetic-pharmacodynamic model 
being used for TCI administration of propofol.136 Although 
the results were somewhat disappointing—after adaptation 
bias improved, but precision did not—this was an initial 
effort using this system, and future research developments 
might show better results.

At present, no real-time plasma concentration mea-
surements of intravenous drugs are routinely available 
for clinical use. Such measurements may improve drug 
delivery or might optimize TCI administration for the indi-
vidual patient.311 Several promising techniques have been 
described. Takita and colleagues found a strong and linear 
correlation between exhaled propofol concentrations mea-
sured by proton transfer mass spectrometry and estimated 
and measured arterial propofol concentrations.312 Miekisch 
and coworkers313 used headspace solid-phase microextrac-
tion coupled with gas chromatography mass spectrometry 
to measure alveolar (exhaled), arterial, central venous, and 
peripheral blood propofol concentrations, and found a good 
correlation between exhaled and arterial concentrations. 
Perl and colleagues314 used an ion mobility spectrometer 
coupled to a multicapillary column for preseparation (mul-
ticapillary column–ion mobility spectrometer [MCC-IMS]), 
Hornuss and colleagues used ion molecule reaction mass 
spectrometry,315,316 and Grossherr and colleagues used gas 
chromatography mass spectrometry.317 The latter group 
also described the difference between blood/gas partition 
coefficient and pulmonary extraction ratio for propofol 
between species, which will be important when studying 
this technique in an animal setting.318

Varadajan,319 Ziaian and colleagues,320 and Kreuer and 
colleagues321 have applied compartmental modeling to 
describe the kinetics of exhaled propofol. Colin et al. were 
able to show that standard compartmental models can eas-
ily be extended with an additional lung compartment (with 
a rate constant to model time delay) and a scaling factor (to 
convert units) to enable predictions of plasma propofol con-
centration, as well as online Bayesian model adaptation.322 
With this model it was also possible to estimate BIS values 
from exhaled propofol measurements.

Recently a system using MCC-IMS (Edmon, B. Braun, 
Germany) has become commercially available and is able 
to provide measurements every minute. Studies with a pro-
totype system used a reference gas generator to confirm 
accuracy and precision over the clinical range of exhaled 
propofol measurements.323

Even with an online method for measurement of drug 
concentrations and/or of perfecting pharmacokinetic mod-
els, the clinician still faces the challenge of the broad vari-
ability in pharmacodynamic response to any given drug 
concentration. Automatic closed-loop control systems, 
which have been discussed extensively in this chapter, 
might provide a solution to this problem. A well-designed 
system with a robust measure of clinical effect should help 
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to optimize drug administration and titration on an indi-
vidual level by accurately titrating drug administration to 
clinical effect.

Finally, the use of nonlinear mixed effects modeling (NON-
MEM) techniques is currently considered to be the state-of-
the-art for pharmacokinetic-pharmacodynamic analysis and 
for development of new models. Such development involves 
use of infusion rate, measured plasma concentration, and 
measures of clinical effect to generate mathematical models 
that are consistent with our knowledge of pharmacology.

This process produces the parameters for a structural 
model comprising two or more compartments, redistri-
bution clearance, and metabolic clearance parameters 
that describe exponential processes. Artificial intelligence 
approaches using neural networks are providing powerful 
and effective solutions to modern problems, eliminating the 
need to start with models based on current knowledge.324 
This “deep learning” approach was recently applied to 
data from 231 patients to learn how to predict the BIS val-
ues associated with differing plasma and effect-site con-
centrations of propofol and remifentanil.325 Remarkably 
the system was able to learn to predict BIS values more 
accurately than traditional pharmacokinetic-pharmaco-
dynamic model-based approaches. Given the widespread 
ease of access of almost all anesthesiologists to web-based 
technology, it is reasonable to imagine a situation where 
the data from millions of patients around the world are fed 
into machine-learning systems that can learn to predict 
responses to different combinations of drugs, and, inversely, 
learn to accurately predict the doses required for given 
responses, without the need for complex models.

 Complete references available online at expertconsult.com.
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