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Aims

 

To characterize the population pharmacokinetics of tipifarnib.

 

Methods

 

A total of 1083 subjects treated orally with a solution, capsule or tablet formulations
of tipifarnib, given as a single dose or as multiple twice-daily doses (range 25–
1300 mg) were combined with data from 1, 2 and 24 h intravenous infusions. A
total of 3445 concentrations in the index data set were fitted by an open three-
compartment linear disposition model with sequential zero-order input into the depot
compartment, followed by a first-order absorption process, and lag time, using
NONMEM V. The effect of patient covariates on tipifarnib pharmacokinetics was
explored. The model was evaluated using goodness of fit plots and relative error
measurements for 3894 concentrations in the test data set. Computer simulations
were undertaken to evaluate the effect of covariates on tipifarnib pharmacokinetics.

 

Results

 

Tipifarnib oral bioavailability (26.7%) did not differ between the formulations. The
absorption rate from the solution was faster than from the solid forms. Whereas the
absorption rate and systemic clearance were more rapid in healthy subjects, the extent
of absorption and the steady-state volume of distribution were comparable in cancer
patients and healthy subjects. Systemic clearance in cancer patients (21.9 l h

 

−

 

1

 

)
exhibited a statistically significant relationship with total bilirubin. The typical volume
of the central compartment in cancer patients (54.6 l 70 kg

 

−

 

1

 

) was directly propor-
tional to body weight. The clinical relevance of these covariates in cancer patients is
questionable as there was a substantial overlap in simulated concentration-time
profiles across a wide range of covariate values.

 

Conclusions

 

A population PK approach has been used to integrate data gathered during clinical
development and to characterize the pharmacokinetics of tipifarnib. Individualization
of dose based on body weight or total bilirubin concentration in adult cancer patients
is not warranted.

 

Introduction

 

Tipifarnib (R115777, Zarnestra

 

®

 

) is a potent, selective
and competitive inhibitor of the enzyme farnesyltrans-
ferase (FTase) [1–3]. This enzyme is important in the

processing and activation of signalling molecules linked
to cell proliferation and malignant transformation, such
as Ras, Rho-B, Rac, and lamin proteins [1]. Inhibition
of FTase by tipifarnib induces antileukaemic and anti-
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tumoral activity, which has been demonstrated in both

 

in vitro

 

 and 

 

in vivo

 

 animal models [2]. The nature of the
cellular and tumour tissue responses elicited by tipi-
farnib treatment 

 

in vivo

 

 is consistent with the hypothesis
that the antitumour effects are being derived from
disruption of multiple effectors downstream of FTase
inhibition.

Several phase 1 dose-escalation studies in patients
with advanced solid tumours have been performed with
oral tipifarnib as a single agent, using twice-daily sched-
ules ranging from 5 days every 2 weeks, to continuous
dosing [3–6]. These studies were designed to determine
the maximum tolerated dose and to characterize the
safety and the pharmacokinetics of tipifarnib. Those
studies demonstrated that the pharmacokinetics of tipi-
farnib are linear in doses of up to 600 mg twice daily
and allowed the measurement of the oral bioavailability
of the solution, capsule and tablet formulation in cancer
patients. Little or no evidence of time-dependent phar-
macokinetics was observed after repeated administra-
tion [4, 6].

Tipifarnib is rapidly absorbed after oral intake, with
a peak plasma concentration being reached within 2–4 h
[3, 6]. Plasma tipifarnib concentrations decline in a bi-
exponential manner, and the half-life (

 

t

 

1/2

 

) associated
with the first disposition phase is 2–5 h. Its terminal
half-life is 16–20 h and exposure to the drug over this
period constituted only a small portion of the overall
area under the plasma concentration 

 

vs.

 

 time curve.
Minimal plasma accumulation is seen upon twice-daily
administration, indicating that the first disposition phase
dominates the plasma concentration-time profile of
tipifarnib [3].

The drug is almost completely bound (99.38%) to
plasma protein and binding is independent of the plasma
drug concentrations (range 0.1–5 

 

µ

 

g ml

 

−

 

1

 

). In human
plasma, tipifarnib is mostly bound to albumin and to a
lesser extent to 

 

α

 

1

 

–acid glycoprotein [5].
Tipifarnib is extensively metabolized in humans. The

drug could not be detected in urine and less than 6% of
the initial dose was recovered in faeces as the parent
compound. 

 

In vitro

 

 and 

 

in vivo

 

 studies demonstrated
that phase II metabolism, particularly, hepatic N-
glucuronidation, followed by urinary excretion of the
product, is an important route for tipifarnib elimination.
In addition, oxidative 

 

N

 

-deamination, oxidative 

 

N-

 

demethylation, and loss of the methyl-imidazole moiety
are the major phase 1 pathways involved in tipifarnib
metabolism 

 

In vitro

 

 studies have shown that cytochrome
P450 (CYP) 3A4 is the predominant enzyme involved
in the metabolism of this compound and that CYP2C19,
CYP2A6, CYP2D6 and CYP2C8/9/10 might play a

lesser role in the biotransformation of tipifarnib (data on
file, Johnson & Johnson Pharmaceutical Research &
Development, J & JPRD).

In the present paper, data from 15 clinical studies
conducted in healthy subjects or cancer patients were
pooled to examine the pharmacokinetic behaviour of
tipifarnib. The objectives of this population pharmaco-
kinetic analysis were three-fold: i) to model tipifarnib
pharmacokinetics after intravenous and oral administra-
tion of solution, capsule and tablet formulations, ii) to
obtain estimates of population pharmacokinetic param-
eters in healthy and cancer subjects, and iii) to evaluate
the influence of demographic characteristics and other
covariates on tipifarnib pharmacokinetics.

 

Methods

 

Patient eligibility criteria and study design

 

Data from eight phase 1 studies (two in healthy subjects
and six in adult cancer patients) with extensive blood
sampling and seven phase 2/3 studies with sparse sam-
pling from subjects with advanced cancer were pooled
(Table 1) [3, 4, 6, 7–13]. All these studies were con-
ducted in accordance with principles for human experi-
mentation as defined in the Declaration of Helsinki
(1983) and were approved by the Human Investigational
Review Board of each study centre. Informed consent
was obtained from each subject after being told the
potential risks and benefits, as well as the purpose of the
study.

In the clinical studies conducted in cancer patients,
subjects were eligible if they had histological or cyto-
logical confirmation of a malignant tumour not amena-
ble to established forms of effective therapy. Other
eligibility criteria included a World Health Organization
performance status of 0–2, anticipated life expectancy
of at least 3 months, and age 

 

>

 

18 years. Previous anti-
cancer radiation therapy and/or chemotherapy, if given,
had to have finished at least 4 weeks before entry into
the study, or 6 weeks in case of pretreatment with
nitrosoureas or mitomycin C. Patients had to have ade-
quate unassisted oral or adequate enteral intake to main-
tain a reasonable state of nutrition, a negative pregnancy
test (only for female patients with reproductive poten-
tial), and normal hepatic and renal function, defined as
bilirubin 

 

≤

 

1.5 times the normal upper limit, AST and
ALT 

 

≤

 

2.5 times the normal upper limit (

 

≤

 

5 times the
normal upper limit when hepatic metastases were
present), and serum creatinine 

 

≤

 

1.5 times the normal
upper limit. All patients had to have had acceptable bone
marrow function, defined as white blood cells

 

>

 

3,500 

 

µ

 

l

 

−

 

1

 

, absolute neutrophil count 

 

>

 

1,500 

 

µ

 

l

 

−

 

1

 

 and
platelets 

 

>

 

100,000 

 

µ

 

l

 

−

 

1

 

, except in patients with a
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diagnosis of acute myeloid leukaemia. Subjects with
one or more of the following treatments were not
selected: prior administration of an FTase inhibitor,
prior extensive radiation therapy (

 

>

 

25% of bone marrow
reserve), prior bone marrow transplantation or high dose
chemotherapy with marrow or stem cell rescue, concur-
rent radiation therapy, chemotherapy, hormonal therapy
or immunotherapy. Participation in a clinical trial
involving an investigational drug in the past 30 days,
concurrent enrolment in any other investigational trial
and any coexisting medical condition that was likely to
interfere with the study procedures and/or results were
additional reasons for exclusion. Patients randomized to
placebo treatment groups were not included in the pop-
ulation pharmacokinetic analysis. A summary of patient
characteristics at baseline is presented in Table 2.

Subjects were treated orally and/or intravenously with
tipifarnib under fed conditions. Three different oral for-
mulations containing between 25 and 1300 mg of drug
(solution, capsule and tablet) were administered as a
single dose or as multiple doses twice daily. The data

set consisted of 1083 subjects, including 1035 cancer
patients and 48 healthy subjects, who contributed 7339
plasma concentrations.

An index and a test data set were prepared and used
to develop and evaluate, respectively, the population
pharmacokinetic model. The index data set was obtained
from seven data-rich phase 1 studies available at the
time of model development. It had sufficient data
spanning of the whole plasma concentration-time profile
of tipifarnib to develop a reference population pharma-
cokinetic model. The index data set was obtained from
154 cancer patients and 12 healthy subjects, and
included 3447 plasma concentrations. Subsequently,
two outlying data points were excluded from the analy-
sis after structural model selection. The test data set
included sparsely sampled data from 881 cancer patients
participating in five phase 2 studies and two phase 3
studies, and 36 healthy subjects included in a phase 1
study that finished after model development. Of 3896
plasma concentrations, two with very high values with
respect to the time since the last dose were identified

 

Table 2

 

Summary of subject characteristics at baseline

 

Subject characteristics Index data set

 

1

 

Test data set

 

2

 

Combined data set Missing covariates

 

3

 

Age (years) 56.0 (22.0–81.0) 62.0 (18.0–89.0) 60.0 (18.0–89.0) 0.0
Body weight (kg) 71.8 (44.0–124) 69.8 (34.0–145) 70.0 (34.0–145) 1.3
Body surface area (m

 

2

 

) 1.85 (1.38–2.57) 1.80 (1.18–2.68) 1.81 (1.18–2.68) 3.5
Sex (number) 0.0

Male 93 487 603
Female 73 394 480

Race (number) 0.0
Caucasian 156 858 1014
African-American 6 14 20
Others 4 45 49

Subject status (number) 0.0
Healthy 12 36 48
Cancer 154 881 1035

ALT (IU l

 

–1

 

) 25.5 (3.0–142) 26.0 (4.0–400) 25.5 (3.0–400) 2.1
AST (IU l

 

–1

 

) 25.0 (6.0–125) 26.0 (4.0–249) 26.0 (4.0–249) 2.5
Alkaline phosphatase (IU l

 

–1

 

) 103 (40–1030) 148 (23–3180) 133 (23–3180) 1.2
Lactate dehydrogenase (IU l

 

–1

 

) 384 (141–3320) 370 (22–7900) 387 (22–7900) 8.8
Total bilirubin (

 

µ

 

mol l

 

–1

 

) 9.0 (3.0–41.0) 10.0 (2.0–116) 10.0 (2.0–116) 1.8
Serum albumin (g l

 

–1

 

) 41.0 (25.0–57.0) 38.0 (13.0–60.0) 38.0 (13.0–60.0) 19.7
Total protein (g l

 

–1

 

) 70.5 (48.0–86.0) 70.0 (24.0–102) 70.0 (24.0–102) 7.8
Creatinine clearance

 

4

 

 (ml min

 

–1

 

) 98.0 (33.0–150) 88.0 (20.0–150) 90.5 (20.0–150) 2.1

 

Continuous variables are expressed as median (range), whereas categorical variables are expressed as counts.

 

1

 

Range of
observations: 1.0–4932 ng ml

 

−

 

1

 

.

 

2

 

Range of observations: 2.3–6266 ng ml

 

−

 

1

 

.

 

3

 

Missing covariates expressed as percentage of
subjects in the combined data set with missing values.

 

 

 

4

 

Creatinine clearance was calculated using Cockroft-Gault formula and
values higher than 150 ml min

 

−

 

1

 

were truncated to 150 ml min

 

−

 

1

 

.
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and excluded from the test data set. Index and test data
sets were merged, and the final model was fitted to the
combined data set to obtain final estimates of parameters
and their asymptotic standard errors.

 

Drug analysis

 

All venous blood samples were collected in heparinized
tubes and centrifuged, and separated plasma was stored
at 

 

−

 

20 

 

°

 

C and transported to J & JPRD (Beerse, Bel-
gium) for analysis. Plasma concentrations of tipifarnib
were measured using either high performance liquid
chromatography with ultraviolet detection (HPLC-UV)
or liquid chromatography with tandem mass spectrom-
etry (LC-MS/MS). Four phase 2/3 clinical trials [studies
9–11, 17] utilized the LC-MS/MS method and the
remaining 11 studies utilized the HPLC-UV method. A
successful cross-validation study for both techniques
was performed (unpublished observations, J & JPRD.
The lower limit of quantification for the HPLC-UV and
LC-MS/MS methods was 1.00 and 0.50 ng ml

 

−

 

1

 

, respec-
tively. The mean overall coefficient of variation was less
than 7.1% across the validated range of concentrations.
More detailed information about the HPLC-UV method
has been published elsewhere [3].

In the LC-MS/MS method, plasma samples were
analysed as follows. To 0.1 ml aliquots of human
plasma, 10 ng of a stable isotope labelled internal stan-
dard (R121550) was added. After adding 1 ml of NaOH
(0.1 

 

M

 

), the samples were extracted with 5 ml of heptane
containing 10% of isoamylalcohol. The organic layer
was evaporated under nitrogen at 65 

 

°

 

C and the residue
dissolved in 200 

 

µ

 

l of methanol, and 50 

 

µ

 

l of ammo-
nium formate 0.002 

 

M

 

 (pH 4) was added. Extracts (4 µl)
were injected on to an API 3000 (Applied Biosystems)
LC-MS/MS with a TurboIonspray interface, operated in
the positive-ion mode. Separation was on a 5 cm ×
4.6 mm chromatographic column, packed with 3 µm
C18 BDS-Hypersil (Alltech). The mobile phase was
0.002 M ammonium formate : acetonitrile (40 : 60)
delivered at a flow rate of 1.5 ml min−1. The total run
time was 2.5 min. The mass transitions monitored were
m/z 489.1 to m/z 407.1 and m/z 492.1 to m/z 407.1 for
tipifarnib and the internal standard, respectively.

Pharmacokinetic model development

Software Nonlinear mixed-effects modelling by
extended least squares regression using the first order
(FO) approximation method was implemented using the
NONMEM V level 1.1 software package (GloboMax,
Hanover, MD, USA) [14]. Compilations were achieved
using Digital Visual Fortran version 6.6b. Graphical and

all other statistical analyses, including evaluation of
NONMEM outputs, were performed using S-PLUS
2000 release 3 for Windows (Insightful, Seattle, WA,
USA).

Structural model selection Based on the exploratory
graphical analyses, open two- and three-compartment
disposition models with linear elimination and first-
order oral absorption were fitted to the index data set.
The following features were subsequently evaluated for
improvement of the model: an absorption lag time, zero-
and first-order input to the depot compartment followed
by first-order input from the depot to the central com-
partment, and combinations of these features. Typical
values of all model parameters were allowed to differ
between healthy and cancer subjects. Also, absorption
parameters were allowed to differ between oral formu-
lations (solution, capsule and tablet).

The interindividual (IIV, between subject) and
interoccasion (IOV, within subject) [15] variabilities in
the pharmacokinetic parameters were assumed to follow
the lognormal distribution according to the equation:

Pjk = P*·e(ηpj+τpk)

where Pjk is an individual pharmacokinetic parameter for
the jth individual and kth occasion, P* is the typical value
of the pharmacokinetic parameter, ηpj is a normally
distributed random variable with zero-mean and vari-
ance ωp

2 and τpk is a normally distributed interoccasion
random variable with zero-mean and variance πp

2. The
magnitudes of IIV and IOV were expressed as
coefficients of variations (CV). Four occasions were
distinguishable at maximum: three for the full pharma-
cokinetic profiles within a subject, and one for the iso-
lated measurements, defined as any sample drawn at
least 24 h after or before any other sample collected for
the same subject. Residual variability was evaluated
using an additive error model after natural logarithmic
transformation of the measured plasma concentrations
and model predictions. Two random effects were
included to account for the residual variability for full
pharmacokinetic profiles as well as isolated measure-
ments of tipifarnib, according to the equation:

lnCobs = lnCpred + (1 − ISM)·ε1 + ISM·ε2

where Cobs is the observed plasma concentration of tip-
ifarnib, Cpred is the corresponding model predicted con-
centration, ISM is an indicator variable and takes the
value 1 for isolated measurements and 0 for plasma
samples collected in a full pharmacokinetic profile,
and ε1 and ε2 are independent normally distributed
random variables with zero mean and variances, σ1

2
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and σ2
2, respectively. Different residual terms for the

two bioanalytical methods were not tested, as a cross-
validation study between the methods confirmed their
interchangeability.

The improvement in the fit obtained for each model
was assessed in several ways. First, the resulting NON-
MEM-generated minimum value of the objective func-
tion (MVOF) after fitting the models evaluated was used
to perform the likelihood ratio test (LRT). This test is
based on the change in the minimum value of the objec-
tive function (∆MVOF), which is equal (up to a con-
stant) to minus twice the log-likelihood of the data and
is asymptotically distributed like χ2 with the degrees of
freedom equal to the number of parameters added to the
model. For hierarchical models, a ∆MVOF of ≥6.63 is
required to reach statistical significance (P = 0.01) for
the addition of 1 fixed effect. In addition, the improve-
ment in the fit was assessed by the examination of
diagnostic plots such as scatter plots of observed vs.
predicted tipifarnib concentrations, scatter plots of
weighted residuals vs. predicted tipifarnib concentra-
tions and time since last dose. This process allowed
selecting the reference model.

Covariate analyses Covariates explored as possible
sources of IIV in tipifarnib pharmacokinetics are listed
in Table 2. As the drug is extensively metabolized by the
liver, the following measures of hepatic function were
evaluated as potential pharmacokinetic descriptors:
alkaline phosphatase, alanine aminotransferase, aspar-
tate aminotransferase and total bilirubin concentration.
Although the renal elimination of unchanged tipifarnib
is a minor route of elimination, the potential influence
of creatinine clearance, calculated from serum creati-
nine concentrations, was evaluated as a potential phar-
macokinetic descriptor. As the protein binding of
tipifarnib is >99%, albumin and total protein were eval-
uated as potential sources of pharmacokinetic variabil-
ity. Lactate dehydrogenase, monitored for general tissue
toxicity, was also assessed as a potential pharmacoki-
netic descriptor. Derived body size variables were not
tested as independent covariates because of their tight
correlation with body weight. If body weight was to be
identified as a significant covariate, then body surface
area, lean body mass and ideal body weight were to be
evaluated in the combined data set to determine whether
they improved the fit relative to body weight. Missing
values for the quantitative covariates were imputed
using the median value in each data set, with the excep-
tion of body weight, which was imputed using the
median value for subjects of the same gender in the data
set.

Once the reference model was identified, empirical
Bayes estimates of the interindividual random effects
were computed. The covariate screening was guided by
graphical assessment and stepwise linear regression of
the relationships between the Bayesian estimates of
interindividual random effects and the covariates. Those
covariates identified by the screening analysis as having
a potential influence on a particular parameter were
statistically tested one by one for inclusion in the pop-
ulation pharmacokinetic model (forward inclusion).
Continuous covariates were evaluated using power
equations after centring on the median described by the
equation:

P* = θx ·(Covariate/Covariate Median)θy

where P* is a typical value of a pharmacokinetic param-
eter P, and θx and θy are fixed-effects parameters. Cate-
gorical covariates were analysed as index variables.

Covariates with statistically significant effects on
pharmacokinetic parameters were incorporated into the
model simultaneously, and subsequently, the covariate
screening process was repeated. A full model was iden-
tified when no further covariate additions were possi-
ble. The relative contribution of each covariate to the
goodness of fit of the full model to the data set was
then evaluated one at a time by deleting it from the
model (backward elimination) [16]. At this stage, dif-
ferences in pharmacokinetics attributed to disease sta-
tus (healthy vs. cancer subjects) and formulation
(tablet, capsule or solution) were also evaluated. All
nonsignificant effects on pharmacokinetic parameters
were removed from the model and the intermediate
model was obtained.

The resulting MVOF after fitting the reference model
to the data was considered as the starting value to test
the statistical significance of the covariates by using the
LRT.  ∆MVOFs  of  ≥6.63  and  7.88  were  required  to
reach statistical significance at P ≤ 0.01 and P ≤ 0.005,
respectively, for the inclusion or elimination of one fixed
effect. These stringent statistical criteria were used to
avoid the inclusion of weak and clinically nonrelevant
effects due to the multiple comparisons inherent in the
forward inclusion and the backward elimination proce-
dures. In addition, the improvement of the fit obtained
by adding a fixed effect to the model was evaluated from
the diagnostic plots and the change in the IIV and resid-
ual variability.

Model refinement The distribution of the interindivid-
ual random effects and the correlation between them
were examined graphically to evaluate the normality
and the independence assumption, respectively. A
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model including all the nondiagonal elements of the
random effects matrix was fitted to the data. The ran-
dom effects with the highest correlation were tested by
including the corresponding nondiagonal elements in
the matrix of random effects. If implementing a corre-
lation significantly improved the fit (∆MVOF ≥7.88),
the off-diagonal element of the random effects matrix
was kept in the model and the process was repeated
until no further improvement of the fit could be
achieved.

Pharmacokinetic model qualification and final 
model development
The model developed using the index data set was eval-
uated based on its predictive performance on the test
data set. Population predictions and empirical Bayesian
(individual) predictions for all concentrations in the test
data set were obtained and the diagnostic plots were
examined for bias and scatter. Model qualification was
done by comparing the mean and the variance of the
10% trimmed relative error obtained from the index and
test data set. In the absence of bias, defined as the inclu-
sion of 0 within the 90% confidence interval of the 10%
trimmed relative error, the model was considered qual-
ified. In case qualification failed, modification of the
population pharmacokinetic model was implemented
using the combined data set.

The qualified model was refitted to the combined data
set in order to obtain the final estimates of tipifarnib
pharmacokinetic parameters. Then, empirical Bayes
estimates of the individual pharmacokinetic parameters
were obtained and the effect of the covariates on the
interindividual random effects was again graphically
evaluated to ensure that no covariates with significant
effects were left out of the model. In addition, the
effect of concomitant medication including steroids,
antiemetics (5HT3-inhibitors, metoclopramide and
domperidone), azole antifungals, benzodiazepines,
ciprofloxacin, and amphotericin B, on the population
weighted residual (WRES) was evaluated. Then, the
final model was identified and final parameters and their
standard errors were estimated. Model diagnostics were
evaluated to determine the goodness of fit of the model
to the combined data set.

Model-based pharmacokinetic simulations
The objective of the model-based simulations was three-
fold: i) to compare the plasma tipifarnib concentration
vs. time profiles in healthy and cancer subjects receiving
a solid formulation, ii) to evaluate the effect of solid and
liquid formulations on tipifarnib pharmacokinetic pro-
files in cancer subjects, and iii) to assess the potential

clinical relevance of identified covariate effects (such as
body weight) on tipifarnib pharmacokinetics in cancer
patients receiving the solid formulation after food.

Based on the final estimates of the model parameters
obtained from the combined data set, the tipifarnib
pharmacokinetic profiles after multiple oral doses of
600 mg twice daily were simulated for healthy subjects
(n = 3000) and cancer patients receiving solid (n =
3000) and liquid (n = 3000) formulations after food. For
each data set, the covariates of interest were obtained by
resampling from the subject covariates available in the
combined data set.

To evaluate the results of the simulation, the popula-
tion median and 80% prediction interval of the simu-
lated plasma tipifarnib concentration vs. time profiles
after multiple doses were plotted together.

Results
Two- and three-compartment disposition models with
linear elimination from central compartments and
absorption models of varying complexities were tested
sequentially. A three-compartment disposition model
(MVOF = −769.383) provided a substantially better fit
to the index data set than a two-compartment model
(MVOF = −114.998). The goodness of fit was further
improved by inclusion of zero-order input into the depot
compartment followed by first-order absorption from
the depot compartment to the systemic circulation
(MVOF = −966.211). Substantial further improvement
of the fit was achieved by including an absorption lag
time (MVOF = −1855.191). Model selection criteria
were also in agreement with Akaike Information Criteria
(AIC). A schematic representation of the model is pre-
sented in Figure 1. Diagnostic plots showed random,
uniform scatter around the line of identity and indicate

Figure 1 
Schematics of the compartmental model used to describe plasma 

tipifarnib concentration-time profiles
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an absence of bias, whereas histograms of individual
random effects on parameters showed approximately
normal distribution.

The first iteration of covariate testing indicated a
statistically significant effect of AST on systemic
clearance (∆MVOF = −9.611, d.f. = 1, P = 0.0019), of
body weight (∆MVOF = −36.006, d.f. = 1, P < 0.0001)
and sex (∆MVOF = −11.878, d.f. = 1, P = 0.0006) on
central volume of distribution, and of body weight on
absolute bioavailability (∆MVOF = −8.766, d.f. = 1,
P = 0.0031). The inclusion of these four covariates in
the model decreased MVOF by 50.744 (d.f. = 4,
P < 0.0001) relative to the reference model. The second
iteration of covariate testing indicated an effect of total
bilirubin on systemic clearance (∆MVOF = −9.844,
d.f. = 1, P = 0.0017) and of creatinine clearance on lag
time  (∆MVOF = −7.811,  d.f. = 1,  P = 0.0052).  The
full model included all six covariate effects described
and  significantly  improved  the  fit  as  compared  with
the reference model (∆MVOF = −68.065, d.f. = 6,
P < 0.0001).

 Table 3 shows the results of the backward elimination
process for the covariates retained in the model. The
effect of body weight on central volume of distribution
and total bilirubin concentration on systemic clearance
were found to be significant and these covariates
retained in the model. The power coefficient quantifying
the effect of body weight on the central volume of
distribution was not statistically different from 1

(∆MVOF = −1.748, d.f. = 1, P = 0.186), and was there-
fore set to this value. In addition, the differences
between healthy subjects and cancer patients were con-
firmed for all structural model parameters, except Q3,
V3, tlag and F. Whereas there was no difference in the
absorption of tipifarnib from either of the solid formu-
lations, absorption was faster from the solution (associ-
ated with an increased duration of the zero-order input,
D1 and KA) with a shorter lag time (tlag). The extent of
absorption (F1) was similar for all formulations.

Absorption of tipifarnib was highly variable, with
observed lag times ranging from negligible to greater
than 2 h. To account for this, the subject population was
assumed to consist of two subpopulations with different
typical values of lag time. This difference was imple-
mented using the mixture model, where each subject is
assigned to one of the subpopulations and the estimated
probabilities associated with each subpopulation are
estimated. Individual values of the lag time were con-
strained to less than 6 h using the logit transformation
as follows:

tlag = 6 exp(logit(Ttlag/6) + ηpj + τpk)/
(1 + exp(logit(Ttlag/6) + ηpj + τpk))

where Ttlag is the typical value of tlag, and the IIV and
IOV within each subpopulation were assumed to be
the same. Inclusion of this feature in the model resulted
in a significant improvement in the MVOF (∆MVOF =
−46.344).

Table 3
Summary of covariate analysis: backward elimination

Model Covariate effect ∆MVOF Degrees of freedom P value

10 Healthy status on CL −17.410 1 –
11 Healthy status on V2 −23.415 1 <0.00001
12 Healthy status on Q4 −57.431 1 <0.00001
13 Healthy status on V4 −50.314 1 <0.00001
14 Healthy status on D1 −11.745 1 0.00061
15 Healthy status on KA −14.901 1 0.00011
16 Liquid formulation on ALAG1 −82.642 1 <0.00001
17 Liquid formulation on D1 −42.831 1 <0.00001
18 Liquid formulation on KA −36.299 1 <0.00001
19 WGT on V2

2 −30.176 1 <0.00001
20 TBIL on CL −9.894 1 0.00166

1Apart from the disease status and the formulation effect, the full model included the following covariate effects: AST and TBIL
on CL, WGT and SEX on V2, WGT on F1 and CLCR on ALAG1. 2The power coefficient quantifying the effect of WGT on V2 was
not statistically different from 1 (∆MVOF = –1.748, d.f. = 1, P = 0.186). ∆MVOF Change in the minimum value of the objective
function.
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In order to prevent individual estimates of the abso-
lute bioavailability being greater than 100%, the logit
transformation was also applied to the absolute bioavail-
ability, with a constraint ranging from 0 to 1. No major
differences in parameter estimates were observed.

The implementation of a full variance-covariance
matrix resulted in further improvement in the MVOF
(∆MVOF = −66.835). However, only the correlation
between the interindividual random effects for CL and
Q4, and between those for KA and tlag were found to be
significant. Further hypothesis testing confirmed that
both correlation coefficients were not different from 1,
and therefore both were set to this value.

Diagnostic plots revealed good concordance between
observed and predicted plasma concentrations of tipi-
farnib, and failed to detect any trend in cancer patients.
The 10% trimmed relative errors for the 3445 observa-
tions in the index data set follow approximately a nor-
mal distribution with a mean (SD) of −0.52% (25.51%)
and a range of −32.81% to +29.93%. The 10% trimmed
relative  errors  for  the  3849  observations  in  the  test
data set also follow approximately a normal distribution
with a mean (SD) of −1.07% (25.59%) and a range of

−30.77% to +27.35%. Overall, the model appeared to
characterize adequately the pharmacokinetics of tipi-
farnib in a variety of different dosing conditions and
populations.

The qualified population pharmacokinetic model was
fitted to the combined data set and two minor refine-
ments were implemented to obtain the final model. First,
the inclusion of the phase 2/3 data resulted in an increase
in the magnitude of the residual error component for
isolated measurements. This is a reasonable outcome
considering that there is generally greater uncertainty
about compliance and the accuracy of the timing of
blood samples and drug administration in outpatient set-
tings typical of phase 2/3 studies compared with the
more controlled settings for phase 1 studies [17]. There-
fore, an additional random effect parameter accounting
for the ISM in phase 2/3 studies was included in the
residual error model. Second, the zero-order input into
the depot compartment was found to be similar between
cancer patients and healthy subjects. As a consequence,
a common parameter was estimated for both popula-
tions. Diagnostic plots showed tight uniform scatter
around the line of identity and indicated an absence of

Figure 2 
Diagnostic plots for the final model fit to the combined data set. The lines of identity and regression line (LOESS smoother)(bold) are presented
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bias (Figure 2) and histograms of random effects on
structural parameters exhibited normal distribution. The
final parameter estimates obtained for the combined
data set are shown in Table 4.

Empirical Bayes estimates of the individual pharma-
cokinetic parameters were obtained and the additional
exploration of the parameter-covariate relationships did
not reveal any additional significant associations. As
body weight was a significant covariate on V2, other
body size indices (lean body mass, ideal body weight
and body surface area) were evaluated. None of these
indices improved the fit and therefore body weight was
retained in the final population pharmacokinetic model.
The effects of body weight on the central volume of
distribution and the apparent central volume of distribu-
tion are displayed in Figure 3, together with the effect
of total serum bilirubin concentration on the systemic
and oral clearance. No effect of comedication on tipi-
farnib pharmacokinetics was identified (Figure 4).

Simulated plasma concentration-time profiles after
twice daily dosing with tipifarnib using the solid dosage

formulation showed that cancer patients are expected to
have slightly greater systemic exposure to tipifarnib rel-
ative to healthy subjects  (Figure 5A). The simulations
also showed that absorption of the solid dosage formu-
lation is slower relative to the liquid form (Figure 5B).
Plasma tipifarnib concentration vs. time profiles after
the multiple dose regimen for subjects with body
weights of <60 kg, 60–80 kg and >80 kg were similar
(Figure 5C), as were profiles for subjects having
bilirubin concentrations of <7.5 mM, 7.5–15 mM

and >15 mM (Figure 5D).

Discussion
An open, three-compartment disposition model with
linear elimination from the central compartment was
used to describe the plasma pharmacokinetics of tipi-
farnib after intravenous administration. The initial
rapid distribution half-life was about 36 min, followed
by a dominant elimination half-life of about 2.4 h and
a slower terminal half-life of about 19 h, with the lat-
ter phase constituting only a small portion of the

Table 4
Population pharmacokinetic model parameters for the tipifarnib: combined data set

Pharmacokinetic
parameter

Typical value Ratio healthy subjects :
cancer subjects*

Between subjects
(IIV,%)*

Variability(h) Within
subjects (IOV,%)*Cancer subjects* Healthy subjects

CL (l h−1)(a) 21.9 (4.11) 26.5 1.21 (6.06) 24.9 (20.2) 11.9 (35.3)
V2 (l 70 kg−1) 54.9 (7.61) 30.0 0.55 (31.8) 20.3 (78.5) –
Q3 (l h−1) 4.11 (8.37) 4.11 – 74.0 (30.7) 51.0 (27.6)
V3 (l) 92.4 (9.69) 92.4 – 81.4c –
Q4 (l h−1) 14.8 (18.6) 131 8.83 (35.7) 35.9d –
V4 (l) 21.4 (13.6) 56.9 2.66 (20.7) 24.3e –
D1 (h) 1.20(i) (3.00) 1.20 – 52.7 (30.1) 72.7 (18.3)
KA (h−1) 0.71(j) (7.41) 1.63 2.31 (16.1) 86.1 (24.4) 71.8 (21.3)
Fabs (%) 26.7 (4.23) 26.7 – 0.74 (9.78)g 0.32 (26.2)g

tlag (h)(b,k) 1.24f,g 2.32 (40.7)g

Subpopulation 1 0.11 (16.7) 0.11 –
Subpopulation 2 0.24 (14.1) 0.24

*Results expressed as parameter (RSE: relative standard error of parameter estimate,%). aClearance normalized for a bilirubin
of 9 µmol l−1. The normalization coefficient is equal to (TBIL/9)θ1, where TBIL is bilirubin (expressed as µmol l−1), and θ1 is
−0.103 (RSE = 27.0%). bProportion of patients in subpopulation 1 is 71.7 (RSE = 36.3%). cCorrelation between IIV of Q3 and
V3 set to 1. Expansion factor of V3 is 1.21 (RSE = 8.93%). dCorrelation between IIV of CL and Q4 set to 1. Expansion factor of
Q4 is 2.08 (RSE = 30.6%). eCorrelation between IIV of CL and V4 set to 1. Expansion factor of V4 is 0.95 (RSE = 24.4%).
fCorrelation between IIV of KA and tlag set to 1. Expansion factor of tlag is 2.06 (RSE = 27.7%). gExpressed as standard deviation
of the logit domain. hResidual variability, expressed as percentage: Full PK profiles: 24.5 (RSE = 9.52%). Isolated measurements
of phase 1 studies: 43.8 (RSE = 18.5%). Isolated measurements of phase 2/3 studies: 72.3 (RSE = 11.3%). iD1 for solid
formulation. 0.418 h for liquid formulation. Ratio liquid : solid 0.348 (RSE = 6.01%). jKA for solid formulation. 01.46 h−1for liquid
formulation. Ratio liquid : solid 2.07 (RSE = 13.5%). ktlag for solid formulation. 0.019 h (Subpopulation 1) and 0.044 (Subpop-
ulation 2) for liquid formulation. Ratio liquid : solid 0.183 (RSE = 25.8%). IIV = interindividual variability, IOV = interoccasion
variability.
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overall area under the plasma concentration vs. time
curve.

In adult cancer patients, the typical value of the esti-
mated systemic clearance of tipifarnib was 21.9 l h−1,
with low between and within subject variabilities of
24.9% and 11.9%, respectively. Total bilirubin concen-
trations in serum exhibited a statistically significant rela-
tionship with tipifarnib systemic clearance. A 6.9%
decrease in tipifarnib systemic clearance was associated
with a two-fold increase in total bilirubin concentration
at baseline (Figure 3). The mechanism behind this rela-
tionship has not been identified but bilirubin concentra-
tions at baseline may be an indirect biomarker of
glucuronidation; as 14% of a dose of tipifarnib is
excreted as its glucuronate metabolite, high bilirubin
concentrations at baseline would reflect a decrease in
the glucuronidation activity, and therefore, a decreased

clearance. However, owing to the extent of the glucu-
ronidation and the variability in oral bioavailability, a
large overlap in simulated tipifarnib plasma concentra-
tions-time profiles was observed for subpopulations rep-
resenting a wide range of total bilirubin concentrations.

The relationship between the area under the concen-
tration-time curve (AUC(0,24 h)) of tipifarnib and the
incidence of neutropenia grade 3–4 has been described
previously with a linear logistic regression [9]. Accord-
ing to this report, the probability of neutropenia grade
≥3 occurring in patients with solid tumours receiving
tipifarnib 300 mg twice daily for 21 days of a 28-day
cycle was predicted to be 14.5% for the median value
of tipifarnib AUC 3.82 mg l−1 h, in subjects with biliru-
bin values between 7.5 and 15 mM. This result is con-
sistent with the observed incidence of neutropenia grade
≥3 reported in the phase II study used to develop the

Figure 3 
Effect of total serum bilirubin on the systemic (A) and oral (B) clearance and effect of body weight on the central volume of distribution (C) and the 

apparent volume of distribution (D). The regression line represents the model prediction
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Figure 5 
Simulated steady-state plasma concentration vs. time profiles of tipifarnib 600 mg twice daily in healthy ( ) and cancer ( ) subjects receiving a 

solid formulation (A), in cancer subjects receiving solid ( ) and liquid formulations ( ) (B), and the effect of body weight <60 kg ( ), 60–80 kg 

( ), >80 kg ( ) (C) and bilirubin <7.5 mM ( ), 7.5–15 mM ( ), >15 mM ( ) concentrations (D) in cancer subjects receiving a solid formulation. 

Lines represent 10 (lower), 50 (middle) and 90 (upper) quantiles of simulated plasma concentration
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present model [9]. As a comparison, simulations showed
that patients with solid tumours receiving the same tip-
ifarnib treatment and having bilirubin concentrations at
baseline below 7.5 mM and above 15 mM would have a
median tipifarnib AUC of 3.60 mg l−1 h and 4.15 mg l−

1 h, which would be associated with a predicted proba-
bility of neutropenia grade ≥3 of 13.1% and 16.8%,
respectively. Relative to patients with bilirubin baseline
values between 7.5 and 15 mM, a 15% dose reduction
would be needed for the 44 patients with bilirubin values
at baseline higher than 15 mM to prevent one additional
episode of neutropenia grade ≥3. In summary, total
bilirubin concentration at baseline is a statistically sig-
nificant determinant of tipifarnib systemic clearance, but

this effect is expected to be of minimal clinical relevance
in adult cancer patients. Therefore, dosage adjustments
for tipifarnib on the basis of total bilirubin concentration
at baseline are not warranted.

Systemic clearance was greater in healthy subjects
(26.5 l h−1) relative to cancer patients (21.9 l h−1). This
finding may be explained by differences in the binding
of tipifarnib to α1-acid glycoprotein. Concentrations of
this protein are reported to be higher in cancer patients
than in healthy subjects [18]. Hence, the former would
have less free drug in their plasma available for elimi-
nation. Similarly, increased α1-acid glycoprotein bound
drug in cancer patients would account for the lower
volume of distribution observed in this group.
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The typical volume of the central compartment
(between subject variability) in cancer subjects was
estimated to be 54.9 l 70 kg−1 (20.3%), which is similar
to the volume of total body water. As body weight is
related to the amount of total body water, the volume of
the central compartment would be expected to be
directly proportional to body weight, as has been shown.
A marked overlap in simulated plasma tipifarnib con-
centration-time profiles was observed in subpopulations
representing a wide range of body weights. Simulations
also showed that the effect of body weight on tipifarnib
AUC is lower than that of total bilirubin concentration.
Therefore, the effect of body weight on the central vol-
ume of distribution of tipifarnib would be expected to
be of minimal clinical relevance.

In adult cancer patients, the volume of distribution at
steady state (169 l) was three-fold higher than the cen-
tral volume of distribution. A potential explanation for
this observation is that tipifarnib accumulates in bone
marrow [5] and distributes to other peripheral tissues.
Differences in the volumes of various compartments
were also observed between cancer patients and healthy
subjects. However, the clinical relevance of this latter
finding is questionable given the similarity in steady-
state volume of distribution (179 l in healthy subjects vs.
169 l in cancer patients) and the substantial overlap
observed in simulated plasma concentration-time pro-
files in healthy subjects and cancer patients. No defini-
tive explanation for the difference in steady state volume
of distribution could be found, although it may be due
to variations in the sampling schemes across trials. Thus,
during the first 30 min after the end of the infusion,
samples were collected at 5, 10, 20 and 30 min from the
healthy subjects (study 5), whereas only one sample at
15 min after the end of infusion was collected from the
cancer patients (study 15).

Tipifarnib absorption was best described by a sequen-
tial zero-order input into the depot compartment,
followed by first-order absorption from the depot com-
partment to the systemic circulation, after a lag time.
Tipifarnib oral bioavailability did not differ between
formulations. As expected, the absorption rate from the
solution was faster than from the solid forms, as shown
by the differences in KA, D1 and tlag . While the rate of
oral absorption was more rapid in healthy subjects
(1.63 h−1)  as  compared  with  cancer  patients  (0.71 h−1),
no differences were apparent in the extent of absorption.
Between- and within-subject variabilities in all absorp-
tion parameters were moderately large. The population
pharmacokinetic parameters estimated in the current
analysis for cancer patients receiving a solid formulation
were very similar to those from a previously reported

population pharmacokinetic analysis of phase 1 studies
[19], where slight differences observed in the pharma-
cokinetics of tipifarnib between healthy subjects and
cancer patients, together with an effect of tipifarnib for-
mulation on the absorption profile, were also reported.

In summary, a population pharmacokinetic approach
has been used to integrate tipifarnib pharmacokinetic
data gathered during the clinical development and to
characterize the pharmacokinetics of the drug. Individ-
ualized dosing with tipifarnib based on body weight or
total bilirubin concentration in adult cancer patients is
not warranted, as the dose is not expected to have a
clinically relevant influence on intersubject variability
in exposure to tipifarnib.
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