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Abstract There have been no pharmacokinetic pa-
rameters and blood-brain equilibration rate constant (k) of
propofol obtained in a single population of children, by which
propofol can be administered using a target effect-site con-
centration controlled infusion. Thirty-nine, American Society
of Anesthesiologists Physical Status 1-2 children aged
2-12 years were given an intravenous bolus of propofol
(3 mg kg™"), followed by infusion (200 pg kg™' min™").
Arterial drug concentrations and bispectral index (BIS) values
were measured. Population pharmacokinetic and pharmaco-
dynamic analysis was performed using nonlinear mixed ef-
fects modeling. External model validation was performed in a
separate population of children. A two-compartment model
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and a sigmoid E,,,, model directly linked by an effect com-
partment well described the time courses of propofol con-
centration and BIS. The estimates of parameters were: V,
@L)=1.69, vV, (L)=272+ 0929 x (weight — 25), Cl
(L min~") = 0.893 x (weight/23.6)°°®, Q (L min™') =
13; Ey=769; Epu =354, Cesy (ngmL™") =347
— (0.095 x age) — (1.63 x mean infusion rate of remifen-
tanil in pg kg~! min™'); y = 2.1; and ko (min~') = 0.371.
Pooled biases (95 % CI) of the target effect-site concentra-
tion controlled infusion system of propofol was
—20.2 % (—23.3 to —18.1 %) and pooled inaccuracy was
30.4 % (28.6-32.7 %). Pooled biases of BIS prediction
was —6.8 % (—9.1 to —4.1 %) and pooled inaccuracies was
19.1 % (17.5-20.9 %).The altered weight-based dose re-
quirements of propofol are well described pharmacoki-
netically, and pharmacodynamically. Predictive performances
of the TCI system in this study were clinically acceptable.
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Introduction

Although total intravenous anaesthesia using target-con-
trolled infusion (TCI) of propofol affords many advan-
tages, plasma propofol concentration is poorly predicted
and highly variable between individuals, when employed in
pediatric patients [1]. The propofol induction and mainte-
nance dose requirements are higher in younger children
than in older children or adults [2]. The typical pharma-
cokinetic and pharmacodynamic characteristics of propofol
in children, such as a greater central volume of distribution
and elevated systemic clearance [3, 4], and possibly also a
lower potency may account for this [5, 6]. Although the
cited studies identified that children showed an elevated
pharmacodynamic sensitivity to propofol, the pharmaco-
dynamic parameters of propofol remain controversial and
no pharmacokinetic/pharmacodynamic model is currently
available for use in pediatric anaesthesia. For example, it is
unclear whether the elevation in propofol dose required by
children is attributable to age-related pharmacokinetic
characteristics, primarily determined by body composition
[7, 8], or to variation in drug potency. To explore these
questions, we considered that a pharmacokinetic/pharma-
codynamic study in a single population of children was
desirable. Also, external validation of these models de-
veloped should be required to infuse propofol with target-
controlled infusion in children.

The electroencephalographic bispectral index (BIS)
monitors the depth of hypnosis in children [9]. In general,
opioids per se have no influence on the BIS [10]. However,
when combined with propofol, remifentanil exhibits an
additive effect on the median power frequency of pro-
cessed electroencephalograms [11] or synergistic effects on
both the BIS [12] and various clinical endpoints [13].
When propofol and remifentanil are co-administered dur-
ing total intravenous anaesthesia, the effect of remifentanil
on the pharmacodynamic response to propofol should be
considered.

This study aimed to characterize pharmacokinetics and
pharmacodynamics of propofol in children ranging in age
from 2 to 12 years during total intravenous anaesthesia and
to evaluate predictive performance of these models in a
separate population of children.

Methods

Patient population

All patients underwent elective urologic or orthopedic
surgery under total intravenous anaesthesia with propofol

and remifentanil. With the approval from the Institutional
Review Board of Seoul National University Hospital
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(Seoul, Korea), and all parents provided informed consents
before children were enrolled in this study. Any patient
who had medical problems, significantly abnormal
laboratory findings, pubertal staging in terms of clinical
observation of external secondary sexual characteristics, or
who received preoperative drugs that altered anesthetic
depth or electroencephalographic features was excluded.

Study procedure

Thirty-nine patients were enrolled in the pharmacokinetic
and pharmacodynamic model building. All patients fasted
(for 6 h for patients aged 24-36 months; for 8 h for those
aged more than 36 months) prior to surgery. Premedication
including midazolam (0.1 mg kg™', up to 5 mg) and at-
ropine (0.02 mg kg~', up to 0.5 mg) was intravenously
administered in the reception area. Once in the operating
room, electrocardiography, pulse oximetry, invasive blood
pressure measurement (Solar 8000M, GE Medical Systems
Information Technologies, Inc., Milwaukee, WI), and BIS
(Aspect 2000, Aspect Medical Systems, Inc., Newton, MA)
were monitored in all patients. All data were recorded both
at baseline and continuously until the end of anaesthesia.
During pre-oxygenation using a face mask with 100 %
oxygen, twenty milligrams of lidocaine were intravenously
administered prior to propofol injection. Subsequently,
intravenous boluses of propofol (2 % Fresof01®, Fresenius
Kabi Korea Ltd., Seoul, Korea) 3 mg kg_1 and remifen-
tanil (Ultiva®, GlaxoSmithKline Korea, Seoul, Korea)
1 ug kg~' were given. When patients became unconscious,
propofol was infused at 200 pg kg~' min~' and remifen-
tanil was administered at 0.2 ug kg™' min~'. During
maintenance of anaesthesia, propofol and remifentanil
were infused to maintain the BIS value at under 60, and the
systolic blood pressure and heart rate at 120 % or less of
the preoperative stable values measured in the ward. The
trachea was intubated after administering rocuronium
0.6 mg kg™~ " intravenously. The lungs were then ventilated
with 65 % N,O in O,, with the end-tidal carbon dioxide
partial pressure maintained between 30 and 40 mmHg.

Blood sampling and assays

One-milliliter of arterial blood was sampled into ethylene-
diamine-tetra-acetic acid (EDTA) immediately before in-
duction; and at 2, 5, 10, 15 and 30 min after the first in-
travenous bolus of propofol. Samples were also collected at
0, 2, 5, 10, 30, 60, and 120 min after propofol was
discontinued.

All samples were centrifuged for 10 min at 252x g, and
stored at —70 °C until assay. Plasma concentrations of
propofol were measured by high-performance liquid
chromatography using a Capcell Pak C18 UG120 column
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(Shiseido Fine Chemicals, Tokyo, Japan) and a mixture of
acetonitrile, methanol and trifluoroacetic acid (56:44:0.1,
v/v/v) as a mobile phase. The column effluent was mon-
itored using a fluorometric detector with the excitation and
emission wavelengths set at 276 nm and 310 nm. The
lower limit of propofol quantification was 100 ng mL™".
The calibration curve was linear over the range of
100-10,000 ng mL_l, with the coefficients of determina-
tion (R greater than 0.997 for all instances. The intra-
assay precision value was 1.7-3.7 % and inter-assay was
2.0-53 %. The intra-assay accuracy value was
88.4-100.6 % of nominal value and inter-assay was
87.7-96.4 %.

Population pharmacokinetic and pharmacodynamics
analysis

The procedures of NONMEM VII level 2 (ICON Devel-
opment Solutions, Ellicott City, MD) employed in phar-
macokinetic and pharmacodynamic modeling were the
ADVAN 6 subroutines and first-order conditional estima-
tion with interaction. Inter-individual random variabilities
of pharmacokinetic and pharmacodynamic parameters
were modeled using a log-normal or additive model, as
appropriate. Diagonal matrices were estimated for the
various distributions of n, where n represented inter-indi-
vidual random variability with a mean of zero and a vari-
ance of ®>. Additive, constant coefficient of variation, and
combined additive and constant coefficient of variation
residual error models were evaluated during the model
building process. NONMEM computed the minimum value
of the objective function, a statistic equivalent to the —2
log likelihood of the model. An o level of 0.05, which
corresponds to a reduction in the objective function value
of 3.84 (Chi squared distribution, degree of freedom: 1,
p < 0.05), was used to discriminate between hierarchical
models [14]. In addition to obtaining minimal objective
function values, improvements in diagnostic goodness-of-
fit plots were used to evaluate different models. R software
(version 2.13.1; R Foundation for Statistical Computing,
Vienna, Austria) was employed to construct graphical
model diagnostics. Covariate model-building was per-
formed using manual covariate selection.

One-, two-, and three-compartment models with linear
pharmacokinetics were tested. Covariates analyzed were
age, sex, weight, height, body surface area [15], lean body
mass [16], body mass index, body fat level [17], fat-free
mass [18], estimated glomerular filtration rate [19], blood
protein concentration, blood albumin level and the mean
infusion rate of remifentanil throughout the operative pe-
riod (bolus and infusion doses divided by the elapsed time
from the first bolus to the end of infusion) and bolus dose
of midazolam.

The effect of body weight on all of the volume and
clearance parameters was predicted on the basis of allo-
metric scaling or linear relationship as follows [20, 21]:

0
BW;
Pi =0 kA E— . Pl'
r (mean of BWi) exp(in;) or

= (0,, + (BW; — mean of BW;) x 0) exp(n;) (1)

where P; denotes the individual value, 0, means the
population estimates, BW; is the individual body weight.

A sequential modeling approach with posthoc pharma-
cokinetic estimates was used to derive the population
pharmacodynamic parameters. Dissociation between the
concentration of propofol and effect (BIS) was linked with
an effect compartment. The relationship between the ef-
fect-site concentration of propofol and BIS was evaluated
using a sigmoid E,,,, model:

Ce’

Eﬁ”ect = EO =+ (Emax — E()) m
50

(2)
where Effect is the BIS value, E, is the baseline BIS value
when no drug was present, E,,,, is the maximum possible
drug effect on the BIS, Ce is the calculated effect-site
concentration of propofol, Ces, is the effect-site concen-
tration associated with 50 % of the maximal drug effect on
BIS, and 7 is the steepness of the effect-site concentration
versus BIS relationship.

Also, the time course of BIS was directly linked to the
effect compartment concentration through the E,,,, model
to describe drug interaction with midazolam:

C, i
( Loy MID)

C 7
1+ < + MID
Ceso

Effect = Eg| 1 — Enax

(3)

where E,,.. is the maximal effect fixed to 1 and C,sq is the
concentration for the 50 % decrease in the BIS score
caused by propofol. The parameter MID = Cy;4/Ces0,pia
equals to the ratio of midazolam concentration and C,sg ysiq
value of midazolam. Thus, Ce/C,.sq9 + MID denotes the
virtual effect concentration, which is defined as the sum of
the normalized effect-site concentrations of propofol and
midazolam assuming the additive interaction of these drugs
[22]. In addition, a two-compartment effect site model was
applied to describe the time course of BIS. The model well
described change of BIS after different rates of propofol
infusion [23]. The covariates analyzed in pharmacody-
namic modeling were the same as those described above.

Model diagnosis and validation
The level of significance of a covariate was additionally

assessed using a randomization test which randomly per-
mutes the covariate in the original dataset (fitdNM 3.7.9,
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Eun-Kyung Lee and Gyu-Jeong Noh, http://www.fit4dnm.
org/download, last accessed: Oct 17, 2011). The differ-
ences in objective function values between reference
(without the covariate tested) and covariate (containing the
covariate tested) models fitted to the permuted datasets
were sorted in ascending order. The value corresponding to
the 5th percentile was set as the & value. If a change in
objective function values between reference and covariate
models fitted to an original dataset was greater than the 6
value, this was considered to be good evidence that the
covariate effect was statistically significant [24].
Non-parametric bootstrap analysis served to internally
validate models (fit4dNM 3.7.9) [25]. Briefly, 2,000 bootstrap
replicates were generated by random sampling from the
original dataset, with replacement. Parameter estimates were
compared with median parameter values and the 2.5-97.5
percentiles of the nonparametric bootstrap replicates. Pre-
dictive checks were performed by simulating 2,000 it-
erations and comparing the 90 % prediction intervals to the
original data (fitdNM 3.7.9) [26]. Prediction correction for
dependent variable, Y;;, with lower bound, Ib;; [27]:

ij>
PREDy, — lb;

pe¥y = 1oy + (Y =1b3) - gD Ih,
y g

Ib;) - (4)
where Y;; means observation or prediction for the ith in-
dividual and jth time point, pcY;; is prediction-corrected
observation or prediction, PRED;; stands for typical
population prediction for the ith individual and jth time
point, and PRED,,;, is median of typical population pre-
dictions for the specific bin of independent variables.

External validation

One hundred fifty-five patients were enrolled in the pre-
dictive performance of pharmacokinetic and pharmacody-
namic models (Table 1). Propofol was infused with TCI
software (Asan pump, version 2.1.3; Bionet Co. Ltd.,,

Seoul, Korea, http://www.fitdnm.org/download, last ac-
cessed: Aug 27, 2012) with BIS monitoring. Pharmacoki-
netic parameters and blood-brain equilibration rate
constant (k.o) in Tables 2 and 3 were programmed into the
Asan pump. Premedication including midazolam (0.1 mg
kg™, maximum of 5 mg) and atropine (0.02 mg kg™’
maximum of 0.5 mg) was intravenously administered in
the reception area. Propofol was administered by stepwise
increase and decrease in the effect-site concentration and
the order of target concentrations was 4, 5, 3 and
2 pg mL™!, with each concentration being maintained for
at least 10 min. Arterial blood (1 mL) was sampled at least
10 min after every change in a target concentration of
propofol.

As described in the earlier study [28], four parameters
including inaccuracy, divergence, bias and wobble, were
used to evaluate the performance of a TCI system.

First, for each blood sample and BIS value, the perfor-
mance error (PE) of the ith individual was calculated as:

(5)

measured;; — predicted.;
PE; = i P i

predicted;;

where predicted;; is the jth prediction of the effect-site
propofol concentration or BIS value in the ith individual,
whereas measured;; is the measurement of the plasma
propofol concentration or BIS value. The predicted BIS
value in each point was calculated from the sigmoid E .«
model using pharmacodynamic parameters in Table 3.
The inaccuracy, for the ith patient, was reflected by

calculating the median absolute performance error
(MDAPE)):
MDAPE; = median{|PE;|, j = 1,...N;} (6)

where N; is the number of PE in the ith individual.

Divergence was calculated, for the ith patient, as the
slope acquired from the linear regression of that indi-
vidual’s the IPE;ls against time:

Table 1 Characteristics of patients for model building and external validation of pharmacokinetic and pharmacodynamic models (n = 155)

Model building

External validation

(n = 39)

Pharmacokinetic Pharmacodynamic models (n = 155)
model (n = 155) - -
Intermediate model Final model
(n=178) (n=177)
ASA PS 12 35/4 132/23 67/11 65/12
Sex (M/F) 35/4 78177 40/38 38/39
Age (years) 5(2-12) 6 (0.2-12) 6 (0.2-12) 6 (0.2-12)
Weight (kg) 21 (11.9-39.1) 21 (5.2-65) 22.5 (5.2-65) 21.0 (6.2-61)
Height (cm) 115.7 £ 17.1 113.4 £ 26.2 113.6 + 26.6 113.3 + 26.1

Data are presented as counts or means & SDs (ranges) or median (ranges) as appropriate. ASA PS, American Society of Anesthesiologists
physical status. Patient characteristics enrolled in the external validation of pharmacodynamic models were compared using the two-sample ¢ test,
Mann-Whitney rank-sum test, or > test as appropriate. No significant differences were found between any of the observations
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Table 2 Population pharmacokinetic parameter estimates, inter-individual variability (IIV) and median parameter values (2.5-97.5 %) of the
nonparametric bootstrap (BS) replicates of the final pharmacokinetic model of propofol in children

Model Parameters Definition Estimates (RSE, %) CV (%) BS median BS 95 % CI
Basic Vi L) Central volume of distribution 2.12 (9.9) 47.8 - -

V, (L) Peripheral volume of distribution 24.4 (6.7) 37.0 - -

Cl (L min™ 1) Metabolic clearance 0.86 (14.0) 45.6 - -

O (L minfl) Inter-compartmental clearance 1.32 (29.4) 92.5 - -

o (%) Standard deviation of RRV 5.2 (4.9) - - -

Final Vi (L) Central volume of distribution 1.69 (33.2) 1.77 0.66-2.82
V, (L) Peripheral volume of distribution 0,:27.2 (7.1) 27.2 22.3-32.0
=0, + 0, x (WT — 25) 0,: 0.93 (21.0) 0.93 0.35-1.51
Cl (L min™") Metabolic clearance 05: 0.89 (12.2) 0.89 0.8-0.98
=03 x (WT/23.6)" 04: 0.97 (31.5) 0.94 0.68-1.18
QO (L min™" Inter-compartmental clearance 1.3 (33.8) 1.32 0.94-1.74
o (%) Standard deviation of RRV 5.2 (6.7) - 5.1 4.5-5.8
® for V; IV for V, 0.763 (93.4) 87.4 0.649 0.001-2.26
” for V, IV for V, 0.035 (94.2) 18.6 0.032 0.001-0.146
o for CI IV for CI 0.095 (63.5) 30.9 0.087 0.033-0.196
o for Q IV for Q 0.824 (59.2) 90.8 0.782 0.255-1.36

A log-normal distribution of IIV was assumed. Residual random variability (RRV) was modeled using a constant coefficient of variation (CV)
model. Nonparametric BS analysis was repeated 2000 times. The eta-shrinkage for V,, V,, CI, Q were 36.4, 42.9, 2.8 and 11.2 %, respectively

RSE relative standard error = SE/mean x 100 (%), CI confidence interval, WT body weight (kg)

Divergence; (% h™") = 60
N; N; N;
> it |PEii| X lij — (Ej:l ‘PEii’) X (Zj:l tlﬁ/’) /Ni
x
N; 2 N, )2
Zj:l (tij) _(ijltiJ) /Ni

(7)

where t;; is the time at which the corresponding PE;; was
determined.

The third performance measure, a measure of bias, for
the ith patient was reflected by calculating the median
performance error (MDPE;):

MDPE; = median{PE;, j=1,...N;} (8)

The fourth performance measure, Wobble;, for the ith in-
dividual was simply a measure of the variability of the PE;
in the ith individual:

Wobble; = median absolute deviation of
{PE;, j=1,...N;} from MDPE;

©)

Population estimates of these performance measures was
calculated by a pooled data approach (fit4NM 3.7.9) [28].

Simulations

Deterministic simulations, considering neither inter-indi-
vidual nor intra-individual random variability, were per-
formed using Asan Pump software. The time courses of

propofol concentrations in the plasma and effect-site, and
BIS, after an intravenous bolus of 3 mg kg™', and after
zero-order infusion at the rate of 200 pg kg~' min~" for
60 min, were simulated in hypothetical children weighing
10 and 40 kg. Context-sensitive decrement times (50 and
80 %) over the durations of target plasma concentration-
controlled infusion were calculated.

Statistics

Prediction probability (Px), a parameter showing nonpara-
metric correlation known as a measure of association, was
calculated using Somers’ d formula (fitdNM 3.7.9), which
was then transformed from the —1 to 1 scale of Somers’ d to
the 0 to 1 scale of Pg as Px = 1 — (1 — |Somers’ d|) x 27
[29]. Observed BIS values and effect-site concentrations of
propofol predicted by pharmacodynamic models were set as
the observation and prediction values. Datasets used were
those for model building and external validation. The SE of
each Px was calculated as (SE of Somers’ d) x 271

Results

Thirty-nine patients, aged 2—12 years, were enrolled for model
building. The duration of operation was 155 £ 80 min. The
amount of propofol administered by intravenous bolus during
induction was 71 £ 25 mg, and that by continuous infusion
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Table 3 Population parameter estimates, inter-individual variability (IIV), and median parameter values (2.5-97.5 %) of the non-parametric

bootstrap (BS) replicates of the pharmacodynamic models of propofol in children

Model Parameter Definition Estimate (6\Y% BS BS 95 % CI
(RSE, %) (%) median
Basic Ey Baseline BIS value before propofol 76.9 (4.16)
administration
E,..x Minimum possible BIS value 35.6 (11.43) 15.33
Ceso (Lg mL™h Ce at 50 % of the maximal propofol 2.61 (13.03) 7.75
effect on BIS
y Steepness of the Ce versus BIS 3.05 (38.36)
relationship
k.o (min_l) Blood brain equilibration rate constant 0.557 (20.47) 20.01
o Standard deviation of RRV 8.5 (14.39)
Intermediate Ey Baseline BIS value before propofol 76.9 (4.15) 77.8 72.1-82.9
administration
E,.x Minimum possible BIS value 354 (11.41) 35.2 20-41.4
Cos0 (Ug mL’l) Ce at 50 % of the maximal propofol 0,: 3.78 (11.93) 3.66 2.26-5
=0, — 0, x AGE effect on BIS
0,: 0.183 (29.07) 0.167 0.011-0.32
y Steepness of the Ce versus BIS 3.02 (38.08) 297 1.46-5.56
relationship
koo (min~ ") Blood brain equilibration rate constant 0.557 (18.85) 0.55 0.31-0.78
o Standard deviation of RRV 8.5 (14.5) 8.4 7.3-9.7
? for E, . IV for E,,, .. 0.060 (44.9) 24.43
? for C,sg IV for C,s 0.263 (73.8) 51.19
” for kg IV for k.o 1.26 (45.5) 112.3
Final Ey Baseline BIS value before propofol 79.9 (2.34) 81.3 78.2-85.2
administration
E,.x Minimum possible BIS value 30.6 (7.94) 30.7 20.0-37.9
Ces0 (Ug mL_l) Ce at 50 % of the maximal propofol 05: 3.65 (11.2) 3.54 2.80-5.0
=05 — 0, x AGE effect on BIS 0,: 0.102 (27.75) 0.1 0.06-0.20
— 05 x REMI 0s: 1.72 (19.13) 1.66 0.05-2.5
b Steepness of the Ce versus BIS 2.11 (9.91) 2.10 1.54-3.0
relationship
k.o (min™") Blood brain equilibration rate constant 0.372 (38.34) 0.38 0.3-0.6
o’ Standard deviation of RRV 8.4 (1.65) - 8.3 7.0-9.1
@ for Eppae IV for E, . 0.047 (57.8) 21.07
” for C,sg IV for C,s 0.106 (44.2) 37.15
? for keo IV for kg 1.27 (61.8) 128.1

IIV of E, was modeled using an additive error model. Log-normal distribution was assumed for E,,,,, C.s0, and k.o. Residual random variability
(RRV) was modeled using an additive error model. Nonparametric bootstrap analysis was repeated 2,000 times. The eta-shrinkage of the
intermediate model for E,,,,, C.s0, koo were 15.7, 7.8, and 20.4 %, respectively. The eta-shrinkage of the final model for E,, ., C.s0, koo Were 15.7,
7.8, and 20.4 %, respectively

C,, calculated effect-site concentration of propofol; AGE, age (year); REMI, mean infusion rate of remifentanil throughout the operative period

(bolus and infusion doses divided by the elapsed time from the first bolus to the end of infusion, pg kg™

error = SE/mean x 100 (%)

during maintenance was 724 + 432 mg. The mean infusion
rate of propofol during maintenance (infusion dose/infusion
duration) was 200 & 2 pg kg~' min~'. Three children (age
and weight: 3 years and 17 kg, 4 years and 22 kg, 9 years and
28 kg) were given an additional intravenous bolus of propofol
during maintenance (50, 20, and 20 mg). In one female patient
aged 4 years, the infusion rate of propofol was reduced to
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1

minf'); RSE, relative standard

156 pg kg~' min~" from the midpoint of anaesthesia main-
tenance. Otherwise, propofol was administered as described
above. The amount of remifentanil administered by intra-
venous bolus during induction was 24 £ 8 pg and that by
continuous infusion during maintenance was 749 + 402 pg.
The mean infusion rate of remifentanil was 0.24 + 0.17
ng kg~' min~' (range 0.203-1.214 ug kg~' min~"). Bolus
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dose of midazolam administered prior to the administrations
of propofol and remifentanil was 2.4 £ 0.8 mg (range
1.2-3.9 mg). The time courses of observed plasma concen-
trations of propofol and BIS in children for model building are
shown in Fig. 1.

Pharmacokinetics

A total of 405 (7-15 per a child) plasma concentration
measurements were available to characterize pharmacoki-
netics. Numbers (%) of samples within 5 after a bolus dose
of propofol was 30 (7.5 %) and those within 10 min was 77
(19 %). Parameter estimates of competing basic and co-
variate pharmacokinetic models of propofol in children
were evaluated. Pharmacokinetics of propofol in children
was best described by a two-compartment model with
linear pharmacokinetics. No significant covariates were
found for the central volume of distribution of propofol.
Thus, the central volume of distribution was fixed in
children, irrespective of age, sex or body size parameters.
However, the peripheral volume of distribution was pro-
portional to body weight in kg (Eq. 10), resulting in an
improvement in OFV (16, p < 0.001, degree of freedom:

-
=l

Plasma concenration of propofol (ug mL™)
n

0510 30 60 90
Time (min)
100
80
60
)
=
-]
40
20
0
0 30 60 9 120 180 240 300

Time (min)

Fig. 1 Observed plasma concentrations of propofol (upper) and
bispectral index (BIS, lower) values over time in 39 children,
receiving an intravenous bolus of propofol 3 mg kg™' followed by

1), compared with the basic model (number of model pa-
rameters: 9)

V, =27.2 + 0.93 x (body weight — 25). (10)

Body weight was also a significant covariate for
metabolic clearance of propofol, leading to a further im-
provement in the objective function value (28, p < 0.001,
degree of freedom: 1) compared with that of a pharma-
cokinetic model which included body weight as a covariate
for the peripheral volume of distribution only. Equation 11
describes the relationship between body weight and the
metabolic clearance of propofol in children

Cl = 0.89 x (body weight/23.6)""". (11)

The & value between the basic and covariate (body
weight on V,) models in a randomization test was 2.486.
The difference in the OFVs of the two models was 16 when
fitted to the original dataset. The 6 value between the co-
variate (body weight on V,) and final pharmacokinetic
(body weight on V, and Cl) models was 10.652. The dif-
ference in objective function values between these two
models, fitted to the original dataset, was 28. This afforded
sufficient evidence to conclude that the effect of body
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continuous infusion at variable rates during operation. These figures

were presented with mean and error bar data, which were used for
model building
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weight on both V, and Cl was statistically significant.
Relation of individual Bayesian predicted values of clear-
ance versus weight was shown in Fig. 2, upper panel.
Table 2 shows population pharmacokinetic parameter
estimates and the results of nonparametric bootstrap
replicates of the final pharmacokinetic model. Overall, the
bootstrap medians were close to the population parameter
estimates and the 95 % confidence intervals of these pa-
rameters were relatively small, indicating that the pa-
rameter estimates of the final pharmacokinetic model of
propofol in children were accurate and precise. Basic
goodness-of-fit plots are shown in Fig. 3, left panels.

Pharmacodynamics

A total of 1159 BIS values were used to determine phar-
macodynamic characteristics. Comparison between sig-
moid Emax, interaction and two-compartment effect site
models was shown in Supplemental Material (Table S3).
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Fig. 2 Relation of individual Bayesian predicted values of clearance
versus weight (upper panel), and Cesy versus age, derived from
results of final pharmacokinetic and pharmacodynamic models. As
weight increases, clearance decreases. As age increases, Cesg
decreases
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An inhibitory sigmoid Emax model well described the time
course of observed BIS values. Age was a significant co-
variate of the Cesy of propofol (Eq. 12, from an interme-
diate model), which resulted in improvement of the OFV
(7.131, p < 0.05, degree of freedom: 1) in comparison with
the basic model (number of model parameters: 9).

Ceso = 3.78 — 0.183 x age. (12)

The typical value of Ces of propofol in the intermediate
model decreased by 53.6 % as age increased from 2 to
12 years.

The addition of mean infusion rate of remifentanil to the
Ceso (Eq. 13, from the final model) further decreased the
OFV by 48.038 (p < 0.001, degree of freedom: 1), com-
pared with that of the intermediate model

Cesy = 3.47 — 0.095 x age — 1.63
x mean infusion rate of remifentanil. (13)

The typical value of Ces, of propofol in the final model
decreased by 29.0 % as age increased from 2 to 12 years
(the mean infusion rate of remifentanil was set at
0 pg kg~' min~"), while decreased by 74.3 % with in-
creasing the mean infusion rate of remifentanil from 0.2 to
1.2 pg kg~ " min~' (age was set at 10 years). Relation of
individual Bayesian predicted values of Ceso versus age
was shown in Fig. 2, lower panel.

The o values between the basic and intermediate mod-
els, and between the intermediate and final models were
5.388 and 32.771. The differences in the each OFV be-
tween both models, fitted to the original dataset, were 7 and
48, suggesting that the effect of age on Cesq in the inter-
mediate model, and both age and mean infusion rate of
remifentanil on Cesq in the final model were statistically
significant. Population pharmacodynamic parameter esti-
mates, inter-individual variability, and median parameter
values (2.5-97.5 %) of the nonparametric bootstrap repli-
cates of the pharmacodynamic models (intermediate and
final) are shown in Table 3. The biases between the boot-
strap medians and population parameter estimates, and
95 % confidence intervals of parameters were also small
enough to indicate that the parameter estimates of both
models were reliable. Basic goodness-of-fit plots are pre-
sented in Fig. 3, right panels. The intermediate model also
showed good performance and predictability close to those
of the final model (the plots of basic goodness-of-fit and
predictive checks are not shown), as revealed by the fact
that the percentage of data distributed outside the 90 %
prediction interval was 5.7 %. Prediction probability (SE,
95 % confidence interval) of propofol effect-site concen-
tration was 0.6845 (0.0099, 0.6650-0.7039) for interme-
diate pharmacodynamic model and that was 0.6836
(0.0099, 0.6643-0.7029) for final pharmacodynamic
model.
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Fig. 3 Goodness-of-fit plots of the final pharmacokinetic (left panels)
and pharmacodynamic (right panels) models of propofol in children
(n =39). CWRES: conditional weighted residuals. Population
(PRED) and individually (IPRED) predicted plasma concentrations

External validation

A total of 599 plasma samples from 155 patients were
available for measurement of plasma propofol concentra-
tions, which were paired off with 301 BIS values from 78
patients for intermediate model and 286 BIS values from
77 patients for final model. Pooled biases, inaccuracies,
divergences, and wobbles of the TCI systems of propofol
are shown in Table 4. Pooled biases and inaccuracies in
pharmacokinetic and pharmacodynamic predictions were
clinically acceptable as described in earlier studies [30, 31].
Inclusion of mean infusion rate of remifentanil in the final
pharmacodynamic model did not result in improvement of
pharmacodynamic prediction, compared with the interme-
diate model. Plot of the measured to predicted concentra-
tion of propofol and BIS are presented. Prediction
probability (SE, 95 % confidence interval) of propofol ef-
fect-site concentration was 0.7056 (0.0123, 0.6815-0.7297)
for intermediate pharmacodynamics model and that was
0.7302 (0.0135, 0.7037-0.7567) for final pharmacody-
namic model.
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of propofol and BIS (bispectral index) values were calculated using
typical values and empirical Bayesian estimates of pharmacokinetic
and pharmacodynamic parameters, respectively

Simulations

The amounts of propofol given by intravenous boluses of
propofol 3 mg kg~' are 30 mg and 120 mg in children
weighing 10 and 40 kg. These doses of propofol are diluted
by the fixed value of V| estimate, resulting in lower initial
plasma and effect-site propofol concentrations, hence, a
higher predicted initial value of BIS in a 10 kg child,
compared with those in a 40 kg child (Fig. 4, upper panel).
The fixed value of V; estimate well described higher
weight-based dose requirements of propofol in lighter
children.

Plasma and effect-site concentrations of propofol during
zero-order infusion of 200 pg kg~' min~' are higher in a
40 kg child, which, in turn, results in lower predicted BIS
values. These simulation findings are attributed to a higher
dose of propofol diluted in the fixed value of V; estimate in
a heavier child. However, both the plasma and effect-site
concentrations of propofol in a 40 kg child decrease more
rapidly and eventually become lower than those in lighter
children, leading to a more rapid recovery of predicted BIS
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Table 4 Pooled biases (median performance error, MDPE), inaccuracies (median absolute performance error, MDAPE), divergences, and
wobbles of the target effect-site concentration controlled infusion systems of propofol in pediatric patients

Parameter Measured versus predicted propofol Measured versus predicted BIS (95 % CI)
concentration (95 % CI) - -
Intermediate model Final model
Bias (%) —20.21 (=23.31 to —18.12) 1.46 (—0.43 to 3.91) —6.81 (=9.05 to —4.06)

30.35 (28.62-32.72)
19.14 (16.12-22.73)
11.48 (9.63-13.36)

Inaccuracy (%)
Divergence (% h™h
Wobble (%)

18.87 (17.34-20.54)
—8.57 (—11.78 to —4.86)
8.50 (7.19-9.72)

19.13 (17.46-20.85)
—6.99 (=9.98 to —3.00)
9.97 (8.62-11.36)

The predicted value of BIS (bispectral index) was calculated using the following equations: Predicted BIS of intermediate model =

76.9 + (35.4 — 76.9) CE®

(3.78-0.183xage)’ " +Ce? 0’

was effect-site concentration of propofol and REMI was mean infusion rate of remifentanil (ug kg™

values (Fig. 4, lower panel). These findings can be at-
tributed to higher distributional and metabolic clearances
with increasing weight.

Because pharmacokinetic parameters such as V, and
metabolic clearance are determined based on weight only
and the k,( is a fixed value in this study, the simulated time
courses of plasma and effect-site concentrations after ad-
ministering weight-based doses of propofol are identical
irrespective of age, as long as the body weight of each child
is equal. Meanwhile, when weight-based dosing is em-
ployed, the younger (Fig. 5, left panel) or the lower mean
infusion rate of remifentanil (Fig. 5, right panel), the higher
predicted BIS values, because Cesq increases with de-
creasing age and mean infusion rate of remifentanil. Con-
text sensitive decrement time, which mainly influenced by
metabolic clearance, was simulated to be shortened with
increasing body weight (Fig. 6). In summary, the lighter
(pharmacokinetically) and the younger (pharmacody-
namically), the higher dose requirements of propofol in
children.

Discussion and conclusions

In this study, we developed population pharmacokinetic
and pharmacodynamic models of propofol in a single pe-
diatric population, and performed an external validation
using target-controlled infusion in a separate population of
children.

Higher weight-based bolus dose requirements
of propofol in lighter children

Clinically, the weight-based bolus dose of propofol for

induction of anaesthesia should be increased by 50 % in
children, compared with the adult dose [32]. Moreover, this
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Predicted BIS of final model = 82.4 + (30.8 — 82.4) G

> , where Ce
(3.47-0.095xage—1.63xREMI)™" +ce2!
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Fig. 4 Simulated time courses of plasma and effect-site concentra-
tions of propofol, and bispectral index (BIS) values after administra-
tion of an intravenous bolus of 3 mg kg{1 (upper panel) and zero-
order infusion at the rate of 200 pg kg™' min~" for 60 min (lower
panel) in children weighing 10 or 40 kg. The age and mean
remifentanil infusion rate throughout the operative period (bolus
and infusion doses divided by the elapsed time from the first bolus to
the end of infusion) were set at 8 years of age and 0.24 pg kg_1
min~!, irrespective of body weight
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Fig. 5 Simulated time courses of the plasma and effect-site concen-
trations of propofol, and bispectral index (BIS) values after admin-
istration of an intravenous bolus of 3 mg kg™ (upper panels) and
zero-order infusion at the rate of 200 pg kg™' min~' for 60 min
(lower panels). Left panels children aged 4 and 12 years. Body weight

weight-based dose requirement in younger children
(2 years of age) exceeded that required by older children
(612 years of age) by 30.1 % [33]. The fixed value of the
central volume of propofol in this study produces a higher
volume per unit body weight with decreasing body weight.
Lighter children, therefore, require a higher weight-based
bolus dose to achieve a given initial concentration of
propofol. Upon the same weight-based dose, simulated
concentrations of propofol are lower in lighter children
owing to smaller total dose of propofol. However, central
volume of distribution in the Kataria model, which is lin-
early proportional to body weight, cannot describe higher
bolus dose requirement of propofol in lighter children,
because the same weight-based dose administered to chil-
dren with different body weights should always result in
the same initial plasma concentration [34]. On the other
hand, Schiittler model, in which central volume of propofol
is nonlinearly proportional to body weight, well describes
lower plasma concentration in lighter children upon the
same weight-based dose of propofol [3]. But this model
does not provide a blood—brain equilibration rate constant
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and mean infusion rate of remifentanil throughout the operative
period were set at 20 kg and 0.24 pg kg’1 min~", irrespective of age.
Right panels children receiving remifentanil at mean infusion rates of
0, 0.2, and 0.8 pg kg~' min~'. Body weight and age were set to
20 kg and 8 years, respectively

(k.0) essential to target effect-site concentration controlled
infusion of propofol and has not been validated externally.

Higher weight-based infusion rate of propofol
to maintain a level of concentration and prolonged
context-sensitive half-time in lighter children

In this study, the lighter the children, the higher the weight-
based infusion rate of propofol to maintain a certain level
of plasma or effect-site concentration, as inferred in Fig. 4,
lower panel. The integration of body weight to the
metabolic clearance of propofol lead to substantial pro-
longations of the context-sensitive decrement times in
children as body weight decreases (Fig. 6). These findings
are in complete agreement with those of McFarlan et al.
[35], and can be fully described using pharmacokinetic
parameters, with which only body weight is associated, and
the ko in this study. The major difference of the present
study from that by McFarlan et al. is that the independent
effects of body weight (pharmacokinetically) and age
(pharmacodynamically) on the infusion rate of propofol
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Fig. 6 Context-sensitive decrement times for 50 and 80 % decreases
in plasma propofol concentration after target plasma concentration-
controlled infusion for varying durations in children weighing at 10
and 40 kg

required to produce a given level of plasma or effect-site
concentration were delineated.

Higher weight-based infusion rate of propofol
to maintain a given level of BIS in younger children

The infusion rate of propofol to maintain any designated
BIS level (which measures the response to propofol) de-
pends on both body weight and age in the children
population, as inferred in Figs. 4, lower panel and 5, left
lower panel. The relationships between BIS and the effect-
site concentration of propofol shown in Eq. 1 exemplify
this assertion. The effect-site concentration needed to
produce a particular BIS level can be calculated using
pharmacodynamic parameters such as E,, E,.. 7, and
Ceso. Age is involved in this calculation as a covariate of
Cesg. Then, k.o and pharmacokinetic parameters are re-
quired to calculate the propofol dose requirement to
maintain the calculated effect-site concentration corre-
sponding to that level of BIS. Notably, calculated effect-
site concentration of propofol to produce a given value of
BIS varied not by body weight, but by age and the mean
infusion rate of remifentanil, because body weight is not
involved in calculation of the effect-site concentration in
Eq. 1. Many earlier studies reported increased sensitivity to
propofol in children using pharmacodynamic analysis only
[1, 5, 36]. However, when pharmacokinetic parameters
derived from separate pharmacokinetic studies are used for
pharmacodynamic modeling, the individual effects of
pharmacokinetic and pharmacodynamic characteristics in
terms of the higher propofol dose requirements in the
children population cannot be evaluated accurately and
precisely.
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Remifentanil reduces the weight-based dose
requirements of propofol

Several studies have also shown that opioids dramatically
reduce the concentrations of propofol required for
achievement of various clinical and electroencephalo-
graphic endpoints [37, 38]. Response surface modeling has
been used to evaluate potential drug interactions between
the two drugs with common clinical responses, at the entire
ranges of their concentrations [39]. However, complex
dosing schemes and relatively long time for achieving
pseudo-steady states of drug concentrations for certain
levels of response make response surface methodology less
available in clinical settings. Instead, we decided to include
the total dose of remifentanil from induction to the end of
anaesthesia in the form of mean infusion rates which is
more easily understandable to the clinical practitioners. Of
course, we also sought to include the bolus dose and in-
stantaneous infusion rates of remifentanil as time-varying
covariates, but we failed to successfully fit the data. In
simulation studies, the effect of remifentanil on the
propofol dose requirement was almost twice those of age
and body weight. This simulation is supported by an earlier
study that demonstrated a synergistic interaction between
propofol and remifentanil for maintenance of a BIS value
between 45 and 55 [12].

Which model is better to titrate propofol
during anaesthesia in children?

A TCI system, which is well known as a method to
maintain a nominal target concentration, can induce and
maintain target concentration of propofol using a pharma-
cokinetic model. The pharmacokinetic parameters and kg
including covariates are programmed into a TCI system,
without considering the inter- and intra-individual vari-
ability. The effect-site concentration-controlled infusion of
propofol is a more effective method to titrate surgical
stresses during anesthesia than manual infusion, because
effect-site concentration determines the effect of a drug.
Although predicted BIS values in the final pharmacody-
namic model may be more reliable than those in the in-
termediate model, mean infusion rate of remifentanil in
Eq. 12 is unobtainable during clinical practice and hence,
the final pharmacodynamic model is not applicable to
predicting BIS in real-time. Predicted BIS values in the
intermediate pharmacodynamic model reflect at least age
and body weight dependent dose alterations of propofol,
and can be obtained in real time during anaesthesia. Also,
model performances of the two models were comparable
each other. Hence, we thought that the intermediate phar-
macodynamic model may be reliably applicable to target
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effect-site concentration controlled infusion in clinical
practice.

Comparison of sampling scheme with Kataria model

Pharmacokinetics of propofol in children has been de-
scribed by three compartment mammillary models [3, 34,
40-43]. Of these models, sampling schedule was described
only in Kataria model [34]. Arterial blood was used for
model building in this study, while venous blood, in
Kataria model. Both studies were conducted with an in-
travenous bolus and subsequent variable rate infusion.
Initial sampling time after an intravenous bolus of propofol
in Kataria model was 1.5 min, while 2 min in this study.
The two studies are not substantially different in terms of
sampling scheme. Time course of plasma concentration of
propofol in children was well described by two compart-
ment mammillary model in this study, which was partly
explained by the relatively late initial sampling time and
early last sampling time after discontinuation of propofol
infusion. This point was a limitation of this study due to
sampling difficulties, especially at the beginning of ad-
ministration of bolus dose and at late postinfusion times. It
is needed to check the potential error for longer infusions
using this model in a TCI system.

Midazolam and remifentanil

In this study, midazolam was given before induction, and
all children were lightly sedated, as indicated by the av-
erage baseline BIS of 82.2 + 7.0. In general, this is a usual
clinical practice, on which pharmacokinetic and pharma-
codynamic modeling of propofol should be based. Because
all patients received the same weight-based dose of mida-
zolam, additional inter-individual variability imposed on
pharmacodynamic parameters by the administration of
midazolam might not be substantial, as indicated by the
small coefficient of variation of the baseline BIS value
(8.5 %). In an earlier study to evaluate triple pharmaco-
dynamic interactions involving intravenous bolus doses of
midazolam, propofol and alfentanil, there was no triple
synergy of all three drugs beyond the synergy of all paired
drugs [39]. Moreover, external validation demonstrated
that predictive performances in pharmacodynamic predic-
tions in this study were much better than those in phar-
macokinetic predictions. We, therefore, thought that
midazolam probably has minimal influence on the estimate
of k.9, which was the important parameter carried forward
to the TCI system.

Although remifentanil does not alter the pharmacoki-
netics of propofol, propofol increases the initial remifen-
tanil concentration after a bolus but minimally increases
the concentrations during maintenance phase [44]. Because

we did not measure blood concentrations of remifentanil,
possible increase of remifentanil concentrations during
induction phase and resultant influence on observed BIS
values were not evaluated. However, we consider that any
such effect may be minimal because bolus doses of
remifentanil during induction were 1 pg kg™' in all pa-
tients and remifentanil changes processed -electroen-
cephalograms at very high concentrations [45]. Although
inter-individual variability of k., increased after inclusion
of age and remifentanil in the pharmacodynamic models in
this study, all the estimates of pharmacodynamic pa-
rameters were statistically sound, as indicated by relative
standard errors less than 50 % and narrow 95 % confidence
intervals. The final value for k, in this study equates to an
equilibrium half-life of 1.87 min. This is more rapid than
values for adults (5.68 and 5.13 min for man) [46, 47]. This
phenomenon may be explained by some facts. First, frac-
tion of the cardiac output distributed to the vessel-rich
organ including brain is generally greater in children than
in adults [48]. Second, immaturity of the blood-brain
barrier can lead to higher brain concentrations of lipophilic
drug [49].

External validation

Pooled biases and inaccuracies in pharmacokinetic pre-
dictions of propofol were clinically acceptable in this study
(bias: <10-20 % and inaccuracy: approximately 20-30 %)
[30, 31, 50], while those of Kataria and Schnider models
failed to meet these criteria [1]. The reason for showing
overestimation of plasma concentration of propofol in this
study may be found in three aspects. First, during target
controlled infusion, pharmacokinetic parameters derived
from administration of bolus dose showed worse prediction
than those derived from infusion data [51]. Second, it
seems that allometric scaling well described the age-related
changes of metabolic clearance in children than linear
weight-clearance relationship [52]. The almost linear
weight-clearance relationship was observed in this phar-
macokinetic model. Third, relatively low number of early
samples after administration of bolus dose may influenced
the estimation of pharmacokinetic parameters, especially
volume of distribution of central compartment (V1). The
value of V1 in this study was relatively lower than those of
other pediatric pharmacokinetic models (the range of V1:
1.74-10.3 for a 10 kg 1-year-old patient) [53]. Divergence,
an index of how the resulting drug concentrations in a
patient are affected by time, was slightly high, compared
with those in adults (=2 to 13.2 % h™') [30]. In general,
divergence is best determined by maintaining a single
target concentration over time. We employed stepwise in-
creases in target concentration of propofol followed by
stepwise decreases, which might worsen divergence.
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Moreover, to our knowledge, there has been no study to
evaluate divergence of a pharmacokinetic model of
propofol in children. Comparison of predictive perfor-
mances for pharmacokinetic models of propofol are shown
[1, 30].

Conclusion

The altered weight-based dose requirements of propofol
(bolus dose and infusion rate) are well described pharma-
cokinetically (as a fixed volume of central compartment
and the inclusion of body weight in V, and metabolic
clearance), and pharmacodynamically (the effects of age
and remifentanil on the potency). The lighter the child, the
higher weight-based requirements in bolus dose and infu-
sion rate of propofol to achieve a given plasma or effect-
site concentration. The younger the child and the lower the
mean infusion rate of remifentanil, the higher weight-based
dose requirements of propofol (bolus and infusion) to
produce a given level of BIS. Predictive performances of
target controlled infusion system incorporating pharma-
cokinetic parameters and k. in this study were clinically
acceptable.
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