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Purpose. After oral administration of terfenadine, plasma concentra-
tions of the parent drug are usually below the limits of quantitation
of conventional analytical methods because of extensive first-pass
metabolism. Data are usually reported on the carboxylic acid metabolite
(M1) but there are no published reports of pharmacokinetic parameters
for terfenadine itself. The present study was undertaken to evaluate
the population pharmacokinetics of terfenadine.

Methods. Data from 132 healthy male subjects who participated in
several different studies were included in this analysis. After an over-
night fast, each subject received a single 120 mg oral dose of terfena-
dine; blood samples were collected for 72 hours. Terfenadine plasma
concentrations were measured using HPLC with mass spectrometry
detection and M1 plasma concentrations were measured using HPLC
with fluorescence detection. A 2-compartment model was fitted to the
terfenadine data using NONMEM; terfenadine and M1 data were also
analyzed by noncompartmental methods.

Results. Population mean K, was 2.80 hr™!, T,,, was 0.33 hr, CI/F was
4.42 % 10° 1/hr, V/F was 89.8 X 10° 1, Q/F was 1.85 X 10° I/hr and
V,/F was 29.1 X 10° L. Intersubject CV ranged from 66 to 244% and
the residual intrasubject CV was 21%. Based on noncompartmental
methods, mean terfenadine C,, was 1.54 ng/ml, T, was 1.3 hr,
tinr, Was 15.1 hr, CUF was 5.48 X 10° 1/hr and V,/F was 119.2 X
10° 1. M1 concentrations exceeded terfenadine concentrations by more
than 100 fold and showed less intersubject variability.

Conclusions. Terfenadine disposition was characterized by a 2-com-
partment model with large intersubject variability, consistent with its
significant first-pass effect.

KEY WORDS: terfenadine; carboxylic acid terfenadine; population
pharmacokinetics; nonlinear mixed effects modeling; NONMEM.

INTRODUCTION

Terfenadine is a histamine H,-receptor antagonist very
widely used for the treatment of histamine-related allergic con-
ditions. In 1991, the manufacturer of terfenadine estimated that
over 100 million patients had received the drug since it was
approved in the 1980s (1). Surprisingly little is known about
its pharmacokinetics because terfenadine is subject to extensive
first-pass metabolism after oral administration and consequently
plasma concentrations are usually below the limits of quantita-
tion of conventional analytical methods (2-5). Terfenadine
pharmacokinetic studies using conventional high performance
liquid chromatography (HPLC) assays usually report data for
its (major) carboxylic acid metabolite (M1) but no pharmacoki-
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netic parameters such as clearance, volume of distribution or
half-life for terfenadine (3-9). An earlier study, using a radioim-
munoassay, provided some information on terfenadine disposi-
tion after oral administration, but was significantly limited by
cross-reactivity with M1 (10,11).

Terfenadine is metabolized by cytochrome P-450 3A4 (and
possibly other enzymes) to form a desalkyl- and a hydroxy-
metabolite, the latter is further oxidized to form M1 (12). Plasma
concentrations of M1 are readily detectable and this metabolite
is thought to be responsible for most of the H,-receptor antago-
nist effects observed after oral administration of terfenadine
(5). However, it may be particularly important to evaluate the
disposition of terfenadine itself since, in addition to its H;-
receptor antagonist effects, it also blocks potassium channels
and delays repolarization in cardiac tissues (13). Furthermore,
administration of terfenadine with inhibitors of P-450 3A4 (i.e.
ketoconazole, itraconazole, erythromycin) has been associated
with accumulation of parent drug, altered cardiac repolarization
and a potentially life-threatening cardiac arrhythmia known as
torsades de pointes (7,8,14,15).

The objective of this study was to evaluate the population
pharmacokinetics of terfenadine using an HPLC/mass spec-
trometry assay with adequate sensitivity to describe the disposi-
tion of terfenadine after oral administration.

MATERIALS AND METHODS

Subjects and Data Collection

A total of 132 subjects participating in different terfenadine
pharmacokinetic studies were included in this study. The sub-
jects were healthy non-smoking male volunteers (130 cauca-
sians, 2 blacks) with a mean * s.d. age of 27.9 * 6.5 year,
weight of 72.6 = 7.1 kg and height of 174.9 * 5.9 cm. The
studies were approved by an Institutional Review Board and
signed informed consent was obtained from each subject. The
subjects received no other drug for at least 7 days and abstained
from ethanol or xanthine-containing products for at least 48
hours prior to the study. Each subject was administered a single
oral 120 mg dose of terfenadine (Seldane®, 2 X 60 mg tablets,
Marion Merrell Dow, Kansas City, MO) with 240 ml of water
at approximately 08:00h. The subjects were required to fast
overnight prior to drug administration and for an additional 4
hr after dosing; standard meals were served 4 and 9 hr after
dosing. Blood samples (=10 ml) were collected in Vacutainer®
tubes containing EDTA, prior to, and at 0.5, 1, 1.5, 2, 3, 4, 6,
8,12, 18, 24, 30, 36, 48, 60, and 72 hr after drug administration.
Blood samples were cooled in an ice bath, then centrifuged
under refrigeration. Plasma was harvested and stored in poly-
propylene tubes at —80°C pending analysis.

Terfenadine and M1 Acid Metabolite Assay

Terfenadine plasma concentrations were determined by
HPLC/mass spectrometry using a method developed in our
laboratories (16). The system consisted of an LC-18 reverse
phase column and an API IIl (SCIEX) mass spectrometer.
Atmospheric pressure ionization and selected ion monitoring
modes were used. The lower limit of quantitation was 50 pg/
ml. Between-batch coefficients of variation (CVs) were 14.7,
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6.3, 5.8 and 6.0% and the within-batch CVs were 12.2, 9.7,
5.4, and 3.9% at concentrations of 50.1, 150.3, 751.5, and
3507.0 pg/ml, respectively.

M1 plasma concentrations were measured by HPLC with
fluorescence detection. The lower limit of quantitation was 10
ng/ml. Between-batch CVs were 12.3, 6.9, 5.2, and 8.0%, and
the within-batch CVs were 5.3, 7.4, 5.6, and 5.5% at concentra-
tions of 10, 25, 250, and 400 ng/ml, respectively.

Data Analysis

Population pharmacokinetic parameters of terfenadine
were estimated using nonlinear mixed effects modeling, as
implemented in the software package NONMEM (version IV,
level 2.1, double precision), and using PREDPP (version III,
level 1.1) (17). A total of 1969 terfenadine concentrations from
132 subjects were used in the data analysis. The first-order
estimation method was used to estimate population mean
parameters, intersubject variability in these parameters and
residual intrasubject variability between observed and predicted
terfenadine concentrations. Residual variability includes assay
error, sampling time error, intrasubject variability in pharmaco-
kinetic parameters over time and model misspecification.

The pharmacostatistical model was developed by initially
comparing standard one- and two-compartment models with
first-order absorption and elimination. The models were param-
eterized in terms of clearance and volume of distribution using
the NONMEM subroutines ADVAN2 TRANS2 and ADVAN4
TRANS4, for the one- and two-compartment models, respec-
tively. Exponential error models (NONMEM uses a constant
CV model as an approximation) were used for both the intersub-
ject and residual intrasubject variability. Parameters were added
to the model based on an improvement in residual plots and a
decrease in the minimum objective function (MOF), the latter
being equal to —2 times the log likelihood of the data. The
change in the MOF between two nested models (i.e. a full
model which can be made equivalent to a reduced model by
setting a parameter to a fixed value) is approximately x* distrib-
uted with degrees of freedom equal to the number of parameters
which are set to a fixed value in the reduced model. Thus, a
decrease of 4 units in the MOF was considered statistically
significant (p < 0.05) for addition of one parameter during the
development of the model (18). Once an appropriate full model
was developed, each parameter was sequentially tested to deter-
mine if it should remain in the final model. A more conservative
test (p < 0.005) was used because of the multiple comparisons
that are made for this final step.

Intersubject and residual variability were modeled as
follows:

K,; =K, *eMi
Tigj = Tigg * €Y
CLIF = CUF * "
VjlF = V /F * "
Q;/F = QIF * "
Vil F = V,IF * &M

Cj=C*e
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where K,, Ty, CIF, V/F, Q/F and V/F are the population
mean estimates for the absorption rate constant, the lag time,
the apparent systemic clearance, the apparent volume of distri-
bution of the central compartment, the apparent intercompart-
mental clearance, and the apparent volume of distribution of
the peripheral compartment, respectively. K, Ty, j, CI/F, Vi
F, Q/F and V,/F are the corresponding (hypothetical) true
parameters for the jth subject. m; through m¢ are normally
distributed random variables with means zero and whose
(intersubject) variances are being estimated, C is the predicted
terfenadine plasma concentration at the ith time for the jth
subject, C; is the observed concentration for that subject at that
time and ¢; is the normally distributed residual intrasubject
error with mean zero and whose variance is being estimated.
Bayesian estimates of pharmacokinetic parameters for each
subject were obtained using the “POSTHOC” option in NON-
MEM. The importance of different potential covariates (age,
weight) was evaluated based on changes in the MOF and inspec-
tion of scatterplots of each covariate versus the individual
Bayesian estimates of pharmacokinetic parameters. For the
fixed effects () parameters, the 95% confidence intervals (CI)
were calculated as:

95% CI = 6 * 2 * s.e.

where 0 is the population parameter and s.e. is the standard
error of the estimate. For intersubject and residual intrasubject
CVs, the 95% CI were calculated as:

95% CI = Jvar * 2 * s.e. * 100

Where var is the estimated variance and s.e. is the standard
error of the estimate.

In addition, terfenadine and M1 data were analyzed by
standard noncompartmental method (19). The terminal disposi-
tion rate constant (\,) was determined by linear least-squares
regression using the terminal log-linear portion of the plasma
concentration versus time data and half-life (t;;, ,) was calcu-
lated as 0.693/\,. Area under the concentration-time curve
(AUC) was calculated using the linear trapezoidal rule and
extrapolated to infinity (AUC;,;) by adding the ratio of the last
measurable plasma concentration to \,. Peak Plasma concentra-
tions (Cp.0) and time when C.,, was reached (T,.) were
obtained by inspection of each concentration-time profile. The
apparent systemic clearance (Cl/F) was calculated as the ratio
of Dose to AUC,,;, and the apparent volume of distribution
(V)\/F) as the ratio of CI/F to \,. Results are presented as the
geometric mean and the coefficient of variation (CV) calcu-
lated as:

CV =i _1*100

where sd is the standard deviation of the natural log transformed
parameters (20).

RESULTS

Population Analysis

Table 1 summarizes the steps that produced a statistically
significant decrease in the MOF during the development of
the pharmacostatistical model. The 2-compartment model with
intersubject variability on all the parameters described the data
significantly better than the 1-compartment model (decrease in
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Table I. Model Building Steps

Compared Decrease Inclusion

Model # Model with  in MOF? in model

1 2-compartment model with — — —
intersubject variability
on CI/F

2 Model 1 with intersubject 1 1058.2 yes
variability on V/F

3 Model 2 with intersubject 2 3228 yes
variability on K,

4 Model 3 with intersubject 3 254.1 yes
variability on V/F

5 Model 4 with intersubject 4 237.7 yes
variability on Q/F

6 Model 5 with lag time 5 289 yes

7 Model 6 with intersubject 6 27.0 yes
variability on lag time

8 Model 7 with covariance 7 40.0 yes
between CI/F and VJ/F

9  Model 8 with weight as 8 55 no®
covariate for V,

10 Model 8 with additive and 8 429 no‘

exponential residual error

@ A reduction of the MOF of more than 4 units was considered signifi-
cant (p < 0.05).

b Removed during testing of full model; see text.

¢ Problems with estimates of fixed and random effects parameters;
see text.

the MOF of 549 units, p < 0.001), and was selected as the
basic pharmacokinetic model. Intersubject variability was added
sequentially for CI/F, VJ/F, K,, V./F and Q/F, and inclusion
of all five random effects produced a statistically significant
decrease in the MOF. Inclusion of a lag time, followed by
addition of a random effect on lag time, decreased the MOF
significantly. Covariance between the pharmacokinetic parame-
ters was evaluated and, based on a statistically significant
decrease in MOF, covariance between CUF and VJ/F was
included in the model. Weight was found to be weakly correlated
with VJ/F based on a change of 5.5 in the MOF; inclusion of
age or weight as a covariate for the other pharmacokinetic
parameters did not produce a statistically significant decrease
in the MOF. Finally, including an additive error term to the
exponential model for residual intrasubject variability resulted
in large (1.7 to 2.8 fold) increase in the population parameters of
CV/F, Q/F and V/F, and the 95% confidence intervals included 0
for four of the six fixed effects parameters, despite a statistically
significant decrease in the MOF. Therefore, the simple exponen-
tial model was used for residual intrasubject variability. The
full model was tested by sequentially removing each parameter.
The MOF increased by at least 38 units in each case, and
consequently, all parameters were kept in the final model, with
the exception of weight as a covariate of V/F, where the change
in MOF did not reach the prestated level of statistical signifi-
cance (see Table I).

Table II presents the population pharmacokinetic parame-
ters while Figure 1 shows the concentration-time data for each
subject and the predictions using the population mean parameter
estimates. Based on the population mean parameters, the half-
life of the early (“alpha”) disposition phase was 6.7 hr, t y,

Lalonde, Lessard, and Gaudreault

was 22.8 hr, C,,,, was 1.2 ng/ml and T,,,, was 1.7 hr. Terfenadine
absorption was rapid and showed wide intersubject variability
(CV of 184% for K,). Both the apparent systemic clearance and
volume of distribution were large, consistent with the extensive
first-pass effect and the estimates obtained by noncompartmen-
tal methods. Little if any bias was evident in the weighted
residuals (Figure 2), although there was residual intrasubject
variability of 20.6%.

Noncompartmental Analysis

Mean terfenadine and M1 plasma concentrations are
shown in Figure 3 and the noncompartmental analysis results
are summarized in Table III. AUC;, for terfenadine was less
than 1% of the metabolite AUC;,; and was associated with a
higher variability (CV of 85% and 26% for terfenadine and M1,
respectively). For both analytes, the percent of extrapolation for
AUC to infinity was less than 15%. Maximum concentrations
of terfenadine were reached earlier (1.3 and 2.5 hr for terfena-
dine and M1, respectively), and its mean terminal disposition
half-life (15.1 hr) was longer than that of M1 (9.5 hr), presum-
ably because of an underestimation of the latter (see below).

DISCUSSION

Previous studies of terfenadine pharmacokinetics have
been limited by the sensitivity of conventional HPLC methods.
These reports included pharmacokinetic data for M1 but few
if any concentrations of terfenadine could be quantitated (3-9).
Consequently, parameters such as clearance, volume of distribu-
tion and half-life have not been reported for terfenadine. In
order to adequately characterize the disposition of terfenadine,
an HPLC assay with mass spectrometric detection and a lower
limit of quantitation of 50 pg/ml was developed in our labora-

Table ILI. Population Parameter Estimates for Terfenadine

Pharmacokinetics

Fixed effects parameters Mean 95% C1
K, (hr™!) 2.80 1.91, 3.69
Tlag (hl’) 0.33 022, 0.44
Cl/F (X 10° V/hr) 442 3.93, 491
VJF (X10° 1) 89.8 772, 1024
Q/F (X10° Vhr) 1.85 0.25, 3.45
V,/F (X10° 1) 29.1 12.6, 45.6
Random effects parameters
Intersubject variability CV% 95% CI
K, 184.1 99.5, 240.6
Tiag 942 0, 145.6
CI/F 65.6 514,772
VJ/F 69.8 532, 83.1
Q/F 244.3 0, 3489
V/F 194.2 113.6, 250.0
Residual variability 20.6 17.3,23.4

Covariance 95% CI
Covariance CVF and VJ/F 0.34 0.21, 0.46
(correlation) 0.74)
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Fig. 1. Concentration-time data for terfenadine after oral administration of a 120 mg dose;
the thicker line represents the predictions obtained with the mean population estimates from

NONMEM and the dashed lines represent the observed data for each subject.

tories. This study is apparently the first report on the pharmaco-
kinetics of terfenadine in humans using a specific chemical
assay.

An earlier study using a radioimmunoassay provided some
information on the pharmacokinetics of terfenadine after oral
doses of 60 and 180 mg, administered as a suspension to 14 male
subjects (11). The authors reported that their radioimmunoassay
cross-reacted to the extent of 0.3 ng/ml equivalent of terfenadine
at a concentration of 100 ng/ml of M1 (10). Although this
cross-reactivity is relatively small, the radioimmunoassay will
significantly overestimate terfenadine concentrations since
plasma concentrations of M1 exceed those of terfenadine by
more than 100-fold (Table HI and Figure 3). After adjustment
for the difference in doses between studies, the mean C,,
reported at both doses with the radioimmunoassay was twice
the mean C,,,, reported in Table III. The dose-normalized mean
AUC with the radioimmunoassay was 1.08 and 1.35 times the
value in Table III, for the 60 mg and 180 mg dose, respectively.
Although the difference in AUC between studies is relatively
small, it should be emphasized that this parameter was measured
over only 48 hours in the previous study whereas the values
in the current study are extrapolated to infinity. Therefore, the
difference in AUC measured over the same time interval should
be significantly larger. Inspection of Figure 3 and the parameters
in Table III also reveals that the ratio of metabolite to parent
drug plasma concentrations decreases after Tp,, and could
account for the apparent greater overestimation due to cross-
reactivity around C,,,,, compared to AUC which should reflect

more of an average value over time. Finally, it should be noted
that differences in formulations (marketed tablets versus sus-
pension) and study subjects may also have contributed to the
apparent differences in the results between these two studies.

M1 dose-adjusted C,,,, and T, Were consistent with val-
ues reported previously; literature values for mean M1 half-
life appear to be more variable and range from 3.4 to 13 hr
(4,5,7,21). The shorter half-lives reported for M1 are probably
underestimates of the true terminal half-life caused by the lim-
ited sampling duration (4-12 hr) used in some studies (7,21).
In studies where sampling duration was at least 24 hr, the
reported half-life is approximately 13 hr (4,5). Furthermore,
after administration of the HCI salt of M1, mean M1 terminal
half-life was estimated to be 13.9 hr in a group of 110 subjects
with age ranging from 19 to 45 years (22). The somewhat
shorter terminal half-life observed in the present study may
have been caused by the fact that in some subjects the decline
in M1 concentrations appeared mostly monoexponential and
only the last two concentrations appeared to be in the terminal
disposition phase. Although after administration of terfenadine
the true terminal half-life of M1 cannot be shorter than that of
the parent compound, this particular phase of disposition may
be evident only at very low plasma concentrations. The observed
plasma M1 profile after oral administration of terfenadine
mainly reflects the relatively large amount of M1 produced
during first-pass metabolism and which first enters the systemic
circulation as metabolite (i.e. metabolite disposition is not lim-
ited by disposition of terfenadine) (23).
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Table III. Noncompartmental Pharmacokinetic Parameters for Terfen-
adine and M1. Data Are Presented as the Geometric Mean (CV); the
Number of Subjects Included Is Indicated in [ ]

Parameter Terfenadine Ml
AUC;¢ 21.89 (85%) 3242 (27%)
(ng - hr/ml) [123] [125]
Cax 1.54 (60%) 444 (31%)
(ng/ml) [132] [132)
Thnax 1.3 (86%) 2.5 (33%)
(hr) [132] [132]

N\, 0.0460 (50%) 0.0729 (55%)
(hr™hH [123] [125]
tioh, 15.1 (50%) 9.5 (55%)
(hr) [123] [125]
CVF 5.48 (85%) —

(X 10? V/hr) [123]

VA/F 119.2 (60%) —
(X10° 1) [123]

The results of this study are consistent with those of a
previous investigation using radiolabeled terfenadine which
reported that over 99% of the terfenadine related material that is
absorbed after oral administration undergoes biotransformation
(11). In the present study, mean C,, and AUC;, for M1 are
288 and 148 times those of terfenadine, respectively (Table
III). Maximum concentrations of the metabolite are reached
rapidly after the dose of terfenadine suggesting that significant
amounts of the former are produced by first-pass metabolism.
There is very high variability in terfenadine pharmacokinetic
parameters (Tables II and IIT) which is common for drugs with
extensive first-pass metabolism.

Nonlinear mixed effects modeling was used to fit a 2-
compartment model to the pooled terfenadine data and directly
estimate population pharmacokinetic parameters. Relatively
sparse sampling during the absorption phase and the great vari-
ability in the terfenadine plasma concentration data made it
difficult to fit a similar pharmacokinetic model to individual
data and thus precluded a two-stage analysis. Attempts to simul-
taneously fit the terfenadine and M1 data produced various
estimation problems and were not successful. The mixed effects
modeling approach allows for the estimation of population mean
pharmacokinetic parameters, intersubject variability as well as
residual intrasubject variability. No relationship was found
between the pharmacokinetic parameters and subjects’ weight
and age and is most likely due to the narrow range of age and
weight of the study subjects. The results obtained using this
approach are similar to those obtained by the noncompartmental
analysis but it also provided a more complete description of
the concentration-time profile in terms of absorption, distribu-
tion and elimination. It should be noted that a two-stage analysis,
as reported for the noncompartmental approach, confounds
intersubject and estimation error and thus the intersubject vari-
ability estimated using mixed effects modeling may be more
reliable (24). Nevertheless, it should be clear upon review of the
data in Tables II and III that there is very significant intersubject
variability in the CL/F, VJ/F, AUC;; and C,,,, of terfenadine.
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