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Population Pbarmacokinetics of Propofol

A Multicenter Study
Jurgen Schidittler, M.D.,* Harald Ihmsen, M.Sc.t

Background: Target-controlled infusion is an increasingly
common type of administration for propofol. This method re-
quires accurate knowledge of pharmacokinetics, including the
effects of age and weight. The authors performed a multicenter
population analysis to quantitate the effects of covariates.

Methods: The authors analyzed 4,112 samples of 270 individ-
uals (150 men, 120 women, aged 2—88 yr, weighing 12-100 kg).
Population pharmacokinetic modeling was performed using
NONMEM (NONMEM Project Group, University of California,
San Francisco, CA). Inter- and intraindividual variability was esti-
mated for clearances and volumes. The effects of age, weight, type
of administration and sampling site were investigated.

Results: The pharmacokinetics of propofol were best de-
scribed by a three-compartment model. Weight was found to be
a significant covariate for elimination clearance, the two inter-
compartmental clearances, and the volumes of the central com-
partment, the shallow peripheral compartment, and the deep
peripheral compartment; power functions with exponents
smaller than 1 yielded the best results. The estimates of these
parameters for a 70-kg adult were 1.44 1/min, 2.25 1/min, 0.92
1/min, 9.3 1, 44.2 1, and 266 1, respectively. For patients older
than 60 yr the elimination clearance decreased linearly. The
volume of the central compartment decreased with age. For
children, all parameters were increased when normalized to
body weight. Venous data showed a decreased elimination
clearance; bolus data were characterized by increases in the
volumes of the central and shallow peripheral compartments
and in the rapid distribution clearance (Cl,) and a decrease in
the slow distribution clearance (CL;).

Conclusions: Pharmacokinetics of propofol can be well de-
scribed by a three-compartment model. Inclusion of age and
weight as covariates significantly improved the model. Adjust-
ing pharmacokinetics to the individual patient should improve
the precision of target-controlled infusion and may help to
broaden the field of application for target-controlled infusion
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PROPOFOL is widely used for both induction and main-
tenance of general anesthesia. Its tremendous body up-
take as well as the rapid elimination caused by a huge
apparent volume of distribution and a high clearance
make propofol the best controllable intravenous hyp-
notic from a pharmacokinetic point of view.'

Based on the pharmacokinetic properties of propofol,
drug-administration schemes have been developed that
allow a defined concentration to be rapidly achieved and
held constant. Target-controlled infusion was introduced
for research purpose years ago, with computer-driven
infusion pumps using two- or three-compartment mod-
els.”® A commercial target-controlled infusion system
for propofol is now available (Diprifusor-TCI, Zeneca
Pharmaceuticals, Macclesfield, UK). Such systems re-
quire appropriate pharmacokinetic data to ensure that
the desired concentration is achieved. In the past 15 yr,
several studies on the pharmacokinetics of propofol
have been performed to derive pharmacokinetic param-
eters not only for adult patients’™'® but also for elderly
patients,'” children,®'®"2! and patients with diseases
influencing propofol metabolism.?*** Propofol has also
been used for sedation of patients in intensive care
medicine.?*~2¢

In this study we performed a population pharmacoki-
netic analysis with data from five research groups (J.
Schiittler,” University of Erlangen-Nuremberg, Germany;
I. Cockshott,'”'® Zeneca Pharmaceuticals, UK; P.
Glass,?” Duke University, Durham, NC; M. White,3’6 Aca-
demisch Ziekenhuis Leiden, The Netherlands; and S.
Shafer,?! Stanford University, Palo Alto, CA). Population
analysis allows us to quantitate the variability of the
parameters between individuals (interindividual) as well
as within any patient (intraindividual) and to investigate
the influence of covariates. The aims of this study were
to estimate the pharmacokinetics of propofol with spe-
cial respect to the covariates age, body weight, and
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Table 1. Complete Data Set of the Propofol Population (270 individuals, 4,112 samples)

Principal Administration No. of No. of Sampling Sampling Age Weight Gender
Investigator Group Mode Individuals Samples Site Period (min)* (years)* (kg)* (m/Af)
Schiittler” 1 Single bolus 8 patients; 8 332 Arterial 480-720 20-51 57-94 8/8
volunteers 585 £ 122 31 £10 69 = 10
2 Continuous 6 volunteers 298 Arterial 267-558 24-28 57-82 4/2
infusion 362 *= 102 25+ 2 70+9
3 Continuous 10 patients 98 Arterial 30-70 66-82 51-73 4/6
infusion 53 £ 12 73+6 62 +8
Cockshott'”® 4 Single bolus 10 patients 187 Venous 240-1530 4-7 17-24 7/3
1,126 + 538 5+1 19+2
5 Single bolus 24 patients 554 Venous 1,153-1,442 19-77 43-85 9/15
1,428 + 57 49 + 22 64 =10
Glass?” 6 Continuous 28 patients 451 Arterial 59-397 18-49 54-96 13/15
infusion 165 + 93 32+9 72 =14
White3 7 Continuous 90 patients 1266 Venous 18-266 17-88 42-100 45/45
infusion 55 + 35 47 =17 69 + 13
8 Continuous 33 patients 269 Venous 15-120 2-10 12-30 32/1
infusion 57 £ 21 5+2 19+5
Shafer?! 9 Continuous 53 patients 657 Venous 52-811 3-11 15-61 28/25
infusion 214 =144 7+3 26 + 10

*Values are mean + SD and range.

gender and to evaluate the inter- and intraindividual
variability.

Materials and Methods

Samples

We analyzed 4,112 concentrations of 270 individuals.
Two-hundred fifty-six were patients undergoing surgery;
14 were volunteers (table 1). Propofol (Disoprivan or
Diprivan; Zeneca Pharmaceuticals, Macclesfield, United
Kingdom) was administered as a bolus or using contin-
uous infusion, with the infusions computer-controlled in
groups 2 and 4 - 8. The sampling period was in the range
of 0.25-24 h. Propofol concentrations were measured
from arterial (groups 1, 2, 3, and 6) and venous samples
(groups 4, 5, and 7-9). Propofol concentrations were
measured in whole blood (groups 1-8) and plasma
(group 9) using high-pressure liquid chromatography
(groups 1-6 and 9) and gas-liquid chromatography
(groups 7 and 8) with fluoreometric or electrochemical
detection.”®

Pbharmacokinetic Analysis

The propofol concentration data were analyzed with
NONMEM (version V, double precision).”> NONMEM
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allows multiple nonlinear regression of population data
simultaneously, which means that not only the mean
kinetic parameters but also inter- and intraindividual
variability can be estimated. In addition, it is possible to
quantitate the influence of covariates such as body
weight, age, and gender. Another advantage of the pop-
ulation approach is that the number of observations per
individual can be kept relatively small.

Pharmacokinetic Model

Pharmacokinetics were assumed to be linear with two-
or three-compartments and elimination from the central
compartment. The elimination clearance (Cl,), the inter-
compartmental clearances (Cl,, Cl3), and the volumes of
the central compartment (V,), the shallow peripheral
compartment (V,), and the deep peripheral compart-
ment (V;) were chosen as pharmacokinetic parameters
to be estimated. To investigate the effect of covariates,
additional parameters were successively included in the
model (see Regression Procedure).

Interindividual and Intraindividual Variability

One major advantage of NONMEM is that interindi-
vidual and intraindividual variability can be quantified.
The interindividual variability describes the variance of a
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pharmacokinetic parameter among different subjects.
We estimated the variability of all clearances and vol-
umes using a log-normal model. This means for the 7ith
individual

6,=6-emorlog 6, =log 6 + m, ¢))

~in which 6; is the individual value of the parameter O,
O is the mean population value of this parameter, and 7,
is a random variable with mean zero and variance wfl. For
the intraindividual variability that describes the residual
errors resulting from assay errors, time-recording inac-
curacy, model misspecification, and so forth, we used a
constant coefficient of variation model:

Cyj = CPy; ° (1+ Eij) (@)

in which ¢ is the jth measured concentration of the
ith individual and cp; is the corresponding predicted
concentration. Again, €; is a random variable with mean
zero and variance o?. NONMEM estimates the mean
pharmacokinetic parameters of the population, the in-
terindividual variances wf,, and the intraindividual vari-
ances o7, including estimates of the standard errors and

correlation coefficients for all parameters.

Regression Procedure

The complete data set was randomly divided into two
subsets containing 135 individuals each. The subjects of
each subset were comparable with respect to age,
weight, gender, sampling site, and administration mode.
The first subset was used for the development of the
model as described subsequently. The predictive accu-
racy of the model was then tested with the second
subset. In a first step, individual Bayesian estimates of the
pharmacokinetic parameters of each individual were ob-
tained using a three-compartment model without any
covariates. The estimated parameters were plotted inde-
pendently against body weight, age, and gender to iden-
tify the influence of the covariates and the shape of the
parameter- covariate relationships. Subsequently, we
performed a population analysis of all data, beginning
with a simple model without any covariates and succes-
sively incorporating additional parameters. The effects
of covariates were tested for statistical significance using
the NONMEM objective function (which is —2 - log-
likelihood) and the standard errors of the additional
parameters. An additional parameter was included in the
model if the decrease of the objective function was at
least 7.8 (P < 0.005) and the 95% confidence interval of
the additional parameter (mean * 2 - SE) did not include
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zero (null hypothesis value). In addition, the inter- and
intraindividual variabilities should decrease as an addi-
tional covariate parameter explains the difference be-
tween individuals. To exclude covariate correlations, we
tested whether deletion of any additional parameter
from the full model resulted in a decreased goodness of
fit. To estimate the accuracy of the model we calculated
the weighted residual (WR) and the absolute weight-
edresidual (AWR) for each sample:

| Cij — CPj |

AWR; = oy €))

Wr, = S1=CPs
CPjj

in which ¢;; is the jth measured concentration of the

ith individual and cp; denotes the corresponding pre-

dicted value. The median population values of WR (me-

dian weighted residual, MWR) and AWR (median abso-

Iute weighted residual, MAWR) were used as overall
measures for goodness of fit.

Finally, we calculated MWR and MAWR for the remain-
ing subset of individuals who were not included during
model development, using the estimated parameters of
the full model. This gives additional information about
the ability of the final model to predict propofol concen-
trations.

Simulations

To illustrate the pharmacokinetic findings, various sim-
ulations were carried out. Using the estimated parame-
ters we calculated the time for a 50% decrease in con-
centration after continuous infusion (context-sensitive
half-time).*® To show the effect of age on dosing we
computed the infusion rates necessary to maintain a
defined concentration. The interindividual variability
was illustrated by calculating the context-sensitive half-
time for a population of 100 subjects whose pharmaco-
kinetic parameters were log-normally distributed with
means and variances as estimated for the full model. To
demonstrate the influence of the administration mode
(bolus ws. infusion) we simulated the concentration
course after a bolus dose using the kinetic parameters for
bolus and infusion, respectively. All simulations were
performed with software written by the authors.

Results

The individual estimates revealed an influence of body
weight and age on all clearances, V,, and V,; V; was
almost constant in all subjects. As an example, figure 1
shows the individual estimates of Cl, as a function of
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y = 0.072x"""

2
R =064 Fig. 1. Plot of the individual Bayesian esti-

mates of the elimination clearance (Cl,)
versus body weight for a three-compart-
ment model without any covariates. A
power function (line) yielded the best re-
sults in regression analysis.

Body weight [kg]

body weight. The shapes of the relationships suggested
that body weight should not be incorporated into the
model in a linear fashion but as a power function with a
positive exponent smaller than one. V,; was almost con-
stant in adults but decreased in children. If divided by
the body weight, V, showed a clear relationship with
age, which could be described by a power function with
negative exponent. The effect of age on Cl, was a linear
decrease for patients older than 60 yr. The predictive
accuracy of the individual Bayesian estimates was quite
high (MWR = —1.5%, MAWR = 9.6%; fig. 2).

In the subsequent population analysis, these effects
were modeled by incorporating additional parameters.
The results of this procedure are shown in table 2, in
which —2LL denotes the value of the objective function
(—2 loglikelihood), describing the goodness of fit. As
mentioned previously, a decrease of —2 log-likelihoods

16 -
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12 4

Predicted propofol concentration [ug/mi]

0+ o T T T T

100

120

means an improvement of fit. Significant effects were re-
tained in the subsequent regressions. The pharmacokinetic
parameters of the final model are shown in table 3.

Number of Compartments

Initially, a simple two-compartment model was as-
sumed, but the resulting fit was quite poor. A three-
compartment model markedly improved the fit, because
of the long sampling period in some groups (1, 4, and 5).

Influence of Covariates

As suggested from the individual estimates, we found
effects of body weight on Cl,, Cl, Cls, V,, and V,. The
influence was best modeled by a power function with an
exponent smaller than 1. As an example, table 2 shows
the results for a simple weight normalization of Cl,

line of identity

Fig. 2. Plot of the propofol concentrations
predicted by the individual Bayesian esti-
mates of a three-compartment model with-
out any covariates versus the measured
propofol concentrations of the first subset.

0 2 4 6 8 10

Measured propofol concentration [ug/ml]
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Table 2. Results of the Regression Procedure

MWR  MAWR

6, b b3 04 05 b b7 b by 610 011 012 O3 014 615 bi6 017  O4g (%) (%) -2l

(1) 034 115 121 813 — — O 0 0 0 0 0 0 0 0 0 0 0 —62 62 —-12
(2) 0.84 12.8 1.48 475 0.39 204 O 0 0 0 0 0 0 0 0 0 0 0 —32 41 —1144
3 125 124 1.86 62.1 045 315 0 0 0 0 0 0 0 0 0 0 0 0 -14 28 —1545
4) 132 121 1.81 59.5 042 268 0.89 0 0 0 0 0 0 0 0 0 0 0 -13 27 —1553
(5) 120 11.3 2.67 64.4 0.34 188 0.85 0.79 O 0 0 0 0 0 0 0 0 0 —-18 29 —1768
6 1.17 105 291 79.1 0.37 223 0.61 099 0.82 0 0 0 0 0 0 0 0 0 -15 27 -1912
(7) 1.46 104 247 67.2 042 211 0.75 0.88 0.72 0.048 O 0 0 0 0 0 0 0 -7.9 26 —-2174
(8 1.45 10.2 2.40 629 052 217 0.71 0.86 0.66 0.050 0.37 O 0 0 0 0 0 0 -7.5 25 —2196
9 156 26.1 3.41 51.6 0.73 253 0.81 1.10 0.51 0.056 0.61 O 0 0 0 0 0 0 -6.5 30 —2070
(10) 1.45 109 2.38 63.2 0.51 217 0.71 0.85 0.63 0.050 0.37 0.49 —0.31 0 0 0 0 0 —8.6 25 —2204
(11) 1.48 109 2.85 624 0.53 219 0.72 0.73 0.62 0.052 0.39 0.56-0.36 —-0.30 O 0 0 0 -7.3 25 —2221
(12) 144 93 225 442 092 266 0.75 0.62 0.62 0.045 055 0.71-0.39 -040 1.61 2.02 0.73-048 -34 25 —2455

(1) two-compartment model; (2) three-compartment model; (3) Cl, = 6, - (BW/70); (4) Cl, = 6, - BW/70)%; (5) Cl, = 65 - (BW/70)%; (6) V, = 0, - (BW/70)%; (7) Cl, =
0, - (BW/70) — (age — 60) - 61¢; (8) Clg = 65 - (BW/70)"'"; (9) V4 = 6, - (BW/70); (10) V; = 6, - (BW/70)"12 - (age/30)"'3; (11) Cl, changed for venous samples as
noted in table 3; (12) Cl,, Cl3, V4, and V, changed for bolus data as noted in table 3; MWR = median weighted residual; MAWR = median absolute weighted

residual.
* —2LL is the value of the objective function (—2 log likelihood).

(model 3) and the power function (model 4). This means
that the weight-normalized parameter (parameter di-
vided by body weight) increases with decreasing weight
(e.g., for children). V; did not vary with age and body
weight. The elimination clearance decreased linearly in
individuals older than 60 yr. The volume of the central
compartment decreased with age if divided by body
weight. This led to a worse fit if V, was modeled weight-
proportionally (model 9, table 2). Inclusion of age and
weight as a power function, however, improved the
model (model 10, table 2). No influence of gender could
be found for the analyzed subjects.

Influence of Sampling Site

An influence of different sampling sites was found only
for Cl,, which was smaller for venous samples; no other
parameter was altered significantly.

Influence of Mode of Administration

Nearly all parameters with the exception of Cl; and V,
were found to be altered with bolus administration com-
pared with infusion data. Whereas V,, V,, and Cl, were
larger than after infusion, Cl; was decreased.

The estimates of all parameters and their standard
errors are summarized in table 3. Fixing of any additional
parameter to zero led to a significant decrease in good-
ness of fit (increase of —2 log-likelihood), indicating that
all additional parameters were required. Calculation of
the weighted residuals revealed median values of —3.4%
(MWR) and 24.9% (MAWR) for the first subset. The

Anesthesiology, V 92, No 3, Mar 2000

prediction errors for the second subset calculated with
the estimated kinetic parameters were similar (MWR =
—0.4%, MAWR = 25.5%). Figure 3 shows the predicted
concentrations, as calculated with the parameters de-
rived from the first subset, plotted against the measured
concentrations of the second subset. The ratio of mea-
sured:predicted concentration was calculated for each
sample and plotted against time for each individual
(fig. 4.

Simulations

We performed several simulations for five typical indi-
viduals (child, lean adult, average adult, obese adult, and
elderly) using the estimated pharmacokinetic parame-
ters of the full model (table 4). Figure 5 shows that the
propofol infusion rate maintains a propofol concentra-
tion of 1 ug/ml for 2 h. The total doses, including the
loading dose, were 3.7 mg - kg~ ' - h™ ! for the child, 2.6
mg - kg~ ' - h™ "' for the lean adult, 2.3 mg - kg ' - h™ ! for
the average adult, 1.9 mg - kg~ ' - h™ ! for the obese adult,
and 1.5 mg - kg~ ' - h™! for the elderly individual. The
context-sensitive half-times for these five individuals are
depicted in figure 6. The half-times are nearly the same
for the child and the adults but markedly increased for
the 80-yr-old subject. Figure 7 depicts the context-sensi-
tive half-times for 100 individuals, calculated with ki-
netic parameters that were log-normally distributed with
the mean values of a 30-yr-old adult with average weight
(table 4) and variances as estimated for the full model
(table 3). Figure 8 shows the effect of the administration
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Table 3. Pharmacokinetic Parameters for the Final Model

Model Parameter Value % CV
Cl, 0, - (BW/70)" if age = 60 37.4
0, - (BW/70)” — (age — 60) - 0,, if age > 60 '
Cl, 0 - (BW/70)% - (1 + ven - 04,) - (1 + bol - 6,4) 51.9
Clg 05 - (BW/70)"" - (1 + bol - 0,g) 50.9
\2 0, - (BW/70)"2 - (age/30)? - (1 + bol - 6;5) 40.0
V, 0, - (BW/70)% - (1 + bol - 6,7) 54.8
V3 0O 46.9
Parameter Estimates Value SE
04 1.44 I/min 0.09
0, 9.3 1 0.9
03 2.25 |/min 0.31
0,4 44.2 | 6.1
05 0.92 I/min 0.15
0O 266 | 43
0, 0.75 0.06
0Og 0.62 0.09
0y 0.61 0.11
010 0.045 0.012
044 0.55 0.13
045 0.71 0.26
043 —0.39 0.15
014 —0.40 0.10
045 1.61 0.36
046 2.02 0.41
047 0.73 0.23
(2 —0.48 0.12
Intraindividual variability 17.6%
MWR -3.4%
MAWR 24.9%

Interindividual and intraindividual variabilities are expressed as % CV, calculated as square roots of the variances of the corresponding n and €. Ven and bol are
indicator variables: ven = 1 for venous samples, ven = 0 for arterial samples; bol = 1 for bolus data, bol = 0 for infusion data.

mode. The concentration course after a bolus dose of

Discussion

100 mg propofol was calculated using the kinetic param-

eters obtained from bolus and infusion data, respec-
tively. Use of the infusion kinetics leads to an overesti-
mation of the concentration during the first 10 min and
an underprediction during the following 4 h.

Table 4. Pharmacokinetic Parameters for Five Typical Individuals, Calculated with the Estimates of the Final Model

We analyzed a quite unhomogeneous population with
different modes of administration (bolus dose and con-
tinuous infusion), different sampling sites (venous and

arterial), and a wide range of ages and weights. There-

Adult
Child 5 yr, Elderly 80 yr,

20 kg 30 yr, 50 kg 30 yr, 70 kg 30 yr, 110 kg 65 kg
Cly (ml-min~" - kg™ 28 22 21 18 8
Cl, (ml - min~1 - kg’1) 52 37 32 27 33
Cls (ml - min~" - kg™ ") 23 15 13 11 14
V, (I/kg) 0.38 0.15 0.13 0.12 0.09
V, (I/kg) 1.0 0.7 0.6 0.5 0.6
V; (I/kg) 13.3 5.3 3.8 2.4 41
Vyss (I7kQ) 14.7 6.2 4.6 3.1 4.8
T1/0 o (Min) 2.39 1.30 1.33 1.37 1.12
Tiop (min) 29.7 27.4 27.0 26.5 34.6
T y (min) 760 413 335 259 664

Anesthesiology, V 92, No 3, Mar 2000
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16 -

Fig. 3. Plot of the propofol concentrations
predicted by the final model versus the
measured propofol concentrations of the
second subset.

Predicted propofol concentration [ug/ml]

line of identity

fore we had to incorporate additional parameters to
describe all effects of covariates on the pharmacokinet-
ics of propofol. The final model was able to describe the
pharmacokinetics of the population with sufficient pre-
cision, as indicated by the values of MWR and MAWR for
both data subsets. A precision of about 25% is typical for
pharmacokinetic models.>'~% The plot of predicted ver-
sus measured concentrations (fig. 3), however, shows a
good correlation for concentrations up to 8 ug/ml, but a
lack of fit for higher concentrations in which the model
underestimates the measured concentration. Consider-
ation should be given to the fact that the model for
intraindividual variability assumes that the error in-
creases with increasing concentrations, but this error

Fig. 4. Ratio of measured to predicted
propofol concentrations for the second
subset as a function of time. Predictions
were calculated with the parameters de-
rived form the first subset.

Measured / Predicted concentration

0.1

4 6 8 10 12 14 16

Measured propofol concentration [ug/ml]

should be centered around zero, whereas we observed
only a positive deviation (measured > predicted). This
underestimation may indicate nonlinear pharmacokinet-
ics of propofol, in the sense that the total body clearance
decreases with increasing concentration. Nonlinear
pharmacokinetics of propofol have been investigated
previously, with controversial results. Coetzee et al.>'
and Vuyk et al>®® suggested that propofol may have
nonlinear kinetics; Bailey et al.>* and Schnider et al.>®
did not find any indication of nonlinearity. It is known
that propofol reduces liver blood flow, particularly at
high concentrations such as are found shortly after bolus
administration.>® The very high concentrations in our
data were achieved with continuous infusion, which

Anesthesiology, V 92, No 3, Mar 2000
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0.12 -
= 0.10 4
£
g
S 0.08 - . P .
E Fig. 5. Propofol infusion rates required to
o maintain a concentration of 1 pug/ml in a
& 0.06 1 child (20 kg body weight, 5 yr of age), a
_5 ’ lean adult (50 kg, 30 yr), an adult of aver-
3 child age weight (70 kg, 70 yr), an obese adult
£ 004 (110 kg, 30 yr) and an elderly individual
o adult, 50 kg (65 kg, 80 yr). The infusion rates were cal-
8 adult, 70 kg culated using the parameters of the final
O adult, 110 kg
A 0.02 model (table 4).

elderly
0.00 T T T T 1
0 20 40 60 80 100 120

Time [min]

also may cause a reduced blood flow and therefore a
reduction of clearance. One general problem with com-
partment models is that they assume instantaneous mix-
ing in the central compartment, which is obviously a
simplification. Major et al. found considerable differ-
ences between venous and arterial samples during the
first 60 s after administration of a propofol bolus dose,
indicating that instantaneous mixing does not occur.®’
Therefore, it is possible that incomplete mixing in case
of high infusion rates causes unexpectedly high propofol
concentrations.

Whereas there was only a slight effect of the sampling
site, the mode of administration (bolus wvs. infusion) did
significantly affect the pharmacokinetics (fig. 8). Simi-

larly, Schnider et al. reported an overestimation of the
early concentrations after bolus administration, followed
by an underprediction using Kinetic parameters evalu-
ated from infusion data.®> A possible reason for this
phenomenon may be model misspecification, because
the conventional compartment model assumes instanta-
neous mixing and does not consider recirculation ef-
fects. On the other hand, it must be taken into account
that the sampling in bolus studies is quite different from
that used in infusion studies, in which there are not so
many samples in the very early time and therefore less
information about the initial distribution process. At
least the bolus data that were included in our analysis
were characterized by a very long sampling time. There-

Fig. 6. Time required for a 50% decrease in
concentration after continuous infusion of
variable length (context-sensitive half-
time). Simulations were performed for a
child (20 kg body weight, 5 yr of age), a
lean adult (50 kg, 30 yr), an adult of aver-
age weight (70 kg, 30 yr), an obese adult
(110 kg, 30 yr), and an elderly individual
(65 kg, 80 yr), based on the final model
parameters (table 4).
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Fig. 7. Simulations showing the interindi-
vidual variability of the context-sensitive
half-time for a population of 100 individu-
als using the pharmacokinetic parameters
for an adult of 70 kg aged 30 yr (table 4)
and the interindividual variances esti-
mated in the study. The bold line depicts
the context-sensitive half-time for the typ-
ical individual (70 kg body weight, 30 yr of
age).

Time [min] for 50% decrease in concentration

fore, it is quite reasonable that Cl; was reduced com-
pared with infusion pharmacokinetics, which means a
slowed transfer back from the deep third compartment
and in consequence higher concentrations in the termi-
nal phase as shown in figure 8.

In addition, it should be considered that differences in
the propofol assays may be a source of intraindividual
error. All propofol concentrations were measured with
assays based on the same method,?® but with some
modifications. In groups 7 and 8, propofol was analyzed
with gas-liquid chromatography rather than high-pres-
sure liquid chromatography, which was used for all
other data. Analysis of group 9 used propofol plasma
concentrations; the propofol concentrations of the re-

100 150 200 250 300

Duration of infusion [min]

maining groups were measured in whole blood. Fan et
al. did not find significant differences between propofol
concentrations measured with high-pressure liquid chro-
matography and gas chromatography, respectively, but
the plasma concentrations during infusions were higher
than those from whole blood.*®

The estimates of the pharmacokinetic parameters for
an adult as revealed in this study are similar to those
found by other investigators,>® !> with the exception
of V,, which was smaller in our analysis. The central
volume is more difficult to determine than the clearance,
because it depends on the mode of administration, the
sampling site, and the number of compartments. The
very first concentration values after the start of adminis-

o
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Fig. 8. Concentration course after a propo- '%
fol bolus of 100 mg, calculated with the £ 01 1
pharmacokinetic parameters for infusion §
(thin dashed line) and bolus administra- S
tion (bold line). The small picture shows
the concentration course for the first 10 'g
min. £0.01 7
T
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0
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tration are essential for the consistent estimation of the
central volume. Because we had only few data from the
first minutes, and because these were mainly from bolus
administration, there might be a model misspecification.

One major aim of the present study was to quantitate
the effect of covariates on the pharmacokinetics of
propofol. Body weight was obviously the covariate that
influenced all parameters with the exception of V5. In-
terestingly, the influence of weight was best described
by a power function; in most previously published mod-
els the pharmacokinetic parameters were weight-pro-
portional.>®?! The combination of children and adults in
our data may explain these results, because other au-
thors analyzed more homogenous groups of only adults
or children. The power function for weight may there-
fore describe not only the influence of body weight but
also partly the effect of age. This is supported by the fact
that for nearly all parameters for which the influence
of body weight was modeled as a power function (Cl,,
Cl,, Cl;, and V,), no additional parameters for children
were necessary. All estimated exponents of the power
functions were smaller than 1, which means that the
corresponding parameters were higher for children if
normalized for body weight, as reported by other au-
thors.'®2%2! For the central volume of distribution (V,),
a power function for weight and age revealed the best
results. This also means an increase of the weight-nor-
malized V, for children. In subjects older than 60 yr, we
found a marked linear decrease of the elimination clear-
ance Cl; and a slight decrease of V,, which was best
described by a power function with a negative expo-
nent. The reduction of the elimination clearance and V,
in elderly have also been observed in other studies.'”
Although weight and age are correlated, inclusion of
both covariates improved the fit significantly compared
with inclusion of only weight or age. Particularly for V,,
simple weight normalization led to a worse fit, but the
inclusion of weight and age improved the fit. In several
studies on population pharmacokinetics, lean body mass
was found to be a significant covariate for pharmacoki-
netics.>>3% Unfortunately, we could not model the effect
of lean body mass, because we had not the heights of all
subjects. Furthermore, a formula for lean body mass of
children is not available. For those adults whose heights
were known, the individual pharmacokinetic parameters
did not correlate better with lean body mass than with
body weight. The power function of weight, however,
may reflect in part the influence of height, because the
absolute dose for an obese adult, for example, is in-
creased compared with an adult of average weight, but

Anesthesiology, V 92, No 3, Mar 2000

the weight-normalized dose is smaller than for an aver-
age adult (table 4). Generally, one has to consider that
the estimated effects of age are valid only for that range
investigated in our study (2-88 yr). For patients older
than 90 yr, Cl, would become almost zero or negative,
and V, increases toward infinity the younger the patient
is (the effect of body weight on V,, however, may com-
pensate for this).

For clinical practice, the effects of body weight and
age allow the dosing to be adjusted to the individual
patient. The different infusion schemes necessary to
maintain a propofol concentration of 1 ug/ml in three
adults who are thin, of average weight, and obese, an
80-yr-old patient, and a 5-yr-old child of 20 kg body
weight are plotted in figure 5. If normalized to weight,
the total doses required for a period of 120 min are quite
higher for children and smaller for elderly individuals.
Because an obese adult needs less than an average adult,
simple weight-normalization of the dose (as it is used for
example in the common target-controlled infusion
pumps) would lead to overdosing for such a patient. To
evaluate the effect of covariates on recovery, we esti-
mated the time required for a 50% decrease in propofol
concentration after a constant infusion of variable length
(fig. 6). This context-sensitive half-time is clearly pro-
longed in elderly individuals and nearly identical for
children and the adults of different weights. It should be
emphasized that this prolonged half-time for elderly in-
dividuals does occur, although the kinetic parameters
were adjusted for age and weight. This means that the
adjustment of pharmacokinetics can help to avoid mis-
dosing, but differences with respect to the recovery
cannot be overcome.

Even with inclusion of covariates, the interindividual
variabilities remained relatively large, indicating a large
variance of pharmacokinetics among patients. This leads
to a broad range of context-sensitive half-times (fig. 7),
which masks the small differences between children and
adults but not the differences between adults and el-
derly. The relatively large interindividual error may be
considered a limiting factor for target-controlled infusion
and open-loop control of anesthesia, which are based on
pharmacokinetic models. Clinical practice, however, has
shown that effective and safe anesthesia can be achieved
with infusion schemes based on pharmacokinetic mod-
els, because titration of the target concentration may
help to overcome the problem of interindividual variabil-
ity of pharmacokinetics and pharmacodynamics.?”® The
use of population-based pharmacokinetic parameters is
likely to further improve the accuracy of target-con-
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trolled drug-delivery systems. Moreover, the field for
target-controlled infusion may be broadened using our
results for application in children and elderly patients.
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Appendix

Participants of the multicenter study: Ian D. Cockshott, Ph.D., Zen-
eca Pharmaceuticals, Macclesfield, United Kingdom; Peter S. Glass,
M.D., Professor, Department of Anesthesiology, Duke University Med-
ical Center, Durham, North Carolina; Jiirgen Schiittler, M.D., Professor
and Chairman, Department of Anesthesiology, Friedrich-Alexander-
University of Erlangen-Nuremberg, Erlangen, Germany; Steven L. Sha-
fer, M.D., Professor, Department of Anesthesiology, Stanford Univer-
sity School of Medicine, Palo Alto, California; and Martin White, Ph.D.,
Staff Anesthesiologist, Department of Anaesthesiology, Academisch
Ziekenhuis Leiden, Leiden, The Netherlands.
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