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Aim

 

To develop a population pharmacokinetic (PK) model using sparse sampling of long-
term treatment with paroxetine in elderly depressed subjects, incorporating CYP2D6
genotype as well as other covariates.

 

Methods

 

Elderly subjects (age 

 

≥

 

70 years) with nonpsychotic, nonbipolar major depressive
disorder from the inpatient and outpatient clinic were treated with paroxetine in a 5-
year clinical trial investigating ‘Maintenance Therapies in Late-Life Depression’ (MTLD-
2). Plasma concentrations were collected during regular visits. CYP2D6 genotype was
determined using polymerase chain reaction (PCR) for each individual. A nonlinear
mixed-effects model was developed with NONMEM

 

®

 

 for these subjects who received
10–40 mg day

 

−

 

1

 

 of paroxetine during treatment. One- and two-compartment models
with linear and nonlinear elimination (Michaelis–Menten) were evaluated. PK param-
eters as well as interindividual and residual variability were estimated. The effects of
age, weight, sex, race and CYP2D6 genotypes on the pharmacokinetics of paroxetine
were evaluated.

 

Results

 

One hundred and seventy-one subjects with a mean age of 77 years (range 69–95)
and a mean weight of 72.0 kg (range 32.9–137.0) were enrolled in the MTLD-2
clinical trial. A total of 1970 paroxetine concentrations were available for population
PK analyses. Approximately 10 samples were taken per subject. A two-compartment
nonlinear PK model with additive and proportional error provided the best base model
for description of the data. Weight and CYP2D6 polymorphisms were found to have
a significant effect on maximal velocity (

 

V

 

m

 

), whereas sex had an effect on volume
of distribution of the central compartment. The 

 

V

 

m

 

 estimates in each of the CYP2D6
phenotypic groups were: 125 

 

µ

 

g h

 

−

 

1

 

 in poor metabolizer (

 

n

 

 

 

=

 

 1), 182 

 

µ

 

g h

 

−

 

1

 

 in
intermediate metabolizers (

 

n

 

 

 

=

 

 28), 454 

 

µ

 

g h

 

−

 

1

 

 in extensive metabolizers (

 

n

 

 

 

=

 

 36)
and 3670 

 

µ

 

g h

 

−

 

1

 

 in ultra-rapid metabolizers (

 

n

 

 

 

=

 

 5).

 

Conclusions

 

The population PK model adequately described paroxetine data in this elderly
depressed population. The data indicate that female and male subjects with different
CYP2D6 polymorphisms have different elimination rates and therefore may need to
be dosed differently based on metabolizer genotype.
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Introduction

 

Selective serotonin reuptake inhibitors (SSRIs) are the
first-line antidepressants used in primary care and psy-
chiatric practices. The response rate after the first drug
administration can be as low as 60% in the general adult
population and 39% in the geriatric population [1].
Large interindividual variability (IIV) has been found in
pharmacokinetic (PK) parameters such as clearance
(CL), half-life, area under the curve (AUC), and phar-
macodynamic (PD) parameters such as time to response,
recurrence, and side-effects [2–7]. This represents a sig-
nificant clinical problem in the treatment of psychiatric
illness in geriatric subjects. Some studies have sug-
gested that the PK of SSRIs are associated with drug
effect [8, 9]. Thus, understanding the IIV in PK is
important for a PD study.

Paroxetine, one of the most potent SSRIs, is widely
used in the treatment of depression and anxiety [1]. A
wide range of IIVs was observed for the PK parameters
of paroxetine [10–13]. Following single or multiple
administration of paroxetine at doses of 20–50 mg, the
mean elimination half-life for healthy subjects was
approximately 24 h, with a range of 7–65 h having been
reported [5]. Elderly subjects taking paroxetine have
higher plasma concentrations and slower elimination
than younger subjects [5, 13]. Although plasma concen-
trations have not yet been correlated with paroxetine
response or adverse events, these results suggested the
initial dosage in the elderly subjects should be reduced.

Paroxetine was mainly metabolized by CYP2D6 [5,
12]. More than 80 allelic variants have been identified
for the 

 

CYP2D6

 

 gene among different ethnic popula-
tions [14]. These polymorphisms result in variable enzy-
matic activity and drug-metabolizing phenotypes which
can be classified as poor (PM), intermediate (IM), exten-
sive (EM) and ultra-rapid (UM) metabolizers [15, 16].
A limited number of studies have reported an associa-
tion between CYP2D6 polymorphism and paroxetine
PK. Two studies have investigated the differences in
paroxetine PK between EMs and PMs [11, 12]. A sev-
enfold difference in the median AUC

 

0–

 

∞

 

 was found for
healthy subjects receiving a single dose of 30 mg of
paroxetine and a twofold difference in the median AUC
at steady state (AUC

 

ss

 

) after multiple 30-mg doses [11].
The other study found a threefold difference in median
steady-state concentration (

 

C

 

ss

 

) after multiple 30-mg
doses [12]. Some studies have suggested that the distri-
bution of CYP2D6 activity in EMs also displays
substantial IIV. Ozdemir [17] found a twofold higher
median 

 

C

 

ss

 

 in healthy heterozygous EMs when com-
pared with healthy homozygous EMs receiving parox-
etine (20 mg day

 

−

 

1

 

). No PMs were included in this study.

Factors that contribute to the variability of paroxetine
PK parameters in the geriatric depressed population
have not been reported. The association between
CYP2D6 polymorphisms and paroxetine PK in the geri-
atric population after chronic paroxetine treatment is
unknown. To investigate this association, we applied a
nonlinear mixed-effect modelling approach to charac-
terize paroxetine PK in a placebo-controlled study (the
MTLD-2 trial) of the efficacy of paroxetine in prevent-
ing recurrence of major depressive episodes in people
aged 

 

≥

 

70 years. The mixed effect population PK
approach is the study of the sources and correlates of
variability in plasma concentrations between individuals
[18], which is currently widely used in evaluation of
drug safety and efficacy. Compared with the traditional
pharmacokinetic approach, population PK is more suit-
able for analysing large-scale clinical trials, where only
a few samples are available per subject.

The purpose of this study was: (i) to apply a nonlinear
mixed effect modelling approach to describe paroxetine
PK parameters using limited sampling in a large number
of geriatric subjects from the MTLD-2 clinical trial, and
(ii) to evaluate the impact of covariates including age,
weight, sex, race and CYP2D6 polymorphisms on the
PK parameters.

 

Subjects and methods

 

The Maintenance Therapies in Late-Life Depression
(MTLD-2) study [19] assessed paroxetine as a mainte-
nance treatment for prevention of recurrent episodes of
major depression in geriatric subjects. Subjects (aged

 

≥

 

70 years) were included if they met the diagnostic
criteria from the Structured Clinical Interview for DSM-
IV Axis I disorders (SCID) for a current episode of
major depressive disorder, nonbipolar, nondelusional
and not actively suicidal. Subjects also were required to
score 

 

≥

 

15 on the 17-item Hamilton Rating Scale for
Depression (HAMD-17) and 

 

≥

 

18 on the Folstein Mini-
Mental State Exam (MMSE). All the study sites were
located in Pittsburgh. The study was approved by insti-
tutional review committee of the University of Pitts-
burgh and written informed consent to participate was
obtained from each subject.

There were three phases of paroxetine treatment. Sub-
jects were treated during an initial acute phase (which
could last up to 26 weeks) to assess for response, fol-
lowed by a 16-week continuation phase for those
subjects who responded. Subjects with a continued
response (recovered based on the 16-week continuation
phase) entered the 2-year maintenance phase and were
randomly assigned to a placebo group or to paroxetine.
A responder was defined by a HAMD-17 score of 

 

<

 

10
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for  three  consecutive  weeks.  Recovery  was  defined
as being free of significant depressive symptoms for
16 weeks of continuation treatment. Recurrence in
maintenance treatment was defined by a HAMD-17
score 

 

>

 

15 for at least two consecutive weeks and meet-
ing SCID criteria for syndromal major depressive
episode, confirmed by an independent senior geriatric
psychiatrist. The acute and continuation phases were
open-label and the maintenance phase was double-blind.
Subjects visited the clinic weekly during acute treat-
ment, twice monthly during continuation treatment and
monthly during maintenance treatment. Plasma parox-
etine samples were taken at each visit for concentration
measurement. No specific timing was scheduled for the
paroxetine sampling. The dosage time was noted for
inpatient subjects and was self-reported by outpatients.

Paroxetine was started at 10 mg daily and could be
titrated to a higher dose based on response. Subjects
received paroxetine doses ranging from 10 mg to 40 mg
daily. De-identified data were applied in a population
pharmacokinetic analysis, where the identification (ID)
number for each subject was changed by replacing the
original ID numbers by a randomly generated number.

 

Analytical procedures

 

Paroxetine plasma concentrations were determined by
the high-performance liquid chromatography technique,
as previous described [20]. Briefly, plasma was
extracted using ethyl acetate and heptane (1 : 4, v/v) and
back extracted into 0.025 

 

M

 

 potassium phosphate,
pH 2.4. Separation was achieved using a Beckman Col-
umn Ultrasphere C18 (150 

 

×

 

 2 mm; Rainin Instrument
Co., Woburn, MA, USA). Detection wavelength  was
205 nm  and  flow  rate  was  0.35 ml  min

 

−

 

1

 

. Fluoxetine
hydrochloride was used as the internal standard. The
limit of quantification was 5 ng ml

 

−

 

1

 

. The linear range
was 5–500 ng ml

 

−

 

1

 

 with interassay variability ranging
from 3.4 to 5.4% for spiked controls.

 

CYP2D6 genotyping

 

After separating lymphocytes from whole blood using
BD Vacutainer CPT

 

TM

 

 tubes (BD, Franklin Lakes, NJ,
USA), DNA was extracted using the standard procedure
[21, 22]. Genomic DNA fractions were stored at 

 

−

 

20 

 

°

 

C.
A previously described [23] polymerase chain reac-

tion (PCR)-based allele-specific analysis was used to
determine whether individuals were carrying duplicated

 

CYP2D6

 

 genes (CYP2D6 *XN) and long PCR was used
to amplify a fragment spanning the potential crossing-
over sites [23, 24]. An allele-specific long PCR method
developed by Steen 

 

et al.

 

 [24, 25] was used to detect
CYP2D6 *5 (gene deletion). Nested PCR was per-
formed to detect CYP2D6 *2, *4, *10 and *17 by ampli-

fying the entire 

 

CYP2D6

 

 gene (5 kb) [23, 26–28]. After
amplification of the entire gene, subsequent internal
PCR was performed to identify the presence of the
CYP2D6*2 (C2938T), *4 (G1934A), *10 (G4286C)
and *17 (C1111T) allele. When no mutations were
found, the allele was defined as CYP2D6 *1. The spe-
cific primers, restriction enzyme, restriction pattern and
agarose gel for these alleles are shown in Table 1.

The allelic frequency was calculated using the
equation:

Allelic frequency for the variant allele

 

=

 

 (homozygous alleles 

 

×

 

 2 

 

+

 

 heterozygous alleles)/
(total subjects 

 

×

 

 2)

CYP2D6 genotype was classified into one of four phe-
notype groups (Table 2) based on the phenotype–
genotype relationship reported in the literature [29, 30].
Subjects carrying two nonfunctional alleles (*0/*0)
were assigned to the PM group. Subjects carrying one
normal or reduced functional allele and one reduced or
nonfunctional allele were assigned to the IM group.
Subjects carrying two normal functional alleles were
assigned to the EM group and subjects carrying one
*XN allele were assigned to the UM group.

 

Population pharmacokinetic analysis

 

The population PK analysis includes the base model and
final (covariate) model development. The base model
defines the PK parameters and describes the plasma
concentration–time profile. The final model describes
the influence of fixed effects (i.e. demographic factors)
on the PK parameters. Analysis platform, minimization
methods, model building criteria and model validation
are described below.

 

Analysis platform

 

Nonlinear mixed effects modelling was used for the
population PK analysis using the NONMEM computer
program (Version 5, level 1.1; University of California
at San Francisco, CA, USA) [31, 32]. The models con-
sisted of a structural model that described the disposi-
tion of the drug following oral administration, and a
pharmacostatistical model that described the inter- and
intraindividual variability. Diagnostic graphics, explor-
atory analyses and postprocessing of NONMEM out-
puts were performed using S-PLUS (Version 6.2;
Insightful, Seattle, WA, USA).

 

Minimization methods and model building criteria

 

The first order estimation method (FO) was used for
model building. The adequacy of the developed struc-
tural models was evaluated using both statistical and
graphical methods. The likelihood ratio test was used to
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discriminate between alternative models. The likelihood
ratio test was based on the property that the ratios of the
NONMEM objective function values (OFV) (

 

−

 

2 log-
likelihood) were asymptotically 

 

χ

 

2

 

 distributed. An

objective function decrease of 3.84 units was considered
significant (

 

χ

 

2

 

P

 

 

 

<

 

 0.05 d.f. 

 

=

 

 1). Standard errors for all
parameters were obtained using the covariance option
in NONMEM.

 

Table 1

 

Conditions of the CYP2D6 genotyping study, including the specific primers, restriction enzyme, restriction pattern and agarose gel

 

a Long PCR for CYP2D6 genotype determination

CYP2D6 allele Specific primers
PCR product
(kb)

Agarose
gels, %

 

2D6 F: 5

 

′

 

-CCAGAAGGCTTTGCAGGCTTCA-3

 

′

 

5.0 0.85
R: 5

 

′

 

-ACTGAGCCCTGGGAGGTAGGTA-3

 

′

 

2D6-dup F: 5

 

′

 

-CCTGGGAAGGCCCCA TGGAAG-3

 

′

 

3.5 0.85
R: 5

 

′

 

-CAGTTA CGGCAGTGGTCAGCT-3

 

′

 

*5 (deletion) F: 5

 

′

 

-ACCAGGCACCTGTACTCCTCA-3

 

′

 

3.5 0.9
R: 5

 

′

 

-GCATGAGCTAAGGCACCCAGAC-3

 

′

 

b Re-amplification reactions performed for CYP2D6 genotype determination

CYP2D6 allele
(mutation) Specific primers

Restriction
enzyme

Restriction
pattern (bp)

Agarose
gels, %

 

*2 (C2938T) F: 5

 

′

 

-AGGCCTTCCTGGCAGAGATGGAG-3

 

′

 

cfo I

 

wt: 260, 126 2.0
R: 5

 

′

 

-CCCCTGCACTGTTTCCCAGA-3

 

′

 

mut: 386
*4 (G1934A) F: 5

 

′

 

-TGCCGCCTTCGCCAACCACT-3

 

′ Bst NI wt: 292 1.5
R: 5′-CTCGGTCTCTCGCTCCGCAC-3′ mut: 111, 181

*10 (G4286C) F: 5′-GAGACAAACCAGGACCTGCCA-3′ Bst EII wt: 860 1.8
R: 5′-GCCTCAACGTACCCCTGTCTC-3′ mut: 240, 620

*17 (1111C) (wt) F: 5′-CCAAGGTTCAAATAGGACTA-3′ wt: 237 1.5
R: 5′-CCCGAAACCCAGGATCTGGG-3′

*17 (1111T) (mut) F: 5′-CCAAGGTTCAAATAGGACTA-3′ mut: 237 1.5
R: 5′-CCCGAAACCCAGGATCTGGA-3′

wt, Wild type; mut, mutant; F, forward primer; R, reverse primer.

Table 2
Genotype/phenotype frequencies in caucasian (CA) and African-American (AA) subjects in the MTLD-2 trial

Allele
status

Assigned
phenotype Genotype

CA
Frequency (%) n

AA
Frequency (%) n

0 PM *0/*0 1.6 1 0 0
1 IM IM/*0, IM/IM, EM/*0, EM/IM 39 25 75 1
2 EM EM/EM 52 33 25 3
3 UM UM/*X 7.8 5 0 0

0, Nonfunctional alleles (e.g.*4, *5); 1, one normal functional (EM: *1, *2) or reduced-functional allele (IM: *10, *17), plus a
reduced or nonfunctional allele; 2, two functional alleles or *XN allele plus other allele (UM).
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Base model development

Structure PK model The structure PK model represents
the best description of the data without considering the
effect of subject-specific covariates. The population PK
analysis  was  performed  using  NONMEM®  [31,  32]
with the subroutine ADVAN9, ADVAN2 TRANS2 and
ADVAN4 TRANS4. Various structure models were tested,
including one- and two-compartment models, model with
linear, nonlinear elimination (Michaelis–Menten) and
combination nonlinear with linear elimination.

Inter-individual variability It was assumed that the IIV
of the PK parameters was log-normally distributed. The
relationship between a PK parameter (P) and its
variance could therefore be expressed as shown below:

where, Pj is the value of the PK parameter for the jth

individual, PTV is the typical value of P for the popula-
tion, and ηP denotes the difference between Pj and PTV,
independently, which was identically distributed with a
mean of zero and variance of ωP

2.

Intra-individual variability The residual variability,
which was comprised of, but not limited to, intra-
individual variability, experimental errors, process noise
and/or model misspecifications, was modelled using
additive, proportional and combined error structures as
described below:

where yij is the jth observation in the ith individual, yij  is
the corresponding model prediction, and εij (or εij′) is a
normally distributed random error with a mean of zero
and a variance of σ2.

Final model development
The final model was developed by testing the effect of
subject specific covariates, including age, weight, sex,
race and CYP2D6 polymorphisms on PK parameter
estimates. The two types of covariates, including con-
tinuous covariates (e.g. age and weight) and discrete
covariates (e.g. sex, race and CYP2D6 polymorphisms)
were introduced into each parameter in a stepwise fash-
ion. The following example showed the effect of a con-
tinuous covariate on Vm (maximal rate):

P P ej TV
P= ¥ h

Additive error: ˆy yij ij ij= + e

Pr : ˆoportional error y yij ij ij= +( )1 e

Combined additive and proportional error: ˆy yij ij ij

ij

= + )(
+ ¢

1 e

e

where TVVm is the typical value for the population and
ηi is the random effect representing the difference of the
ith subject from the population mean. The random effects
of between-subject variability were assumed to be log-
normally distributed, with a mean of zero and SD of ω.
Cov was the continuous covariate that was affecting Vm

and MedCov was the median Cov.
The following example shows the effect of a discrete

covariate (sex) on Vm:

When sex was female (male = 0, female = 1), TVVm =
θVm since numeric value for (1-female) =  0 resulting in
a zero multiplier for the covariate effect. For male sub-
jects, the θSex term was added to the population estimate
of Vm to modify it.

Categorical variables were assigned to each of the
four CYP2D6 phenotype groups and for the subjects
without CYP2D6 phenotype information (i.e. PMs = 1,
IMs = 2, EMs = 3, UMs = 4, Missing = 0). The incorpo-
ration of this covariate is shown here for the parameter
Vm below:

IF (PHENOTYPE.EQ.0) TVVM = θVm

IF (PHENOTYPE.EQ.1) TVVM = θPMs

IF (PHENOTYPE.EQ.2) TVVM = θIMs

IF (PHENOTYPE.EQ.3) TVVM = θEMs

IF (PHENOTYPE.EQ.4) TVVM = θUMs

The graphical assessment of POSTHOC parameter
estimates vs. covariates was evaluated to help identify
possible covariate relationships using S-PLUS 6.2. In
addition, goodness of fit plots were utilized to assess
model robustness [33]. The covariate was retained in the
model if it decreased the objective function value (OFV)
by 3.84 (χ2P < 0.05, d.f. = 1). Covariate influence on
interindividual variability and goodness of fit was also
examined. In cases where the covariate value was not
recorded at any time during the study for the subject,
the median value calculated from the population dataset
was used.

Results
Patient characteristics
The MTLD-2 clinical trial included 171 elderly subjects
(58 males) who provided 1970 paroxetine concentra-
tions. Subjects had an average (mean ± SD) age and
weight of 77.1 ± 5.7 years and 72.0 ± 16.4 kg, respec-

TVVm Cov / MedVm Cov
Cov= ¥ ( )q q

TVVm SexVm Sex= + -( ) ¥q q1

Vm TVVM ei
i= ¥ h
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tively (Table 3). With the exception of three subjects
who were 69 years of age, subjects aged ≥70 years were
included in the MTLD-2 study. The majority of the
subjects were caucasian (CA) (n = 156) and only 15
subjects were African-American (AA). The distribution
of paroxetine sampling time (time after dose) is shown
in Figure 1.

CYP2D6 genotyping
CYP2D6 genotype was classified into one of four phe-
notype groups (Table 2) based on phenotype–genotype
relationship reported in the literature, as described in
Subjects and methods [29, 30]. Of the 171 subjects,
whole blood was available from 68 subjects for
CYP2D6 genotyping analysis. Of these 68 subjects,

four were AA and 64 were CA. Five subjects were
identified as UMs, 36 as EMs, 26 as IMs and one sub-
ject as a PM.

The frequency of each CYP2D6 allele is summarized
in Table 4. The CYP2D6 *17 allele, an African and
African-American specific allele found in previous stud-
ies [16, 34], was found in only 25% of the AAs in this
study. CYP2D6 *2N was found only in CA subjects.

Population PK modelling

Base model The population PK analysis was performed
by using NONMEM® (version V; GloboMax, Hanover,
MD,  USA)  [31]  with  the  subroutine  ADVAN9.  A
two-compartment nonlinear model with exponential
interindividual variability on Vm, the Michaelis–Menten
constant (Km) and volume of distribution of the central
compartment (V2) adequately described the data. The
best residual error model was a combined additive and
proportional model. The basic PK parameters of Vm, Km,
V2, volume of distribution of the peripheral compart-
ment (V3) and absorption rate constant Ka were shown
in Table 5.

A two-compartment model was determined to be the
most  robust,  based  on  the  Akaike  information  crit-
erion (AIC) [35] (AIC = 17265.0, one-compartment;
AIC = 17149.9, two-compartment). Moreover, the
decrease in residual error (50% decrease in additive
residual error) and bias of data fitting were also
observed. The nonlinear elimination model improved
OFV by 114.0 units (P < 0.001) compared with the lin-
ear elimination model. A combination of linear and non-
linear elimination models did not further improve model
fitness or reduce the OFV value (∆OFV = − 3.2, P
>0.05).

Table 3
Patient characteristics for the MTLD-2 study

Demographics Mean ± SD (range)

Sample size 171
No. of observations 1970
Age (years) 77.1 ± 5.8 (69–95)
Weight (kg) 72.0 ± 16.4 (32.9–137.0)
Gender: Male

Female
58

113
Race: Caucasian

African-American
156
15

Figure 1 
Frequency histogram showing the sampling distribution for paroxetine 

sampling measurements. The abscissa is broken into 1-h bins. The ordinate 

is the proportion of samples taken in each interval
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Table 4
CYP2D6 allele frequency in caucasian (CA) and African-
American (AA) patients

CYP2D6
allele

CA,
n

Allele frequency
in CA

AA,
n

Allele frequency
in AA

*1 48 0.38 1.00 0.13
*2 45 0.35 4.00 0.50
*4 22 0.17 1.00 0.13
*5 4 0.03 0.00 0.00
*17 0 0.00 2.00 0.25
*10 4 0.03 0.00 0.00
*2 × 2 5 0.04 0.00 0.00
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Final model CYP2D6 phenotype was the covariate on
Vm that resulted in the largest reduction in objective
function value (∆OFV = −137.9; P < 0.005). Weight
was a significant covariate on V2 (∆OFV = −69.64;
P < 0.005). After incorporating the CYP2D6 phenotypic
effect on Vm, sex was a significant covariate on V2

(∆OFV = −107.1; P < 0.005). After incorporating the
CYP2D6 phenotype on Vm and sex on V2, the incorpo-
ration of weight on Vm further improved model fitness
by reducing OFV by 62.66 units (P < 0.005). The
detailed covariate selection during model development
is shown in Table 6. The final model Vm and V2 was:

IF (PHNO.EQ.0) TVVM = θ1

IF (PHNO.EQ.1) TVVM = θ7

IF (PHNO.EQ.2) TVVM = θ8

IF (PHNO.EQ.3) TVVM = θ9

IF (PHNO.EQ.4) TVVM = θ10

TVVM1 = TVVM × (WT/75)θ11

Vm = TVVM1 × EXP(ETA(1))

TVV2 = θ3 + (1-SEX) × θ12

V2 = TVV2 × EXP(ETA(3))

The final PK parameter estimates are shown in Table 5.
Diagnostic plots are shown in Figure 2, including
observed paroxetine concentrations vs. population pre-
dicted paroxetine concentrations (Figure 2a); observed
paroxetine concentrations vs. individual predicted par-
oxetine concentrations (Figure 2b); weighted residual
error (WRES) vs. population predicted concentrations
(Figure 2c); and WRES vs. time (Figure 2d). Compared
with the base model, proportional and additive residual
error was reduced by 12.5% and 20.4%, respectively, in
the final model. The interindividual variability in Vm and
V2 both decreased by 41.9%. The standard error (SE) of
IIV estimation of Vm was reduced by 66.1% and SE of
IIV  estimation  of  V2  was  reduced  by  92.6%.  The  SE
of Vm, Km and V3 estimates were also decreased in the
final model. However, the estimation of IIV on Km and
the SE of IIV of Km increased.

The order of magnitude for the Vm estimates by
CYP2D6 phenotype was: UMs > EMs > IMs > PMs
(Figure 3), which corresponded to the functional allele
of the CYP2D6 gene. The population mean (%SE) of
Vm estimates in the final model for each CYP2D6
phenotype group were: 125 µg h−1 (48.8%) in PM,
182 µg h−1 (19.4%) in IMs, 454 µg h−1 (49.5%) in

Table 5
Pharmacokinetic parameter estimates for the two-compartment model

Parameters
Base model
estimates SE % Parameters

Final model
estimates SE %

Vm (µg h−1) 208 32.5 Vm (µg h−1) 474 19.3
Km (µg l−1) 157 83.4 Km (µg l−1) 205 24.67
V2 (l) 254 6.70 V2 (l per 75 kg wt) 230 8.60
V3 (l) 2350 102.1 V3 (l) 900 81.1
Q (l h−1) 1.33 12.3 Q (l h−1) 1.05 25.3
Ka (h−1) 9.24 8.8 Ka (h−1) 9.81 28.0
PM (θVm) N/A N/A PM (θVm) 125 48.8
IM (θVm) N/A N/A IM (θVm) 182 19.4
EM (θVm) N/A N/A EM (θVm) 454 49.5
UM (θVm) N/A N/A UM (θVm) 3670 34.6
Wt (θV2) N/A N/A Wt (θV2) 1.83 50.1
Sex (θV2) N/A N/A Sex (θV2) 99.3 42.9
ωVm% 155 168.8 ωVm% 90.0 57.3
ωKm% 79 19.4 ωKm% 109 56.1
ωv2% 134 245.3 ωv2% 77.8 18.2
σ1% 40 14.0 σ1% 35.1 14.4
σ2 (µg l−1) 10.8 90.6 σ2 (µg l−1) 8.60 103

Vm, Maximal rate; Km, Michaelisv Menten constant (concentration at half Vm); SE, standard error; Wt, total body weight; V2,
volume of distribution of central compartment; V3, volume of distribution of peripheral compartment; ω, coefficient of variation
of interindividual variability; σ, coefficient of variation of residual error; N/A, not available; unit of weight = kg.
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EMs and 3670 µg h−1 (34.6%) in UMs. The 95% con-
fidence intervals (CI) of Vm in each phenotype group
were: 64.41, 444.09 µg h−1 in IMs, 191.35, 895.96
µg h−1 in EMs and 2073.70, 7006.30 µg h−1 in UMs
(95% CI is unavailable for PM group with n = 1). The
estimates of V2 in male subjects were 461.30 ±
259.75 l and in female subjects were 346.41 ±
255.81 l.

Age did not affect paroxetine disposition in this study,
although the Vm estimates in subjects aged ≥80 years
appeared to be lower than in subjects <80 years. The
median (25th and 75th percentile) of Vm estimates in
subjects aged ≥80 years was 275 µg h−1 (198 µg h−1 and
468 µg h−1); in subjects aged <80 years was 419 µg h−1

(291 µg h−1 and 620 µg h−1).
Race was a significant covariate on paroxetine PK if

CYP2D6 phenotype was not included in the PK model
(Table 3). However, once the CYP2D6 phenotype was

included in the model, race did not significantly impact
on paroxetine PK parameters.

Discussion
The  molecular  basis  of  the  CYP2D6  polymorphism
has been intensively studied and more than 80 allelic
variants, including nonfunctional, normal, reduced or
increased functional alleles, have been identified for the
CYP2D6 gene among different ethnic populations [14,
16]. These polymorphisms result in variable enzymatic
activity and drug-metabolizing phenotypes, which can
be classified as PMs, IMs, EMs and UMs metabolizers
[15, 16]. Paroxetine is mainly metabolized by the
CYP2D6 enzyme. However, the relationship between
CYP2D6 genotype and paroxetine PKs in the geriatric
population has not been reported. This is the first study
to assess the impact of CYP2D6 genotype as well as
other factors (e.g. weight, sex, age and race) on parox-

Covariate Model −2LL ∆-2LL P-value

1 Base model 17 137.900
2–1
Vm

CYP2D6 M1 16 977.144 −160.76 <0.005
Wt M2 17 079.98  −57.92 <0.005
Age M3 17 143.06 5.155 >0.05
Race M4 17 133.65 −4.25 <0.05
Sex M5 17 070.42 −67.48 <0.005
2–2
V2

CYP2D6 M6 17 071.83 −66.07 <0.005
Wt M7 17 068.262 −69.64 <0.005
Age M8 17 134.346 −3.55 >0.05
Race M9 17 142.224  4.32 >0.05
Sex M10 17 080.828 −57.07 <0.005
3–1
Vm, V2

Vm(CYP2D6, Wt) M11 16 876.32 −100.82 <0.005
Vm(CYP2D6), V2(Wt) M12 16 900.59 −76.55 <0.005
Vm(CYP2D6), V2(sex) M13 16 892.90 −84.24 <0.005
Vm(CYP2D6, race) M14 16 977.165 0.021 >0.05
3–2
Vm and V2

Vm(CYP2D6), V2(sex, Wt) M15 16 861.53 −31.37 <0.005
Vm(CYP2D6, Wt), V2(sex) M16 16 830.24 −62.66 <0.005

Wt, Weight; V2, volume of distribution of central compartment; ∆-2LL was objective
function value (OFV) from covariate model minus base model; −2LL values in 2–
1 and 2–2 were compared with base model; −2LL values in 3–1 were compared
with model M1; while values in 3–2 were compared with 3–1  M13 and M11.
The incorporation of covariates is described in Subjects and methods.

Table 6
Population pharmacokinetic model 
development (two-compartment with 
nonlinear elimination)
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etine PK by using a population modelling approach in
a geriatric depressed population with small a number of
samples per subject. In addition, we have captured the
individual specific drug exposure magnitude over time.
This provides a basis where the magnitude of exposure
can be examined in conjunction with the maintenance
response of subjects in this study in a future study as
response data become available.

Both one- and two-compartment nonlinear PK mod-
els demonstrated that CYP2D6 polymorphisms and
weight were significantly related to paroxetine Vm and
sex significantly impacted on V2. The two-compartment
PK model was a better description of the data than the
one-compartment model, based on the significantly
reduced OFV value and a better goodness of fit. The Vm

estimates in each CYP2D6 phenotype group showed
that UMs had a higher Vm than other CYP2D6 pheno-
type groups, while PMs had the lowest Vm population
estimate. The order of magnitude for Vm estimates by
CYP2D6 phenotype was: UMs > EMs > IMs > PMs and
the Vm estimates were: 125 µg h−1 in PMs, 182 µg h−1 in
IMs, 454 µg h−1 in EMs and 3670 µg h−1 in UMs. The
order of magnitude of the Vm estimate was consistent
with the CYP2D6 functional alleles, where the UM phe-
notype could be caused by alleles carrying multiple 2D6
gene copies [16, 26] and the PM phenotype was the
result of inheriting any two nonfunctional (null) alleles
(genotype *0/*0). The IM phenotype was the result of
both heterozygosity for a null allele and homozygosity
for two alleles with impaired function (e.g. *9, *10,

Figure 2 
Diagnostic plots of final pharmacokinetic model. (a) Plot of population predicted paroxetine concentrations vs. observed paroxetine concentrations. 

Individual data points are shown as dots and the unity line is shown as a solid line. (b) Plot of individual population predicted paroxetine concentrations 

vs. observed paroxetine concentrations. Individual data points are shown as dots and the unity line is shown as a solid line. (c) Plot of weighted residual 

error (WRES) vs. population predicted concentrations. (d) Plot of WRES vs. time
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*17). Moreover, the model was able to differentiate IM
from PM groups. Comparing the differences of Vm esti-
mates between CYP2D6 genotype groups, Vm estimates
between PMs (125 µg h−1) and IMs (182 µg h−1) were
similar, which agrees with the suggestion from several
studies that the IM phenotype is of clinical importance
because drug PK in IMs could be more similar to the
PMs than to the normal EMs, especially after chronic
treatment [30]. The Vm for subjects without having
CYP2D6 genotype information was 474 µg h−1, which
is similar to the estimate of Vm in the EMs (454 µg h−1),
since EM is the most frequent genotype in both the CA
and AA populations.

Nonlinear PK of paroxetine was found in EMs in the
study of Sindrup et al. [11, 12]. One explanation for this
finding is saturation of CYP2D6 metabolic capacity,
where CYP2D6 enzyme activity seems readily to satu-
rate as the paroxetine dose increases, as demonstrated
by Sindrup et al. [12] and Preskorn [36]. Another pos-
sibility relates to the self-inhibition of paroxetine metab-
olism, since paroxetine itself can inhibit CYP2D6
enzyme activity [12, 37]. Without considering self-
inhibition, the model with nonlinear elimination
(Michaelis–Menten) could underpredict paroxetine

concentrations. However the result of MTLD-2 data
analysis did not support the self-inhibition mechanism,
as no bias or underprediction was found in the diagnos-
tic plots of the weighted residual vs. predicted paroxet-
ine concentrations and the weighted residual vs. time.
Moreover, the model was tested with different elimina-
tion mechanisms (e.g. simple noncompetitive inhibition
and uncompetitive inhibition [38, 39]; data not shown).
Model fitness was not significantly improved based on
OFV values and diagnostic plots.

Previous studies have reported that paroxetine was
mainly metabolized by the high-affinity enzyme
CYP2D6 [5, 12] and the low-affinity enzyme, e.g.
CYP3A4 [5, 11]. Accordingly, models with linear, non-
linear and combined linear and nonlinear elimination
were evaluated. Results showed that the nonlinear elim-
ination model improved the model fitness and signifi-
cantly decreased the OFV compared with the linear
elimination model. However, the combined model with
linear and nonlinear elimination did not provide further
improvement in model fitness.

Elderly subjects taking oral paroxetine had higher
plasma concentrations than younger subjects [5, 13].
Age was identified as a significant covariate on the PK

Figure 3 
Box plot of Vm estimates for each CYP2D6 

phenotype group. Dots in each group were 

median values. Notches show approximate 

95% confidence limits for the median. CYP2D6 

genotype was classified into one of the four 

CYP2D6 phenotype groups based on the 

phenotype–genotype relationship. In this plot, 

PMs = poor metabolizers, IMs = Intermediate 

metabolizers, EMs = extensive metabolizers, 

UMs = ultra-rapid metabolizers. 

Missing = Subject was missing CYP2D6 
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of another SSRI, citalopram [6]. Age was not a signifi-
cant covariate on paroxetine PK in this study, although
the Vm estimates in subjects aged ≥80 years appeared to
be lower than in subjects <80 years. The small sample
size in the MTLD-2 study may lead to a decreased
ability to detect an age effect in this study.

Race was determined to be a significant covariate in
both the one- and two-compartment PK models when
CYP2D6 genotype information was not incorporated
[40]. One possible explanation was related to the corre-
lation between race and genotype. The frequency of *4,
the most frequent null allele in CAs, was about threefold
higher than in AAs [16, 26]. The CYP2D6 *17 allele
was an African and AA-specific allele found in this and
previous studies [16, 41]. CYP2D6 *2N was found only
in CA subjects in this study. When the CYP 2D6 geno-
type was incorporated, this race effect was no longer
significant. The frequency of UMs in CA was 8%, which
may be more reflective of the Pittsburgh CA population,
since the frequency of UMs is higher in Southern
Europe (10%) than in North Europe (1–2%) [16].

Conclusion
The population PK model adequately described parox-
etine PK parameters in subjects with late-life depres-
sion. The results suggest that weight, sex and genotype
contribute to the variability in PK parameters and that
individuals of different sex or with a different genotype
may therefore need to be dosed differently from one
another.
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