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Pharmacokinetics and Pharmacodynamics of

Remifentanil
1. Model Application

Charles F. Minto, M.B., Ch.B.,* Thomas W. Schnider, M.D.,* Steven L. Shafer, M.D.t

Background: The pharmacokinetics and pharmacodynam-
ics of remifentanil were studied in 65 healthy volunteers using
the electroencephalogram (EEG) to measure the opioid effect.'
In a companion article, the authors developed complex popu-
lation pharmacokinetic and pharmacodynamic models that
incorporated age and lean body mass (LBM) as significant co-
variates and characterized intersubject pharmacokinetic and
pharmacodynamic variability. In the present article, the au-
thors determined whether remifentanil dosing should be ad-
justed according to age and LBM, or whether these covariate
effects were overshadowed by the interindividual variability
present in the pharmacokinetics and pharmacodynamics.

Methods: Based on the typical pharmacokinetic and phar-
macodynamic parameters, nomograms for bolus dose and in-
fusion rates at each age and LBM were derived. Three popula-
tions of 500 individuals each, ages 20, 50, and 80 yr, were
simulated base on the interindividual variances in model pa-
rameters as estimated by the NONMEM software package. The
peak EEG effect in response to a bolus, the steady-state EEG
effect in response to an infusion, and the time course of drug
effect were examined in each of the three populations. Simula-
tions were performed to examine the time necessary to
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achieve a 20%, 50%, and 80% decrease in remifentanil effect
site concentration after a variable-length infusion. The vari-
ability in the time for a 50% decrease in effect site concentra-
tions was examined in each of the three simulated popula-
tions. Titratability using a constant-rate infusion was also ex-
amined.

Results: After a bolus dose, the age-related changes in V, and
k., nearly offset each other. The peak effect site concentration
reached after a bolus dose does not depend on age. However,
the peak effect site concentration occurs later in elderly indi-
viduals. Because the EEG shows increased brain sensitivity
to opioids with increasing age, an 80-yr-old person required
approximately one half the bolus dose of a 20-yr old of similar
LBM to reach the same peak EEG effect. Failure to adjust the
bolus dose for age resulted in a more rapid onset of EEG effect
and prolonged duration of EEG effect in the simulated elderly
population. The infusion rate required to maintain 50% EEG
effect in a typical 80-yr-old is approximately one third that
required in a typical 20-yr-old. Failure to adjust the infusion
rate for age resulted in a more rapid onset of EEG effect and
more profound steady-state EEG effect in the simulated elderly
population. The typical times required for remifentanil effect
site concentrations to decrease by 20%, 50%, and 80% after
prolonged administration are rapid and little affected by age
or duration of infusion. These simulations suggest that the
time required for a decrease in effect site concentrations will
be more variable in the elderly. As a result, elderly patients
may occasionally have a slower emergence from anesthesia
than expected. A step change in the remifentanil infusion rate
resulted in a rapid and predictable change of EEG effect in
both the young and the elderly.

Conclusions: Based on the EEG model, age and LBM are sig-
nificant demographic factors that must be considered when
determining a dosage regimen for remifentanil. This remains
true even when interindividual pharmacokinetic and pharma-
codynamic variability are incorporated in the analysis. (Key
words: Analgesic, opioids: GI87084B; remifentanil. Pharmaco-

kinetics: remifentanil; population. Pharmacodynamics: remi-
fentanil. Computer simulations.)

WE studied the pharmacokinetics and pharmacodynam-
ics of remifentanil in 65 healthy volunteers between
the ages of 20 to 85 yr using the EEG as the measure
of opioid effect.” In the first article of this series, we
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derived complex population pharmacokinetic and phar-
macodynamic models based on a covariate analysis us-
ing a generalized additive model (GAM) as implemented
in S-PLUSt and a mixed-effects modeling approach as
implemented in the program NONMEM.§ The relative
importance of the covariates in the pharmacokinetic
model (age and lean body mass [LBM]) and the pharma-
codynamic model (age), and the interindividual variabil-
ity of the model parameters are difficult to interpret
without using computer simulations. In this second arti-
cle, we determined whether remifentanil bolus dose
and infusion rates should be adjusted according to age
and LBM or whether these covariate effects were over-
shadowed by the interindividual variability in the phar-
macokinetics and pharmacodynamics.

Materials and Methods

The remifentanil parameters used for the simulations
were those derived by NONMEM for the complex phar-
macokinetic and pharmacodynamic models, which in-
cluded age and LBM as significant covariates (in tables
3 and 5 of part I of our series of articles).' Three popula-
tions (n = 500 each) were simulated based on the typi-
cal values for individuals age 20, 50, and 80 yr and LBM
of 55 kg and on the interindividual variances estimated
by the mixed-effects modeling approach. The computer
simulations were performed on an IBM-compatible per-
sonal computer using software written by the authors
in the C programming language and Visual Basic for
Applications (EXCEL) for Windows. The simulations
used the simple analytical solution to the three-compart-
ment model reported by Bailey and Shafer.”

Intravenous Bolus

The time to peak effect site concentration after an
intravenous bolus is a function of both the rate of de-
cline of blood concentration and the rate of equilibra-
tion of blood concentration with the site of drug effect.
To calculate the bolus dose to reach a given EEG effect,
we first calculated the volume of distribution at the
time of the peak effect site concentration (Vd,,) as pro-
posed by Shafer and Gregg® and Henthorn and associ-
ates." The Vd,,. was calculated as:

§Beal SL, Sheiner LB: NONMEM User’s Guide. San Francisco, Uni-
versity of California, San Francisco, 1979.
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Vi

percent decrease

Vd,, (D
where “percent decrease” is the percentage of decrease
in blood concentration from the initial concentration at
time zero to the concentration at the time of the peak
effect site concentration (t,.,). This is mathematically
identical to calculating Vd,,. as the bolus dose divided by
the blood concentration at the time of peak effect.

To examine differences in onset of remifentanil EEG
effect with age, we plotted the unit disposition func-
tions for the blood and effect site for three typical indi-
viduals with LBM of 55 kg ages 20, 50, and 80 yr. Age
and LBM were then varied over the range of 20 to 80
yr and 35 to 75 kg, and their influence on Vd,. was
determined. Using the age- and LBM-adjusted Vd,. and
the age-adjusted ECs,,, we derived a nomogram showing
the bolus dose required to peak at 50% of the maximum
EEG effect for typical individuals using equation 2:

Bolus = ECs5, X Vd,. )

Typical values for Vd,,., t,c., ECsy, and the bolus dose
for each ECs, for typical individuals ages 20, 50, and 80
yr were also tabulated.

NONMEM estimated a stochastic model, enabling sim-
ulations of the expected variability in response. To ex-
amine the relative importance of bolus-dose adjustment
for increasing age in the presence of significant interin-
dividual pharmacokinetic and pharmacodynamic vari-
ability, we simulated three populations of 500 individu-
als with LBM of 55 kg and ages 20, 50, and 80 yr based
on the %CVs in part I of our series of articles (tables 3
and 5)." The simulations EEG effects were scaled so that
baseline effect (E,) was 0% and the maximum effect
(Epax) was 100%. Thus variability in all volumes and
clearances, ECs,, vy, and k., were used in these simula-
tions. All individuals in both age groups were given the
same bolus dose (calculated to cause a peak effect equal
to 50% of the maximum EEG effect in the typical 50-
yr-old). To examine the variability in the time course
of EEG effect, we plotted the predicted response for
these populations. This simulation was then repeated
using the age-adjusted bolus dose for the 20- and 80-yr-
old populations.

Intravenous Infusions

The steady-state blood concentration (C,,) achieved
with a constant-rate infusion is a function of the meta-
bolic clearance (Cl,) and the infusion rate (R):
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R
Cys = — 3)
Cl,
We first calculated metabolic clearance as a function of

age and LBM for a typical person. Using the age- and
LBM-adjusted values for metabolic clearance and the
age-adjusted ECs,,, we derived a nomogram showing the
infusion rate required to maintain 50% of the maximum
EEG effect according to equation 4:

R = @l X 8Cx (4)

Typical values of Cl,, and the infusion rate resulting
in a steady-state concentration equal to the ECs, for
typical individuals ages 20, 50, and 80 yr were tabulated.

To examine the relative importance of infusion rate
adjustment for increasing age in the presence of signifi-
cant interindividual pharmacokinetic variability, we
simulated three populations of 500 individuals with
LBMs of 55 kg and ages 20, 50, and 80 yr based on the
%CVs described in part I of our series (tables 3 and 5).
We scaled the effect so that E, was 0% and E.x Was
100%. Thus only the interindividual variability on ClI,,
ECs, and y were used in this simulation. All individuals
in each age group received the same infusion rate (cal-
culated to cause 50% of the maximum EEG effect at
steady state in the typical 50-yr-old). To examine the
variability in the time course of EEG effect, we plotted
the predicted response for the population of 20-, 50-,
and 80-yr-olds to this infusion rate. This stimulation was
then repeated using the age-adjusted infusion rate for
the 20- and 80-yr-old populations.

For multicompartment drugs, the infusion rates re-
quired to maintain a steady-state concentration change
over time. We calculated the infusion rates that would
be administered by a computer-controlled infusion
pump to maintain 50% of the maximum EEG effect at
different ages. These rates were calculated after an ini-
tial bolus to rapidly achieve the targeted effect site con-
centration. This simulation was performed using the
typical pharmacokinetic and pharmacodynamic param-

eters of persons ages 20, 30, 40, 50, 60, 70. and 80 yr
and LBMs of 55 kg.

Recovery from Prolonged Infusion

To investigate the influence of age on recovery after
a prolonged infusion, we calculated the 20%, 50%. and
80% effect site decrement times™° for typical individuals
ages 20 and 80 yr with LBMs of 55 kg. To assess the
effect of the pharmacokinetic and pharmacodynamic
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variability at each age, we calculated the 50% effect site
decrement times for each of three populations of 500
individuals ages 20, 50, and 80 yr and with LBMs of 55
kg.

Titratability

Because of the evanescent nature of remifentanil, we
wanted to assess the titratability of effect using a con-
stant-rate infusion rather than a computer-controlled in-
fusion pump. To compare the titratability of EEG effect
at different ages, the response to stepped constant-rate
infusions were simulated. For typical individuals ages
20 and 80 yr, the infusion rate required to achieve 20%,
50%, and 80% of the maximal EEG effect at steady state
was calculated according to age-adjusted Cl, and EC.,
(equation 4). The EEG effect over time for each person
was graphed to compare the titratability of remifentanil
in the elderly and the young.

Results

Intravenous Bolus

Figure 1 shows the unit disposition functions for the
blood and effect site in typical individuals ages 20, 50,
and 80 yr. When given the same dose (one unit), the
initial concentrations are higher in the elderly because
of their smaller V,. The longer t '/, k., in the elderly
slows the equilibrium between blood and effect site.
resulting in an apparent peak effect site concentration
that is approximately the same in all age groups. Thus
Vd,,. changes little with increasing age. Lean body mass
is the main factor influencing Vd,,., which increased
from approximately 14 to 20 1 when LBM increased
from 35 to 75 kg.

Figure 2 (upper graph) shows the nomogram to calcu-
late the bolus dose required to peak at 50% of the maxi-
mum EEG effect for a particular age and LBM. The EC,
has been adjusted for age, reflecting the increased sensi-
tivity of elderly individuals (table 5 of part I of our
series).' For any given LBM, an 80-yr-old will require
approximately one half the dose of a 20-yr-old to reach
the same peak EEG effect. This figure also shows that
the initial bolus dose should be adjusted for LBM. Typi-
cal values for tyea, Vdpe, ECsy, and bolus dose to cause
50% of maximum EEG effect are shown in table 1. The
implication is that the initial bolus dose in elderly indi-
viduals needs to be adjusted for pharmacodynamic rea-
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sons (increased sensitivity), and not because of the dif-
ferences in pharmacokinetics or k.

According to the complex pharmacokinetic and phar-
macodynamic model, a 200-ug intravenous bolus will
cause a peak effect equal to one half the maximum EEG
effect in a typical 50-yr-old. Figure 3 (upper graphs)
shows the expected range of responses to a 200-ug
dose administered to a population (n = 500 each, LBM
= 55 kg) of 20-yr-old and 80-yr-old individuals. The same
200-pg dose caused a skewed distribution of EEG effect
in the young and old populations. The 20-yr-olds were
typically underdosed (typical 20-yr-old peak effect was
30%), and the 80-yr-olds were typically overdosed (typi-
cal 80-yr-old peak effect was 75%). The 200-ug dose
results in a peak EEG effect in a popualtion of 50-yr-old
individuals that is approximately normally distributed
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Minutes since bolus

Fig. 1. Blood and effect site unit disposition functions after an
intravenous bolus in typical 20-, 50-, and 80-yr-olds with lean
body masses of 55 kg. Peak electroencephalographic effect

and time of peak electroencephalographic effect are indicated
by dashed lines.
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Fig. 2. Nomogram for calculating the intravenous bolus dose
(upper) and intravenous infusion rate (lower) required to
cause 50% of the maximum electroencephalographic effect as
a function of age and lean body mass.

about the targeted EEG effect of 50% (simulation not
shown). In most elderly individuals, the onset was more
rapid and the duration of EEG effect was prolonged,
with twice as many individuals having an effect greater
than the targeted 50% EEG effect at 5 min after the
bolus dose (55% vs. 24%). Therefore, despite pharmaco-
kinetic and pharmacodynamic variability, age adjust-
ment of a bolus dose (fig. 3, lower graphs) improved
the ability to achieve the targeted EEG effect, and failure
to adjust the bolus dose for age resulted in a more
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Table 1. Age-related Changes in Bolus Dose Parameters

Table 2. Age-related Changes in Infusion Rate Parameters

Age (yr)

Age (yr)

Parameter 20 50 80 Parameter 20 50 80
Vi () 515 5.1 4.3 Cly (I-min~") 29 2.4 2.0
ti/2 Keo (Min) 0.94 1132 2.20 ECso (ng-ml™ ") 16.1 111143 2
toeax (Min) 22 157 2.26 Infusion rate (ug-min~") 47 28 14
% decrease 0.32 0.30 0.25
Vd,. (I) 7635 16.97 i[i7880 The infusion rate is calculated to cause 50% of the maximum EEG effect at
ECs (ng-ml ") 16.1 11.6 7.2 steady state. Calculations assume a lean body mass of 55 kg.
Bolus to peak at ECy, (x9) 279 197 124

The bolus dose is the dose required to cause 50% of the maximum EEG
effect for each age at the time of peak effect site concentration (tpear). Calcula-
tions assume a lean body mass of 55 kg.

rapid onset of EEG effect and prolonged duration of
EEG effect in elderly individuals.

Intravenous Infusion

Figure 2 (lower graph) shows the nomogram to calcu-
late the infusion rate required to maintain 50% of the
maximum EEG effect for a particular age and LBM. The
infusion rate required to maintain 50% EEG effect in a
typical 80-yr-old is approximately one third that re-
quired in a typical 20-yr-old. The infusion rate needs to

Bolus dose unadjusted for age

20 yr

100

Bolus dose adjusted for age

20 yr

100
73
50

25

Percentage of maximum EEG effect

80 yr

be adjusted for LBM and age. Typical values for these ;

infusion rates are shown in table 2.

According to the complex pharmacokinetic and phar-
macodynamic model, an infusion rate of approximately
30 pm/min will cause a steady-state effect equal to one
half the maximum EEG effect in a typical 50-yr-old. Fig-
ure 4 (upper graphs) shows the expected range of re-
sponses at steady state from an infusion of 30 pg/min
administered to a population (n = 500 each, LBM = 55
kg) of 20-yr-old and 80-yr-old individuals. The distribu-
tions of expected responses in younger and older indi-
viduals are skewed, suggesting that 30 ug/min would
typically underdose younger individuals (typical 20-yr-
old steady-state effect was 22%) and overdose elderly
individuals (typical 80-yr-old steady-state effect was

80 yr

Fig. 3. Simulations showing variability in
peak electroencephalographic effect
after an intravenous bolus dose. Two
populations of 500 individuals ages 20
and 80 yr with lean body masses of 55 kg
were simulated based on the NONMEM
estimates of the interindividual variabil-
ity in pharmacokinetic and pharmaco-
dynamic parameters. A bolus dose that
would cause 50% of the maximum EEG
effect in a typical 50-yr-old was adminis-
tered to all simulated individuals (up-
per). An age-adjusted bolus dose that
would cause 50% of the maximum EEG
effect in typical 20- and 80-yr-olds was
administered to the two populations
(lower). The bold line represents time
course of the EEG effect for the typical

20 0

Minutes since bolus
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person in each simulated population.
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Infusion rate unadjusted for age

20 yr

Infusion rate adjusted for age

20 yr 80 yr

Fig. 4. Simulations showing variability in ' 0
steady-state electroencephalographic ef- i) 75
fect after a constant-rate infusion. Two ‘8
populations of 500 individuals ages 20 o 50
and 80 yr and with lean body masses 0 95
of 55 kg were simulated based on the m 3
NONMEM estimates of the interindivid- = 0
ual variability in pharmacokinetic and 5
pharmacodynamic parameters. An infu- e
sion rate that would cause 50% of the i,
maximum electroencephalographic ef- <
fect in a typical 50-yr-old individuals was g
administered to all simulated individuals L‘a 100
(upper). An age-adjusted infusion rate )
that would cause 50% of the maximum S0 75
electroencephalographic effect in typi- = 50
cal 20 and 80 yr olds was administered (D)
to the two populations (lower). The bold & 25
line represents the typical person in Qq:
each population. 0

84%). This infusion rate resulted in a steady-state EEG
effect in 50-yr-old individuals that is approximately nor-
mally distributed around the targeted 50% EEG effect
(simulation not shown). In most elderly individuals, the
onset was more rapid and steady-state effect greater
than in younger individuals. Thus, despite pharmacoki-
netic and pharmacodynamic variability, age adjustment
of infusion rate (fig. 4, lower graphs) improved the
ability to achieve the EEG target, and failure to adjust
the infusion rate for age resulted in a more rapid onset
of EEG effect and more profound steady-state EEG effect
in elderly individuals.

The infusion rates administered by a computer-con-
trolled infusion pump programmed to maintain 50%
EEG effect for typical individuals in each decade are
shown in figure 5. In young individuals, the infusion
rate decreased by about 25% in the first 15 min, whereas
in the elderly the infusion rate was nearly constant once
the target effect site concentration was achieved.

Recovery from Prolonged Infusion

Figure 6 shows the time required for deceases in the
effect site concentration after termination of a pseudo -
steady-state infusion for typical individuals with LBMs
of 55 kg and ages 20 yr and 80 yr. The typical times
required for remifentanil concentrations to decrease by

Anesthesiology, V 86, No 1, Jan 1997

Minutes since start of infusion

20%, 50%, and 80% after prolonged administration are
rapid and little affected by age or duration of infusion.

Figure 7 uses the stochastic pharmacokinetic and
pharmacodynamic models to examine the influence of
variability on the time required for a 50% decrease in
effect site concentration in a population (n = 500 each,
LBM = 55) of 20-yr-old, 50-yr-old, and 80-yr-old individu-
als. Although the typical time for a 50% decrease is rapid
in all age groups, the variability is increased in elderly
individuals. The model predicts that approximately 1%
of 80-yr-old individuals will require three to four times
longer than the typical 80-yr-old person to achieve a
50% decrease in effect-site concentrations.

Titratability

Figure 8 shows the EEG effect versus time profiles for
typical 20- and 80-yr-old individuals receiving stepped
constant rate infusions targeting 20%, 50%, and 80% of
maximum EEG effect. Within 15 min, the predicted
effect approaches the targeted effect at both ages, al-
though the rate of change is slightly faster in the young
compared with the elderly.

Discussion

These simulations have used age- and LBM-adjusted
pharmacokinetic and pharmacodynamic models to de-

r—
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Fig. 5. Remifentanil infusion rates required to maintain 50%
of the maximum electroencephalographic effect as a function
of age for typical individuals with LBM of 55 kg.

rive dosing guidelines based on an EEG model of drug
effect, and to examine the influence of interindividual
variability on the dosing guidelines and predicted time
course of drug effect. It must be emphasized that all
the simulations of remifentanil’s effect are based on the
EEG model. For example, figures 3 and 4 indicate that
some individuals would have little EEG effect from the
remifentanil bolus or infusion rates used in the simula-
tion. This does not imply that the models predict no
opioid effect. For fentanyl, alfentanil. and sufentanil,
the concentrations necessary for various anesthetic
techniques have been reviewed.’ The EC5, for opioid-
induced EEG depression were approximately three to
five times greater than the concentrations required for
adequate ventilation on emergence from a general anes-
thetic. More recently Kapila and associates” used de-
pression of minute ventilation to 7.5% ETco, as 2 mea-
sure of remifentanil effect. They targeted a blood con-
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centration of 1 ng/ml, much lower than the typical
ECs5, values for remifentanil’s EEG effect (table 1). Thus,
although the simulations predict little EEG response in
some individuals to the particular bolus and infusion
rates used, there could be significant ventilatory depres-
sion. As an additional caveat, note that we have included
the tails of the distributions in all simulations. As dis-
cussed recently by Schnider and Shafer,® whether these
tails represent real expectations in a population is not
clear, because they are extrapolated from the normal
distribution and not directly observed.

The simulations we made in this study show that el-
derly individuals should receive one half the bolus dose
and one third the infusion rate of young individuals.
These conclusions depend on both pharmacokinetic
and pharmacodynamic factors. The reduction in the
volumes, clearances, and k., that occur in the elderly
result in little change in the Vd,.. The decreased bolus
requirement in the elderly is due to the age-related de-
crease in ECs, found using the EEG model of drug effect.
The lower infusion rate requirement in the elderly is
a result of the age-related decrease in both metabolic
clearance and EC,. Although the time to the peak effect
site concentration is almost twice as long in the elderly
as the young, the bolus and infusion simulations (figs.
3 and 4) revealed a rapid onset (and more prolonged
duration) of EEG effect in the elderly, when the dose
was not adjusted for age. These findings are explained
by the sigmoid E,,. model. The age-related changes

-8
2 15
8 8 q 80 yr
S S == — —— - TR 809 0}
O < ! —— 20 yr
i
E o5
e
3 9 b _ Soyr
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= 0 300 600
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Fig. 6. A simulation of the time necessa
50%, and 80% decrease in effect site dru
variable-length infusion. For each percentage decrease, curves

are drawn for typical individuals ages 20 and 80 yr with LBMs
of 55 kg.

ry to achieve a 20%,
g concentration after a

3 . q UMO
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Fig. 7. A simulation showing the variabil-
ity in the 50% effect site decrement
curves. Three populations of 500 indi-
viduals ages 20, 50, and 80 yr with LBMs
of 55 kg were simulated based on the
NONMEM estimates of the interindivid-
ual variability in pharmacokinetic and
pharmacodynamic parameters. The
curve for the typical individual in each
age group is shown with an arrow. Some
individuals show an initial decrease in
the context-sensitive decrement times
(see the discussion).

20 7

50% Effect site decrement time (minutes)

in pharmacokinetics and pharmacodynamics, together
with the relative overdose, result in effect site concen-
trations that increase more quickly and stay higher (rela-
tive to the ECs,) for a much longer period. The adjust-
ment of bolus and infusion rates according to the nomo-
grams presented resulted in a similar distribution of
peak EEG effect after a bolus, steady-state EEG effect
after an infusion, and time course of EEG effect in all
age groups.

Even when interindividual variability is included in

30 7 20 yr

50 yr 1 80 yr

Infusion duration (minutes)

the simulation, the time required for a given percentage
(20-80%) decrease in effect site concentration remains
short at all ages. Interestingly, there are several in-
stances in figure 7 in which the 50% effect site decre-
ment time is longer for short infusions than for long
infusions. The algorithm® used for these simulations ini-
tially calculates a brief rapid infusion rate (or bolus)
to reach the targeted effect site concentration without
overshoot. This results in high initial blood concentra-
tions, which decrease rapidly to equal the target at the
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time of the peak effect site concentration (fig. 1). In
some simulated individuals, the peak effect site concen-
tration occurs at a relatively later time when the blood
concentrations are decreasing more slowly. A series of
decreasing infusion rates are then calculated (fig. 5) to
maintain the targeted concentration. The high initial
infusion rate (or bolus) has progressively less influence
on the rate of decrease of blood concentrations the
longer the targeted concentration is maintained. Thus,
after terminating the infusion, the blood concentration
decreases more slowly in some individuals when the
infusion is of a shorter duration than of an intermediate
duration. A slower rate of decrease in blood concentra-
tions results in a greater rate of input to the effect site,
and consequently a longer effect site decrement time.
Because remifentanil is rapidly cleared, most of the
variability in concentration during a continuous infu-
sion will reflect variability in metabolic clearance. The
variability of remifentanil metabolic clearance is less
than other intravenous opioids. The %CV on Cl, is re-
duced from 23% CV to 14% CV when age and LBM are
included in the model (table 3 of part I of our series).
After correction for age, body weight, and sex, Maitre
and coworkers’ reported a 48% CV for the clearance of
alfentanil in a population pharmacokinetic analysis of
45 patients ages 19 to 91 yr who were undergoing
general anesthesia. Scott and Stanski' reported individ-
ual clearance estimates for fentanyl (20 patients ages
20-88 yr) and alfentanil (17 patients ages 20-89 yr).
The calculated %CVs for fentanyl and alfentanil clear-
ance in their study were 59% and 32%, respectively.
Gepts and associates'' investigated the pharmacokinet-
ics of sufentanil in 23 patients ages 14-68 yr and re-
ported a 23% CV for Cl,. The lower interindividual vari-
ability in remifentanil’s clearance suggests that the rela-
tion between infusion rate and blood concentration will
be more predictable than for other opioids (equation
3). In addition, the rapid blood - brain equilibration for
remifentanil decreases the time-dependent disequilib-
rium between blood concentration and brain concentra-
tion. Together these factors should make titration of
remifentanil to effect more precise than with currently
available opioids. However, even if there were no inter-
individual variability in the metabolic clearance or rate
of equilibration between blood and brain, the variability
in EEG effect would still be considerable because of the
interindividual variability in pharmacodynamic parame-
ters.
The clinical relevance of these findings (based on the
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EEG model) depend in part on the demonstration of
age-related decreases in the ECs, for clinical measures
of drug effect. The influence of age may be different
when other opioid effects such as ventilatory depres-
sion, sedation, and analgesia are examined. Shafer and
Varvel’ reviewed EEG-based measures of opioid po-
tency and clinical measures of opioid potency and con-
cluded that the EEG was a useful predictor of opioid
potency for fentanyl, alfentanil, and sufentanil. Cambar-
eri and associates'” found no significant difference in
the potency of alfentanil and trefentanil as measured
by tolerance to tibial pressure 3 min after a bolus of
either drug. This finding was confirmed by Lemmens
and colleagues'’ using EEG as a measure of opioid ef-
fect. The time course of EEG response observed in our
remifentanil and alfentanil trials'>'* has correlated with
the time course of ventilatory depression and analgesia
reported by Kapila and colleagues.” They found that
after a 3-h infusion of remifentanil or alfentanil, de-
signed to closely maintain a constant drug concentra-
tion and drug effect, the measured times to 50% recov-
ery from drug effect (as measured by recovery from
respiratory depression) was 5.4 min for remifentanil
and 54 min for alfentanil.” The measured context-sensi-
tive half-lives for remifentanil and alfentanil corre-
sponded closely to those modeled based on the EEG
model parameters. Thus the available data suggest that
the EEG is a useful surrogate measurement of opioid
drug effect that permits identification of both drug po-
tency and the time course of blood-effect site equilibra-
tion and would suggest that the EEG is a sensitive
method for developing dosing guidelines in special pop-
ulations.

Simulations based on the EEG model show that bolus
doses should be halved and infusion rates decreased
to one third in the elderly compared with the young.
Remifentanil’s favorable titration characteristics are in-
dependent of age, although there is increased variability
in recovery in elderly individuals. Based on the EEG
model, age and LBM are significant demographic factors
that must be considered when determining a dosage
regimen for remifentanil. This remains true even when
interindividual pharmacokinetic and pharmacodynamic
variability are incorporated in the analysis.
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