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Abstract

Background—Carbamazepine is a commonly used antiepileptic drug in elderly patients. This
study analyzed prospective data collected as part of a randomized, double-blinded trial of newly
diagnosed epilepsy patients. The aims of this study were to determine the pharmacokinetic
parameters and their variability of carbamazepine in elderly patients and to quantify the effect of
covariates on these parameters.

Methods—Prospectively collected carbamazepine concentrations from 121 patients aged 60
years or older were used to develop a population pharmacokinetic model. Data were analyzed by a
nonlinear mixed effects model (NONMEM). A one-compartment model with first order
absorption and elimination was used to characterize the time course of carbamazepine
concentration. Model evaluation and the predictive performance of the final model were assessed
using the nonparametric bootstrap approach.

Results—The apparent clearance (CL/F) of carbamazepine in this community-dwelling elderly
population was estimated to be 3.59 L/hr with an inter-individual variability of 18.1%. The CL/F
increases 23% in patients co-medicated with phenytoin. The volume of distribution (V/F) was
estimated to be 102 L with an inter-individual variability of 74.7%.

Conclusions—Carbamazepine clearance was not associated with body weight or any
parameterization of body size, nor was age or race, nor any marker of hepatic or renal function.
Patients on concurrent phenytoin therapy can be expected to require a 23% higher dose on
average.
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Background

Methods

Carbamazepine is approved for the treatment of both partial and generalized tonic-clonic
seizures as well as bipolar disorder and trigeminal neuralgia [1, 2]. The incidence of
epilepsy is increased in those over 60 years of age [3]. Although lamotrigine and gabapentin
have been shown to be more tolerable than carbamazepine in the elderly population [4],
carbamazepine is used frequently in the elderly epilepsy population [5, 6]. In addition,
elderly patients who are on carbamazepine and considered stable will most likely not switch
to another antiepileptic drug. The pharmacokinetics of carbamazepine is complex, including
high variability in absorption, high protein binding, low therapeutic index, and enzyme
induction which may be different in the elderly versus younger adult patients. Not only is
carbamazepine inducible by other enzyme-inducing co-medications, it also induces its own
metabolism making this medication a challenge when administered as part of a polytherapy
regimen.

Physiological changes in the elderly may affect the pharmacokinetics of drugs.
Carbamazepine is extensively metabolized in man by the cytochrome P450 3A4 (CYP3A4)
isoenzyme. There is evidence that CYP3A4 shows a decrease in activity with increasing age
[7]. Moreover, it has been suggested that the inducible effect is less sensitive in the elderly
than in younger patients [8, 9]. Evidence from studies that compared therapeutic drug
monitoring data in younger and elderly outpatients show that the elderly may require lower
doses of carbamazepine than younger adults [10, 11]. For all of these reasons, the dose of
carbamazepine selected when initiating therapy is open to a great deal of interpretation. An
understanding of the causes of altered pharmacokinetics and quantification of their effects
would allow clinicians to more effectively choose initial doses of carbamazepine and
potentially reduce the frequency of therapeutic drug monitoring. The aims of this analysis
were to determine the relevant population pharmacokinetic parameters of carbamazepine in
a population of community dwelling elderly subjects and to evaluate the impact of eighteen
commonly available covariates on drug dosing requirements through an effect on drug
clearance.

Patients and Data Collection

Carbamazepine concentration data were obtained from VA Cooperative Study 428, a
randomized, double-blinded, parallel group, monotherapy comparison study of lamotrigine,
gabapentin, and carbamazepine in elderly patients with epilepsy (N=593)[4]. The VA
Cooperative Study 428 was approved by the central VA Human Rights Committee and all
local institutional review boards. This study was approved by the University of Minnesota’s
Human Subject’s Committee.

Patients aged 60 years or older with newly diagnosed seizures were randomly assigned to
one of the three treatment groups. Data from the carbamazepine arm were used in this
analysis. Carbamazepine was titrated by 200 mg every 2 weeks to 600 mg/day. It should be
noted that all carbamazepine prescribed to these patients were immediate release
formulation Tegretol. Coadministration of other antiepileptic medications included
phenytoin (n=20 patients), phenobarbital (n=1 patient) and valproic acid (n=2 patients).
Concomitant therapy on any one nonantiepileptic drug known to be an inducer or inhibitor
of carbamazepine were in less than 10% of the population and therefore, these drugs were
not tested. Patients were allowed to enter the study if they were receiving phenytoin.
However, the phenytoin doses were gradually withdrawn during the first 6-8 weeks of
carbamazepine therapy. Blood collection and clinical evaluations were carried out at
enrollment, biweekly to week 8, monthly to week 28, and bimonthly to week 52. The time
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of blood collection was not controlled and reflected convenience samples. As
carbamazepine concentrations were obtained at least 2 weeks after a change of
carbamazepine dose, carbamazepine concentrations obtained at each visit were assumed to
be at steady statein the post-induction phase. Dosing history including the actual time the
dose was received and drug amount of the last three doses before sampling time, time of
blood draw, and updated co-medications were obtained at each clinic visit. Pill counts
indicated that medications were taken as prescribed by 93% of the patients in the study.

Population Pharmacokinetic Analysis

The population pharmacokinetic analyses were performed using NONMEM (version VI,
NONMEM Project Group, UCSF/Globomax and PDx-Pop version 2.0). A one-compartment
model with first order absorption and elimination (subroutine ADVAN2 TRANS?2) was used
[12]. Therefore, CL/F, V/F, and K, were obtained from the model. The inter-individual
variability (11VV) was modeled using an exponential error model for all parameters as given
in the following equation.

P;=TVP X exp(7j) equation 1

Pj is the pharmacokinetic parameter for subject j, TVP is the typical value of the
pharmacokinetic parameter in the population, and n is the inter-individual variability which
is assumed to be normally distributed with a mean of zero and variance of w2. The residual
unexplained variability (RUV) which includes other unexplained variability (e.g., model
misspecification, assay errors, and dosing history errors) was modeled using a proportional
error model which can be described by the following equation.

Cobs,ij=Cpred,ij X (1+&j) equation 2

where Cgpg, jj and Cpreg, jj are the it observed and predicted concentrations in the individual
and &jj is the residual unexplained variability which is normally distributed with a mean of
zero and variance of 62,

The first-order conditional estimation method with interaction (FOCE-I) was used for all
analyses. A graphical assessment of the goodness of fit was performed by Xpose 3.1[13] and
S-PLUS 2000 (Insightful Corp, Seattle, WA, USA).

The model was initially developed without including patient specific covariates (base
pharmacokinetic model). To identify the significant covariates, 18 available covariates that
could be important in elderly patients were considered in the covariate model building step.
These covariates included measures of body size (weight, body mass index (BMI), body
surface area (BSA), ideal body weight (IBW), lean body weight (LBW)) to determine if
body size is a better predictor of pharmacokinetic parameters in elderly patients;
demographic factors (race, age, study center); co-medication use of known metabolic
inducers (phenytoin use); factors that could effect liver function (alcohol use, smoking, age,
aspartate aminotransferase (AST), alanine aminotransferase (ALT)); factors that could affect
protein binding (albumin (ALB), total protein); and kidney function indicators (blood urea
nitrogen (BUN), serum creatinine (CR), creatinine clearance (CRCL) which was calculated
using Cockroft-Gault equation). Due to a small sample size of some race categories, race
was evaluated as a dichotomous covariate (White and non-White). Age was evaluated as
both a continuous and categorical covariate (age < 80, and age > 80 years). Age 80 years
was considered as a possible break point based on the initial graphical analysis. Each
covariate was added to the base model sequentially using a stepwise technique. All
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continuous covariates were introduced into the base model in a linear and non-linear
manner. The significance of each covariate was evaluated by the likelihood ratio test and
visual inspection of diagnostic plots. The difference in NONMEM objective function value
(OFV) of at least 6.64 (corresponding to a nominal p-value of 0.01) and 10.83
(corresponding to a nominal p-value of 0.001) were used as cutoff values for forward
selection and backward deletion, respectively.

A covariate randomization procedure was used to assess the actual significance levels for a
covariate effect in the final model [14, 15]. A randomization test was performed for each
covariate remaining in the final model separately. Each covariate vector in the final model
was randomly permuted 2000 times using Wings for NONMEM (Version 600, http://
wfn.sourcefourge.net). A full model (a model including a parameter-covariate relationship)
was fitted to each of the permuted data sets. The difference in the objective function value
(dOFV) between a full model and a reduced model (a model without a parameter-covariate
relationship) was calculated. Two thousand dOFV were obtained and rank ordered. The
dOFV values corresponding to the 0.1™ and 15tpercentile were used as a cutoff dOFV for the
actual p-value of 0.001 and 0.01, respectively.

Model evaluation

Results

Model evaluation was assessed using the nonparametric bootstrap. The bootstrap re-
sampling technique was applied to assess model reliability of the parameter estimates and
their 95% confidence interval (Cl) from the final model [16, 17]. One thousand bootstrap
data sets were generated by repeatedly sampling with replacement from the original data set
using Wings for NONMEM (Version 600, http://wfn.sourcefourge.net). The final model was
fitted to each of 1000 bootstrap data sets and parameter estimates were obtained. These
parameter estimates were rank ordered. The values at the 2.5M, 50t (median), and 97.5t
percentile were obtained and compared with the parameter estimates and their 95% ClI
obtained from NONMEM.

The predictive performance of the final model was assessed using the bootstrap approach
previously illustrated [17, 18]. In this study, two prediction error metrics, mean square error
(MSE), defined as the squared difference between the observed and model predicted
concentrations and mean absolute error (MAE), defined as the absolute difference between
the observed and model predicted concentrations, were used to assess predictive
performance. Two hundred bootstrap data sets were generated using Wings for NONMEM
(Version 600, http://wfn.sourcefourge.net). The final model was fitted to each of the
bootstrap data sets obtaining a bootstrap model. In this step the coefficients were allowed to
be estimated from each of the 200 bootstrap data sets. Therefore, 200 bootstrap models were
obtained. Each of the bootstrap models was applied to the original data set by fixing the
coefficients and random effects for the bootstrap model. The difference between the MSE
obtained from fitting the bootstrap model to the bootstrap data set and MSE obtained from
fitting the bootstrap model to the original data set, defined as the “optimism” (OPT4) was
calculated. The difference between the MAE obtained from fitting the bootstrap model to
the bootstrap data set and MAE obtained from fitting the bootstrap model to the original data
set defined as OPT, was also calculated. The mean OPT; and OPT, from200 paired runs
were obtained. The MSEjmp, the improved estimate of MSE, and MAE;n,, the improved
estimate of MAE, were calculated by adding the mean OPT; and OPT, to the original MSE
and MAE obtained from fitting the final model to the original data set.

A total of 555 plasma concentrations from 121 patients were used in this analysis. A
summary of the patient characteristics is shown in Table 1. All concentrations were below
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20 pg/ml with a majority of concentrations below 10 pg/ml. A plot of carbamazepine plasma
concentrations (pg/ml) versus the time after last dose (hours) of patients taking
carbamazepine 600 mg/day is shown in Figure 1.

As is often the case with sparse data sets in relatively small populations, interindividual
variability cannot be obtained for all parameters of interest. In this analysis, the 11V of Ka
could not be estimated and only the typical value of Ka in the population is reported. This
does not mean that there is no between-subject variability in Ka, but that there is not
sufficient information in the available data to uniquely identify the variability parameter.
During the forward selection process, the significant covariates for CL/F were phenytion use
and ALT; whereas, phenytoin use and alcohol use were the significant covariates for V/F.
When backward deletion was performed, ALT failed to reach a significance level for CL/F.
Similarly, alcohol use and phenytoin use failed to reach a significance level for V/F. Finally,
only phenytoin use was a significant covariate for CL/F; whereas, none of the covariates
were significant for V/F. The final model can be represented by the following equations:

CL/F(L/hr)=3.59x1.23(if taking phenytoin) equation 3.1

V/F(L)=102 equation 3.2

K, (hr 1)=0.197 equation 3.3

The final parameter estimates from NONMEM are summarized in Table 2. The goodness-
of-fit plots from the final model are presented in Figure 2.

The cutoff dOFVs corresponding to the actual p-value of 0.01 and 0.001 based on a 2000
randomization procedure were 9.763 and 6.379, respectively. The results from the
randomization test show that the actual significance levels are similar to the nominal levels.

Model Evaluation

From 1000 bootstrap runs, 747 runs had a successful minimization and successful
covariance step and were included in the bootstrap analysis. Table 2 shows the parameter
estimates and 95% CI obtained from NONMEM compared with the values obtained from
the bootstrap approach. The mean parameter estimates for the fixed and random effects from
the bootstrap approach were comparable and within 10% of the estimates from NONMEM.
Therefore, we determined the parameter estimates from NONMEM to be reliable. The 95%
ClI for all parameters from the bootstrap approach were generally comparable with the
estimates from NONMEM, except for 11V of V/F.

When the bootstrap approach was applied to assess predictive performance, the average
OPT; and OPT, from 200 bootstrap runs were 0.03 pg/ml and 0.009 pg?/mil?, respectively.
The original MSE and MAE obtained from fitting the final model to the original data set
were 5.29 pug?/mi? and 1.63 pg/ml; therefore, the MSEjmp and MAEjy, were 5.33 pug2/mi?
and 1.64 pg/ml, respectively. The average OPTq and OPT, were small and less than 0.15
times MSEjmp and MAE;jn,. Therefore, the model is considered to be without substantial
deficiencies.

Discussion

This study presents the development of an equation for and an estimation of the
carbamazepine pharmacokinetic parameters as well as the relationship of these parameters
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with patient specific covariates in a particular patient population, community-dwelling
elderly patients. The population mean CL/F estimated from the model was 3.59 L/hr in
patients receiving carbamazepine monotherapy with an interindividual variability of 18.1%.
Among 18 covariates considered in this analysis, phenytoin use was the only covariate
found to be significant for CL/F although it should be noted that the increase in
carbamazepine CL/F with the co-administration of phenytoin was to a smaller extent than
that seen with younger adults. The estimates of V/F and K, were 102 L (11V = 74%) and
0.197 hr1, respectively. Based on the parameter estimates from the final model,
carbamazepine half-life was approximately 19.7 hours in this community dwelling elderly
patients which was consistent with the values estimated from adult patients of 10-20 hours
[19, 20]. These values may provide a more population specific estimate of maintenance and
loading doses in the community-dwelling elderly population.

The estimate of CL/F and the variability between patients from our study are comparable
with previous reports from population pharmacokinetic studies of carbamazepine in adults
and elderly patients [21-24]. Carbamazepine is primarily metabolized by CYP3A4 yielding
an active carbamazepine-10, 11-epoxide. CYP3A4 is known to decrease its capacity with
increasing age [7]. Whereas there is evidence of decreasing CL/F of carbamazepine in
elderly patients compared with adult patients [6, 22]; some studies show no age-dependent
changes in CL/F of carbamazepine [23, 25]. These previous studies included small numbers
of elderly patients. The effect of age on CL/F of carbamazepine was not observed in our
study and therefore, indicates that clearance may not differ significantly once an individual
reaches 60 years of age. However, this data set consists of only elderly patients aged 60-96
years old. In order to investigate the effect of age on carbamazepine pharmacokinetics and
the difference of pharmacokinetic parameters between elderly and younger adults, further
study in a data set with a wider range of age is required.

The metabolism of carbamazepine is highly inducible by other antiepileptic drugs including
phenytoin, primidone, and phenobarbital [26, 27]. In this study, phenytoin increases
carbamazepine clearance, but to a lesser extent (23% compared to 44 and 42%) than in
previous studies in adult patients [22, 23]. This difference in the effect on carbamazepine
clearance in the presence of phenytoin may be due to a decreased sensitivity to enzyme
induction in elderly patients [8, 9]. This finding suggests that doses may need to be changed
to a lesser degree in elderly patients than younger adults who are having phenytoin added or
withdrawn from their dosing regimens.

Previous population pharmacokinetic studies show a positive association between CL/F and
total daily dose (TDD) [23, 24]. Several explanations were given to discuss this association
such as a change in bioavailability, hepatic enzyme activity, or the degree of autoinduction
of carbamazepine metabolism [23, 24]. In medications where doses are adjusted based on
therapeutic drug monitoring, clinical responses, or adverse effects, there is an inherent
correlation between dose and drug clearance; this correlation does not necessarily imply a
true relationship [28]. The clinical management of carbamazepine in this elderly population
would introduce an inherent correlation between dose and clearance in this data set.
Therefore, total daily dose was not considered in covariate model building in this study.

The results from the randomization test show that the actual significance levels are similar to
the nominal levels which is expected when FOCE-I is used [15]. The results from the
bootstrap analysis show that the median parameter estimates obtained from 1000 bootstrap
data sets were generally comparable to the estimates from NONMEM indicating that the
final parameter estimates are reliable [17]. However, 95% CI of 11V for V/F obtained from
the bootstrap approach was wider than the one obtained from NONMEM. This may be a
result of the sparse sampling design used in this data. With a limited number of samples per
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individual, the ability to obtain an accurate and a precise estimate of the interindividual
variability of the parameter estimates is often problematic [29]. This contributes to a wider
bootstrap 95% CI of 11V for V/F.

The predictive performance of the final model was assessed by the bootstrap approach.
When the model is applied to the data from which it was derived, the predictive metrics
(e.g., mean absolute error) tend to be smaller than when the model is applied to the external
data. Therefore, the “optimism” (OPT) is calculated and is added to obtain the improved
metrics. The improved metrics will then reflect the values obtained when the model is
applied to the external data. In this study, the mean OPT for both MAE and MSE are less
than 0.15 times the improved metric, indicating that the model is without substantial
deficiency [17].

There were some limitations in this study. First, the dosing history (the actual time and drug
amount of the last three doses before sampling time) was based on patients’ self-report
which commonly may not be exact in a large clinical study. Additionally, only one blood
sample was taken for each individual at each clinic visit. These factors may impact the
accuracy and precision of the parameter estimates. However, a previous simulation study
shows that the clearance estimate and its 11V are robust for sampling time error [30].
Moreover, a limited number of samples have minimal effect on the fixed effect parameter
estimates [29]. Therefore, the parameters in this study should be reasonably estimated.
Finally, the effect of other co-medications interacting with carbamazepine was not
quantified, as phenytoin was the only interacting co-medication that was present in a
sufficient number of patients to be tested in this study population.

Conclusion

This study provides estimates of population pharmacokinetic parameters from a community-
dwelling elderly population. An important result from the covariate analysis is that of the
commonly available covariates, only concurrent phenytoin use had a significant impact on
carbamazepine clearance and can potentially guide the selection of the initial dose.
Carbamazepine clearance was not associated with body weight or any parameterization of
body size, nor was age or race, nor any marker of hepatic or renal function. Hence, there is
little to be gained from weight-based doses or modifying initial doses based on age, race,
renal insufficiency, or laboratory markers of hepatic function in community-dwelling
elderly. Patients on concurrent phenytoin therapy can be expected to require a 23% higher
dose on average. Clinicians dosing to a targeted concentration range will likely need to
continue monitoring plasma concentrations and adjusting doses as needed.
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Summary of Patient Characteristics (N=121)

Patient Characteristics Frequencies (%)
Gender

Male 118 (97.5)

Female 3(2.5)
Race

American Indian 3(2.5)

Black 30 (24.8)

Hispanic 4(3.3)

White 83 (68.6)

Other 1(0.8)
Alcohol use 36 (29.8)
Smokers 31 (25.6)
PHT use ™ 20 (16.5)

mean (range)

Age (year) 70.5 (60-96)
Weight (kg) 81.4 (50-129)
IBW (kg) 68.6 (37-82)
BMI (kg) 27 (17-38)
LBW (kg) 61 (39-80)
BSA (m?) 1.96 (1.44-2.5)
Height (inches) 68.6 (52-76)
Creatinine Clearance (ml/min) 76.45 (5.45-174)
BUN (mg%) 18.4 (3-92)
Serum creatinine (mg%) 1.15 (0.6-11.5)
Albumin (mg%) 3.8(2.1-5)
Aspartate aminotransferase (mU/ml) 24 (6-361)
Alanine aminotransferase (mU/ml) 27 (3-266)
Total protein (gm%) 7 (5.5-9)

*
The patients used PHT before enrollment and PHT dose was gradually withdrawn during the 5-week titration phase of CBZ.

Table 1

Page 13

IBW, ideal body weight; BMI, body mass index; LBW, lean body weight; BSA, body surface area; BUN, blood urea nitrogen; PHT, phenytoin.
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Table 2

The final parameter estimates and 95% CI from NONMEM and the bootstrap analyses®

Parameter | NONMEM | Bootstrap Analysis

| Estimate | 95% CI* | Median | 95% cIt
CL/F (L/hr) 3.59 [3.39-3.79] 3.58 [3.39-3.80]
If taking PHT 1.23 [0.961-1.50] 1.26 [0.963-1.50]
VIF (L) 102 [37.1-167] 92.1 [19-189.6]
Ka (hr'h) 0.197 | [0.0933-0.301] 0.19 [0.03-0.314]
11V of CL/F (%CV) 18.1 [12.37-22.34] 17.92 | [13.02-22.98]
11V of VIF (%CV) 74.7 [21.1-103.44] 77.84 | [1.06-121.24]
RUV, proportional (%CV) 25.1 [21.47-28.2] 24.6 | [21.74-28.68]

§From 747 bootstrap runs with a successful minimization and successful covariance step

*
(Estimate) + 1.96 x (standard error of the estimate)

fZ.Sth and 97.5th percentile of the ranked bootstrap parameter estimates
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