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Introduction

Aims To document the population pharmacokinetics of carbamazepine in patients
with epilepsy living in Singapore, the majority of whom are of Chinese origin and
others of minority races.

Methods Steady-state plasma carbamazepine concentration data were gathered during
routine care from various hospitals in Singapore for patients with epilepsy. Age, body
weight, gender, race, formulation and concurrent medication (for other illnesses) were
the fixed effects (covariates) tested simultaneously for their influence on the population
mean of carbamazepine clearance, using the nonlinear mixed-eftects model, in the
NONMEM program.

Results No age, gender, race, or formulation—related effect was found. Body weight
(W), age (A) and concurrent medication with phenobarbitone (PB) emerged as the
determinants of carbamazepine clearance (CL). The final regression model for
carbamazepine clearance found best to describe the data was CL=40.7 x
AP W % 1,448 where CL is in 1 day™ ' kg™ ', A is in years, W is in kg
and PB=0 for a patient on carbamazepine only and PB=1 for a patient on
concomitant PB. The corresponding interindividual variability (CV%) in CL,
described by using an exponential model, was 21.4%, and the residual error, described
by using an exponential error model, was 18.2%. Predictive performance of this
population covariate model was evaluated by Bayesian forecasting in a similar, but
independent cohort of patients. There was no statistically significant bias between
predicted and measured plasma carbamazepine concentrations. The population mean
value of carbamazepine clearance obtained was similar to that previously reported for
patients with a very different ethnic (Caucasians and Blacks) or geographical
background (South Africa, Europe and USA).

Conclusions The derived covariate regression model reasonably predicted concentra-
tions in the separate validation Singapore patient data set. The correlation between
carbamazepine clearance and patient-specific characteristics may thus allow dosage
adjustment to be made to achieve target steady-state plasma concentrations.
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tonic-clonic seizures [1]. However, it is difficult to

establish suitable dosage regimens for this drug because

Carbamazepine (CBZ) is an anticonvulsant widely used
for the treatment of partial seizures and generalized
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of the lack of a good relationship between the dose and
the desired effect, its narrow therapeutic range, and the
variation in its pharmacokinetic characteristics [2-4].
The influence of genetic difference, age, sex, race, variable
absorption rates, autoinduction, disease-state, and comedi-
cation may cause significant changes in blood levels
of CBZ and its metabolites [5-8]. Although a therapeutic
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range for CBZ is generally accepted to be between 4 and
12 mg1~", certain patients respond to concentrations
either below or above these values. Dose/concentration
related toxicity may be manifested by dizziness, diplopia,
nausea, headache and light-headedness [9]. Determining
patient-specific therapeutic concentrations necessitates
individualized dosing regimens.

Studies of the pharmacokinetics, pharmacodynamics,
efficacy, and toxicity of drugs have traditionally been
conducted in primarily Caucasian populations. There are
several pharmacokinetic studies and reviews on CBZ in
adults and children [2, 4-12]. Ethnic background is usually
not considered in decisions regarding drug dosages. How-
ever, a growing body of evidence indicates that ethnic
differences may aftect pharmacokinetics and hence dosage
requirements [13, 14]. Differences between Chinese and
Caucasian groups are especially well documented for drugs
such as propranolol [15], morphine [16], nifedipine [17],
diazepam [18], phenytoin [19] and haloperidol [20]. It is
thus more appropriate for individualizing dosage of such
a drug in patients based on pharmacokinetics derived
from the same ethnic patient population. However, very
little published information exists concerning CBZ phar-
macokinetics (particularly population clearance values) in
non-Caucasian patients, for example, in Asians. Such
information is useful for optimizing daily dosages of CBZ
in these patients. Their welfare and quality of life may be
improved by better seizure control or reduction in toxicity.

The present study was thus undertaken to determine the
population clearance values of CBZ in epileptic patients
living in Singapore (mostly Chinese), using data gathered
during routine care from various hospitals in Singapore.
The possible influences of certain physiological factors
(age, weight and sex) and concurrent medication on CBZ
clearance were also examined.

Methods
Patients

Data from 193 epileptic patients with a total of 302
measured plasma CBZ concentrations were collected
retrospectively from different hospitals in Singapore. CBZ
was prescribed two to four times a day. The daily dose of
CBZ was administered orally in the form of conventional
tablets or syrup (Tegretol™). Only those blood samples
that were collected at least 2 weeks (CBZ concentrations
assumed being at steady state) after each dosage adjustment
were used for data analysis. Most of the blood samples
were drawn shortly before administration of a dose. In
addition to dosing information and sampling time, the
following demographic data were collected in each patient:
age, body weight, gender, race, formulation, and con-
current medication (e.g. phenytoin, phenobarbitone,
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salbutamol, acetazolamide, metronidazole, aspirin, ami-
triptyline, vitamin B complex, etc.). The characteristics of
the patients are summarized in Table 1.

Pharmacokinetic model

It was not anticipated that these steady state data, with a
limited number of samples drawn during the absorption

Table 1 Characteristics of the 193 patients studied. Mean (s.d.).

Characteristics Index
Number of patients 193
Female (%) 47.4
Male (%) 52.6
Syrup (%) 62.3
Tablets (%) 37.7
Number of observations 302
CBZ dosage (mg kg~ ' day ")
Mean 16.71 (8.38)
Maximum 66.67
Minimum 4.23
CBZ concentration (mg 171)
Mean 7.81 (3.34)
Maximum 20.5
Minimum 1.0
Weight (kg)
Mean 34.90 (20.52)
Maximum 84.5
Minimum 4.84
Age (years)
Mean 12.48 (10.08)
Medium 10
Maximum 51
Minimum 0.3

Percentage of patients on (%)

Monotherapy 52.3
Polytherapy 47.7
Phenytoin 12.2
Phenobarbitone 26.5
Phenytoin and phenobarbitone 2.3
Race (%)
Chinese 74.3
Indian 5.3
Malay 11.5
Others 8.9
CBZ L/D ratio
Mean 0.56 (0.30)
Maximum 1.79
Minimum 0.06
Correlation coefficient” 0.816
Apparent clearance (I day ™' kg™ ')*
Mean 2.50 (1.94)
Maximum 16.76
Minimum 0.56

s.d. = standard deviation; CBZ = carbamazepine; L/D = level/dose.
v Correlation between age and weight.

* Reciprocal of CBZ L/D ratio.
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phase, would be very informative regarding the absorption
rate constant and volume of distribution. In our data set,
most of the concentrations measured at steady state can be
regarded as average steady state concentrations. Thus,
clearance of CBZ was estimated based on the standard
steady state clearance equation, as follows:

C,=R/CL Equation 1

where C is the steady state concentration of CBZ
(mg1™"), R is the dosing rate (mg day "), CL is the
plasma clearance of CBZ (1 day ~'). Because of the lack
of injectable CBZ formulation, no precise data exist on
the absolute bioavailability of CBZ. Several studies have
assumed the bioavailability of CBZ to be 70% [21], 85%
[22] and 100% [8, 9,11] for clearance calculation. The
present study did not permit determination of bioavail-
ability. For the purposes of this analysis, bioavailability is
not assumed; if it is assumed, the term CL in Equation 1
maybe regarded as the apparent oral clearance, CL/F,
where F is the bioavailablity of both CBZ preparations.

Data analysis

Data analysis was performed using the population
pharmacokinetic package NONMEM (version V, level
1.1). To estimate the pharmacokinetic parameters of CBZ
in the investigated population, the following models were
used to describe the intersubject variability in clearance:

CL;=CL,0p + mj,crAdditive model Equation 2.1

pop
CLj=CL,o, X exp(7jcr)Exponential model
Equation 2.2

where CL; is the plasma clearance of CBZ (1 day kg
from the ‘j’th patient; CL,,,, is the population mean value
of CL or a known function that describes the expected
value of CL; as a function of individual specific covariates,
such as age, body weight, gender, race, etc., and the vector
of population average parameters. 7; ¢ is the independent
random error distributed normally with mean zero and
variance equal to 6, which specifies the interindividual

variation around CL,,,,, as CL; differs between patients.

pop>
Residual error (intraindividual variability) in the concen-
tration was modelled in two ways:

Cuij=Ry/CL; + sijAdditive error Equation 3.1

Cyij=Ryi/CL; x exp(g)Exponential error
Equation 3.2

where Rjj is the ‘I’th body weight-adjusted dosing rate
of CBZ (mg kg™ ' day ') in the j’th patient; Cyj 1s the
steady state plasma CBZ concentration (mg 1~ ') measured
in the j’th patient when receiving dosage Rj. ¢ is the
independent, normally distributed error, known as the

©2001 Blackwell Science Ltd Br J Clin Pharmacol, 51, 567-576
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residual error (between the predicted and observed
concentrations) with mean zero and variance 6> which
accounts for all uncertainties caused by intraindividual
variation in CBZ pharmacokinetic parameters, assay and
sampling errors, and model misspecification.

Model building procedure

Structural pharmacokinetic basic model  In the first step of the
analysis the structural pharmacokinetic basic model with-
out any covariates was derived and fitted to the data. Using
NONMEM, the values of the population parameters €
. 2 2 .

(i.e. CL), 6" and 6.~ were estimated.

Covariate model  In the second step a regression model was
derived to describe the dependence of individual phar-
macokinetic parameter estimates (i.e. the elements of
CL,op) on the candidate covariates, i.e. to allow nonlinear
covariate-parameter relationships to be discovered. Before
fitting the regression model by stepwise addition/deletion,
we performed an initial screening with SPSS version 9.0.
This initial screening gives a first impression of the relat-
ive importance of several covariates (i.e. their ability to
reduce the residual sum of squares) and of the shape of
the relationships between covariates and pharmacokinetic
parameters. To carry out this preliminary step, individual
estimates of clearance were first obtained and subsequently
the significance of each possible covariate in aftecting the
parameter was evaluated. After the initial screening step,
with the estimates of the individual CL values treated
as ‘data’, a regression model was derived with stepwise
regression. This step corresponds to the now classical
regression problem of variable selection. The influence of
age, body weight, gender, race, formulation and con-
current medication with other drugs were tested according
to the following model:

CL,., =01 x A" x W% x 04 x 058 x 06™
% 07 5 0578 x 07N Equation 4

where A,W,G,R,FM,PH,PB and PN are values of eight
independent variables: age, body weight, gender, race,
formulation, concurrent medication with phenytoin,
phenobarbitone or nonanticonvulsants, respectively; and

pop

01 to 09 are fixed effects parameters. Gender, race,
formulation and concurrent medication with phenytoin,
phenobarbitone or nonanticonvulsants are dummy vari-
ables; for gender, G=1 if male and 0 otherwise; for
race, R =1 if Chinese and 0 otherwise; for formulation,
FM =1 if tablet and O otherwise; for concurrent medica-
tion with phenytoin, PH=1 if concomitant phenytoin
and 0 otherwise; for concurrent medication with pheno-
barbitone, PB=1 if concomitant phenobarbitone and
0 otherwise; and for concurrent medication with other
drugs, PN =1 if concomitant with nonanticonvulsants and
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0 otherwise. Given the hypothesis that when a factor has
no eftect on CL,p, 0 can be constrained and set equal to
a constant (e.g. zero or one for 02, 03; one for 01, 04, 05,
06, 07, 08, 09) and thereby a reduced form of Equation 4
can be obtained [23]. The covariate model was derived
using a step-wise addition/deletion method from the full
model, i.e. Equation 4. At each step, the model was
advanced by deletion, addition, or replacement of the
covariates until the Akaike Information Criteria (AIC) and
Schwartz Criteria (SC) had reached a minimum value.

NONMEM analysis In the final step of the model-
building, the nonlinear mixed effect population model
describing the relationship between covariates and CL was
built. The NONMEM analysis was resumed in the classic
way, l.e. the influence of the demographic factors of
interest were entered into the pharmacokinetic basic
model, using the regression model (i.e. covariate model)
found in the second step as an initial guess for the final
population model. The regression model was first started
as the initial NONMEM model and thereafter, each
covariate was added or dropped in a strategy correspond-
ing to backward elimination and forward addition, until
the minimum objective function had been reached. To
test which particular fixed eftect parameter values rendered
the data most probable, objective functions were com-
pared between successive models, using the 7~ distribution
with degree of freedom equal to the difference in the
number of (unconstrained) parameters between successive
models. A P value of <0.001 was adopted to indicate
statistical significance. Model selection was done on the
basis of the NONMEM objective function, — 2loglikeli-
hood (—2LL). The difference in —2LL between a full and
reduced model was chosen as the test statistic. Covariates
were added to the model if they significantly decreased
the —2LL, or deleted from the model if —2LL did not
increase significantly.

Predictive performance

Predictive performance was conducted on a validation
data set of 45 observations from an independent cohort of
30 patients randomly selected and deleted from the data set
prior to NONMEM analysis. The regression equation
from the final NONMEM analysis was used to estimate
the individual CBZ CI values for these patients. In
addition, the nonlinear multiple regression program,
MULTI2 (BAYES), based on a Bayesian algorithm for
microcomputers [24], was also employed in the feedback
prediction. The CL values obtained from each method
(regression and Bayesian) and the patients’ CBZ dosing
history were used to predict a concentration at the time of
each observed concentration. Predicted concentrations
from both methods were compared with observed
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concentrations. Bias was assessed through the mean
prediction error (MPE), whereas precision was assessed
through the root mean squared error (RMSE) [25].

Results
Descriptive statistics

There was a statistically significant correlation between
dose (mg kg~ ' day ") and CBZ plasma levels (r=0.157,
P<0.01), although a wide scatter was evident. CBZ
plasma level to dose ratios (L/D) appeared to be related to
the patient’s age (r=0.2388, P<0.0005) and body weight
(r=0.2448, P<0.0005). To evaluate better the influence
of age on CBZ L/D ratio, the patients were categorized
into the following age groups:

1-24 months

2—-12 years, 11 months

13-19 years, 11 months

20-51 years

There was a trend that the mean values of CBZ L/D
ratios in these age groups increased with age, as shown in
Figure 1. Of patients there were 2.9, 20.6, 2.9% among
group 1, 17.4, 31.6, 1.9% among group 2, 11.1, 22.2, 3.7%
among group 3, and 5.0, 20.0, 1.7% among group 4,
receiving phenyton, phenobarbitone, or both, respec-
tively. The CBZ L/D ratio was also found to decrease
significantly (r= —0.4206, P<0.0005) with increasing
dose kg~ '. CBZ clearance appeared to decline with both
advancing age (r= —0.2202, P<0.0005) and body weight
(r=—0.3293, P<0.0005). Body weight was found to be
highly related to age (r=0.816, P<0.0005). Patients
on polytherapy received significantly higher doses
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Figure 1 Mean plasma carbamazepine concentration to dose
(L/D) ratios in various age groups (=£s.e. mean). Age group:

1 (1-24 months); 2 (2-12 years,11 months); 3 (13—19 years,
11 months); 4 (20-51 years). *significantly different from age
group 1, **significantly different from age group 1 and 2.
(P<0.05, using one-way ANOVA: Post hoc multiple comparison-
LSD test.
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") than that of patients on CBZ
"). Patients on poly-

(17.89 mg kg~ ' day ~
monotherapy (15.30 mg kg~ ' day
therapy were also found to have significantly lower mean
plasma CBZ concentrations and mean values of CBZ L/D
ratio than those of patients on monotherapy (Table 2).

Population pharmacokinetic analysis

For the basic structural pharmacokinetic model with
previously described pharmaco-statistical error models for
variability, interpatient variability and intrapatient varia-
bility were found to be best described by an exponential
and exponential error models, respectively. The basic
model (equation 5) resulted in an average population CL
of 210 (Iday 'kg "), with a variance of 0.134
(CV=36.6%) and a residual variance of 0.082 (28.6%)
for patients who were on CBZ monotherapy.

Table 2 Comparison of monotherapy and polytherapy. Mean (s.d.).

Characteristics Monotherapy Polytherapy
Number of patients 101 92
Number of observations 157 145
Female (%) 49 45.5
Male (%) 51 54.5
CBZ dosage (mg kg~ ' day ")
Mean 15.30 (6.60) 17.89 (9.72)%
Maximum 36.95 66.67
Minimum 4.23 4.96
CBZ concentration (mg 17"
Mean 8.21 (3.38) 7.38 (3.26)*
Maximum 20.5 20
Minimum 1 1
Weight (kg)
Mean 29.77 (18.20) 40.72 (21.33)*
Maximum 84 84.5
Minimum 4.84 8
Age (years)
Mean 9.74 (7.78) 15.45 (11.40)*
Medium 8 12
Maximum 47 51
Minimum 0.3 0.5
CBZ L/D ratio
Mean 0.63 (0.33) 0.48 (0.23)*
Maximum 1.79 1.18
Minimum 0.06 0.07
Correlation coefficient vy 0.8411 0.7831
Apparent CL (I day ™' kg™ ) **
Mean 2.16 (1.65) 2.86 (2.17)*
Maximum 16.76 15.38
Minimum 0.56 0.85

s.d. = standard deviation; CBZ = carbamazepine; L/D = level/dose;
CL = clearance.

*Significantly different from monotherapy.

v Correlation between age and weight.

** Reciprocal of CBZ L/D ratio.
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Cyij =Rj5/2.10 X exp(nj c1) X exp(gy) Equation 5

The results of the preliminary analysis were summarized in
Table 3 and showed that gender, race, formulation and
concurrent medication with phenytoin or nonanticon-
vulsants had little or no effect on CL of CBZ. Age, body
weight and concurrent medication with phenobarbitone
appeared to have a definite influence on CL, as if 02 and 03
were constrained to zero and 08 to one, there was a poor
performance in the model fit (i.e. significant increase in the
minimum objective function, P<0.001).

The final regression model obtained from the pre-
liminary screening step was used as an initial NONMEM
model, i.e. CL=01 x A x W™ x 04", where 30, 0.40,
—1.0, and 1.5 were used as initial estimates for 01, 02, 03,
and 04, respectively. The NONMEM analysis step in the
CBZ clearance model building resulted in the following
population model for CL:

CL; = (01 x A% x W x 0478) x exp(ncL) Equation 6

Table 4 summarized the change in —2LL of the forward
addition and backward elimination step performed in
NONMEM analysis step. The three important covariates
obtained from the preliminary analysis also appeared in
finall NONMEM model, but age and phenobarbitone
comedication had relatively a weak effect when compared
with body weight.

The summary results of the final fixed-effects and
random-effects models were presented in Table 5. The
interpatient and intrapatient variability were best described
by an exponential models,

and exponential error

respectively. Interindividual (6¢p) and intraindividual

(6.) variability values obtained were 21.4% and 18.2%,

Table 3 Models tested for factors influencing carbamazepine clearance
in the preliminary step.

Models AIC SC
1. f{A,W,G,R,FM,PB,PH,PN) 1897.686 1931.079
2. f(A,W,G,R ,FM,PB,PH) 1895.751 1925.435
3. f(A,W,G,R,PB,PH) 1893.736 1919.709
4. f(A,W, R,PB,PH) 1891.780 1914.152
5. f(A,W,PB,PH) 1889.936 1908.488
6. f(A,W,PB) 1888.015 1902.857
7. f(W,PB) 1906.691 1917.822
8. f(A,W) 1906.778 1917.879
9. f(A,PB) 1955.311 1966.442
10. (W) 1940.617 1948.038
11. f(PB) 1953.311 1960.732
12. f(A) 1980.848 1988.269
A=age; W = weight; G = gender; R = race; FM = formulation;

PB = presence of phenobarbitone; PH = presence of phenytoin;
PN = presence of nonanticonvulsants; AIC = Akaike Information

Criteria; SC = Schwartz Criteria.
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respectively. The model, a reduced form of equation 4,
which best described the overall individual data when
incorporated into Equations 2.2 and 3.2 was as follows:

CL,0p, =40.7 x A" x W =117 x 1.44"P Equation 7

pop

where CL,,, is in 1 day ' kg™ ', A is in years, and W is
in kg.

The results of the predictive performance evaluation
were shown in Table 6. As expected, the Bayesian
forecasting approach in addition to the derived regression
equations provides more precise, less biased estimates than
the regression equations without Bayesian feedback.
Predictions based on the population covariate model
tended to perform better than those based on the basic
model.

Scatter-plots of observed wvs final covariate model-
predicted concentration (Figure 2a) and weighted resi-
duals vs final covariate model-predicted concentration
(Figure 2b) showed that differences between pairs of
observed and predicted values were small in most of the
patients selected during validation, whereas a frequency

Table 4 Model development in the NONMEM analysis step.

Models Change in —2LL P value
1.CL=1f(A,W,PB)

2. CL=f(A,W,PB,PH) —0.015 NS

3. CL=f(A,W,R,PB,PH) —0.093 NS

4. CL=f(A,W,G,R,FM,PB,PH) —0.324 NS

5. CL=f(A,W,G,R ,FM,PB,PH,PN) —0.434 NS

6. CL=f(A,W) 36.03 1.94 %107 *
7. CL={(W,PB) 35.93 2.05%x 1077 *
8. CL=f(A,PB) 130.45 2.63x 107 *
Basic structural CL model 191.15 250 % 10+ *

A=age; W = weight; G = gender; R = race; FM = formulation;
PB = presence of phenobarbitone;

PH = presence of phenytoin; PN = presence of nonanticonvulsants;
—2LL = minus twice the log likelihood;

NS =not significant.

*Significant.

Table 5 Population pharmacokinetic parameters for carbamazepine.

histogram confirmed that these differences followed
approximately a normal distribution.

Discussion

The present study, using a NONMEM approach to
investigate the influence of demographic fixed-effect
parameters on CBZ clearance in Singapore population
(mostly are of Chinese origin), yielded a final regression
model which relates CL to age, body weight, and
phenobarbitone comedication, the only three out of
eight covariates tested that emerged as important in our
final analysis in determining CBZ clearance.

Although we found a significant correlation between
CBZ daily dose and the plasma concentrations, the
correlation was poor (r=0.157) and the scattering of the
plasma concentration data for each given dose was such
that the relationship had no practical value for predicting
the CBZ concentrations in individual patients. Similar
results had also been observed by other authors [5].

The results obtained in the present study showed a
positive relationship between CL and dose in mg kg ™'
(r=0.6863). Some authors had noted either a negative
correlation between dose and CBZ L/D ratios [5, 7, 26] or

Table 6 Predictive performance of carbamazepine population
pharmacokinetic models in a group of patients (1= 30). (95% confidence

interval).
Regression Bayesian
Basic model
MPE (mg 17" —0.57 —0.66
(—1.57-0.43) (—1.55-0.23)
RMSE (mg 17" 3.59 3.2
(2.41-4.47) (2.03—4.04)
Population covariate model
MPE (mg 1™ ") —0.31 0.23
(—1.33-0.71) (—0.28-0.74)
RMSE (mg 17" 2.69 1.65
(1.51-3.49) (1.33-1.91)

MPE = mean prediction error; RMSE = root mean squared error.

Parameters Meaning Estimated values s.e.

01 Coefficient for combination of A, W and PB 40.7 14.4

02 Power for A 0.494 0.133
03 Power for W —1.17 0.168
04 Proportionality constant for PB 1.44 0.159
GCLZ Inter-patient variance 0.046 0.029
6. Intra-patient variance 0.033 0.012

A=age; W = body weight; PB = presence of phenobarbitone; s.e. = standard error.
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Figure 2 a) Scatter plot of observed carbamazepine concentration
vs final covariate model-predicted concentration. b) Plot of
residual vs final covariate model-predicted concentration.

a positive correlation between dose and CL values derived
using such ratios [21, 22]. However, some controversy
also exists over the influence of CBZ dose on clearance of
the drug. The argument against a relationship between
plasma levels and dose was supported by some authors
[27-29]. By contrast, several authors had observed a
curvilinear relationship between dose and plasma con-
of CBZ [30, 31].

proposed have included decreased absorption [5] or

centrations Possible explanation
increased elimination at higher doses [7, 25, 29, 31].
Although the possibility of dose-dependent kinetics
cannot be excluded, the nature of the single-point data
in the present study precluded the effective exploration of
this relationship. In common clinical practice, doses are
adjusted to keep concentration within the therapeutic
range, only patients with the highest CL receive higher
doses. In fact, some authors have suggested an artifact of
bias for this influence of the CBZ dose on CL [5, 7, 21, 26].
Martin et al. [10] also recognized the futility of consider-
ing dose as a covariate in a population model because the
data arise from clinical use of the drug in which doses are
titrated to desired serum concentrations.

©2001 Blackwell Science Ltd Br J Clin Pharmacol, 51, 567-576
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In the present study, patient’s weight and age showed
significant positive correlation with CBZ L/D ratios, and
significant negative correlation with CBZ CL. This is
consistent with the results reported by other authors [5, 7,
21, 26, 32, 33]. These results suggest that drug clearance
decreases with maturity, as measured by weight and age.
Such a relationship is more evident in children, but is less
than in adults [26], as the main pharmacokinetic char-
acteristics do not change after reaching adulthood because
the metabolic capacity of the liver remains relatively
constant [5]. The present study demonstrated such a
relationship because 74% of the patients from the data set
were below 16 years of age. It was also found that body
weight showed better correlations with CL than did age.
The correlation seen between body weight and CL was
probably due mainly to the effect of body weight on CL in
a nonlinear manner, as well as partly due to the same
common cause, age, affecting both variables throughout
the period of growth. Hence, age became relatively less
important as a fixed effect in the presence of body weight
[23]. Therefore, in our final NONMEM analysis step,
body weight, but not age, emerged as the most significant
covariate, though both were of importance, in determin-
ing CBZ CL (Table 4). Again, our results are in
concordance with the results of other authors [22, 32, 34].

With regards to the influence of concomitant medica-
tion, the final model for CL included the presence of
concomitant phenobarbitone only, but not phenytoin, as
an important covariate. This is in contrast in part with the
results of other studies; both phenytoin and phenobarbi-
tone are well recognized as enzyme inducers, and there is
considerable evidence that concomitant therapy with these
antiepileptic drugs increases CBZ CL in both adults and
children [4, 21, 26, 28, 35, 36]. Nevertheless the present
finding is in agreement with some previous reports [7, 10].
It is likely that the relative infrequency of phenytoin
comedication in our subjects contributed to the inability
to demonstrate an effect (Table 1). A significant difference
in mean apparent clearance values between the mono-
therapy and polytherapy groups is clearly due mainly to
comedication with phenobarbitone.

With respect to formulation, it failed to emerge as an
important fixed eftect on CBZ clearance in the present
study, even though most of our young children were
on liquid dosage form, rather than solid tablet. CBZ
absorption from the conventional tablet is both slow and
variable. It has been much reported that a syrup or liquid
preparation of CBZ gives a higher and earlier peak
concentration compared with that of the tablet form
[37—41]. It was believed that CBZ in solution had greater
bioavailability [39], but previous studies demonstrated that
the two preparations were equally bioavailable [37, 38, 42].

It was found that CL was not significantly influenced by
sex. This finding is similar to the data reported in some
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studies [7, 43, 44]. By contrast, other investigators [4, 8,
21] found that female patients had a lower CL than male
patients, probably because in girls, oestrogen secretion
increases with maturity, and it is known that oestrogen
is able to inhibit microsomal enzymes. Surprisingly, the
population mean value of CBZ CL obtained in the pres-
ent study is similar to the weighted average (i.e.
212 1day " kg™ ") of reported values of that for
American boys (n=25, mean age of 8.84 years, mean
body weight 30.85 kg, F=1, CL=2.59 1 day ' kg™ ")
and girls (n=30, mean age of 8.96 years, mean body
weight 30.75 kg, F=1, CL=1.728 1 day ' kg~ ') on
CBZ monotherapy [8].

Carbamazepine is extensively metabolized, primarily
through epoxide hydrolase. Racial difterences in hepatic
drug metabolism are fairly common and account for the
majority of the literature on racial difference in pharma-
cokinetics [45]. There are a number of studies highly
suggestive of the difference in hepatic metabolism of
specific drugs between Caucasians and Asians [15-17].
Unfortunately, these differences cannot be generalized.
For example, in comparisons of Asians with Caucasians,
there are examples of higher, lower, and no difterence in
hepatic clearance between groups. The present finding
failed to demonstrate any difference in CBZ CL between
Chinese and non-Chinese patients. Perhaps the low
incidence of non-Chinese patients in the study might
hinder the correct characterization of the influence of this
factor. Our non-Chinese group consisted of Malays,
Indians, and patients of other races. The population mean
value of carbamazepine clearance obtained in the present
study was found to differ markedly from that reported
for patients in Japan (CL/F=12741day ' kg™ ' for a
patient group with mean age of 14 years, mean body
weight 39 kg) [34], but was in close agreement with the
other studies of patients who had a very different ethnic or
geographical background [8, 9,11, 21, 22] when the
differences in F values used and in patients’ mean age and
body weight between studies were taken into account. It is
worthwhile to note that peak instead of trough CBZ levels
were used as Cg in the Japanese study as blood samples
were drawn 2—-6 h after the morning dose compared
with blood samplings being taken shortly before a dose in
the present study as well as in other studies [4, 5,7, 8,10,
22, 26, 43]. In one CBZ population pharmacokinetics
study conducted in Spain [22] (for a patient group with
mean age of 9.5 years, mean body weight 35 kg,
F=0.85), population mean CL was reported to be
2371h™ " (Le. 1.911day ' kg~ ' for CL/F; which is
close to 1.93 1 day ' kg™ ' calculated using Equation 7).
Summers & Summers [21], conducted a study on the
CBZ clearance in Black paediatric epileptic patients
(F=0.7), and found that patients on monotherapy
had mean CL value of around 1.531day ' kg '
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(.e. 2.191day ' kg™ ' for CL/F), for a body mass
group of 21-30 kg (no age data reported). In another
traditional pharmacokinetic analysis on adult patients
conducted in France, CL in the monotherapy group
(mean age 21 years, mean body weight 59.1 kg, F=1) was
3281h " (ie.1.33 1 day ' kg™ ', which is slightly lower
than 1.55 1 day ™' kg~ ' simulated using Equation 7) and
5651h~" (e. 254 1day” " kgfl, which is close to
251 1day 'kg ! calculated using Equation 7) in
patients receiving CBZ (mean age 21 years, mean body
weight 53.4 kg) in addition to other antiepileptic drugs
[9]. The overall findings of the present study suggest that
there is little difference in CBZ clearance between the
Asians living in Singapore and Caucasians (living in
Europe and the United States) as well as Blacks (living in
South Africa).

It was considered to be important to assess the predictive
performance of the population models in a separate group
of patients who had clinical and demographic character-
istics similar to those patients used to develop the models.
With the use of a confidence limit approach [25], Bayesian
forecasts of CBZ concentrations in these patients were
tested against observed concentrations. A method using
Bayesian feedback provided the best predictions. The
values of the mean prediction error (bias) and root mean
squared error (precision) between the predicted and
observed concentrations were small, with the 95%
confidence interval for bias embracing zero. Still, there
were a few poor predictions observed in some subjects (see
Figure 2A), otherwise the derived covariate regression
equation could accurately predict observed CBZ con-
centrations in a similar, but independent cohort of
patients. A number of factors might contribute to such a
large deviation between pairs of the predicted and
measured CBZ concentrations during validation. Varia-
tion in patient compliance could be a factor. Among other
factors, variability might have been introduced in the study
by treating the bioavailability of CBZ as a constant.

In summary, estimates of CBZ population pharmaco-
kinetics were obtained from a large population of
Singapore epileptic patients receiving CBZ. The influ-
ence of age, body weight, gender, race, formulation, and
concurrent medication on CBZ CL was quantified.
Caution is needed with respect to what F value of
CBZ is used and patient-specific characteristics when
interpreting CBZ CL among difterent studies.
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