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To investigate the relationship between the degree of liver
dysfunction and the pharmacokinetics of docetaxel, a population
pharmacokinetic model was developed in an oncology practice
without excluding patients with moderate to severe liver dysfunction.
Two hundred patients were treated with docetaxel as a single agent
or in combination chemotherapy. The plasma concentration-time
course data were analyzed using a three-compartment open model
with zero-order administration and first-order elimination on the
NONMEM program. Sixty-one had elevated transaminase levels,
and alkaline phosphatase was elevated in 40. Body surface area,
albumin, a,-acid glycoprotein, and liver function were found to be
significant covariates for the systemic clearance of docetaxel.
Compared to patients with normal or minimal impairment of liver
function, patients with grade 2 and 3 elevations of transaminases at
baseline in conjunction with elevation of alkaline phosphatase had
22 and 38% lower clearances, respectively. Goodness-of-fit plots
indicated that the model was fitted well with the observed data,
and the bootstrap method guaranteed robustness of the model. We
developed a population pharmacokinetic model for docetaxel, which
can be used in the setting of an oncology practice. Based on the
model, dose reduction by approximately 20 and 40% should be
considered for patients with grade 2 and 3 elevations of
transaminases at baseline in conjunction with elevation of alkaline
phosphatase, respectively. (Cancer Sci 2009; 100: 144-149)

Anticancer drugs have a narrow therapeutic window, and
interpatient variabilities in pharmacokinetics and pharma-
codynamics may results in serious toxicities.” Elucidating the
factors causing these interpatient variabilities is helpful for
avoiding serious toxicities and augmenting antitumor activity.
Population pharmacokinetics represent a means to investigate
the effect of patients’ variables on the pharmacokinetics of
drugs.?® In this approach, pharmacokinetics are analyzed in
many patients with different backgrounds as a population, and
the effect of these backgrounds on the pharmacokinetics are
investigated. Pharmacokinetic information on patients with small
numbers of drug concentration data can also be analyzed by
population pharmacokinetic methodology.? Thus, it is a useful
tool for investigating pharmacokinetics of drugs in a population
including elderly patients or patients with organ dysfunctions.
Docetaxel has been used widely to treat breast, non-small-cell
lung, ovarian, head and neck, gastric, esophageal, and prostate
cancers.*" The drug is eliminated from the body mainly by
hepatic metabolism. Population pharmacokinetic models of
docetaxel have been developed using data obtained from patients
treated in clinical trials prior to its drug registration,'*'® where
body surface area, albumin, age, o,-acid glycoprotein, and liver
function were found to be significant covariates for the systemic
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clearance of docetaxel. In clinical studies for the development
of anticancer drugs, unfit patients including those with moderate
to severe liver dysfunction or poor performance status are
commonly excluded, and information on pharmacokinetics and
pharmacodynamics for such patients is therefore lacking.

Therefore, in the present study, we developed a population
pharmacokinetic model of docetaxel in cancer patients treated in
our oncology practice, including unfit patients who would have
been excluded from the past clinical studies during drug devel-
opment, and investigated the pharmacokinetic alterations of
docetaxel in relation to the extent of liver function impairment.
In the previous population pharmacokinetic study, which was
carried out as part of the clinical trial program for drug approval,
only 3% of patients had pharmacokinetically relevant liver
dysfunction compared with 9% in our study.!®

Materials and Methods

Patient selection. Patients with different cancers receiving
docetaxel as a single agent or in combination chemotherapy in
medical practice were eligible for this population pharmacokinetic
study. Other eligibility criteria included being 20 years old or
older, performance status of 3 or better, white blood cell
count >3000/mL, and platelet count =75 000/mL. The dose and
schedule of docetaxel were set according to the approved usage
in Japan, that is, intravenous 60-min infusion at a dose of
60 mg/m? every 3 weeks. However, the dose and schedule were
modified in combination chemotherapy or based on the extent of
liver impairment or performance status in each patient at the
discretion of attending physicians. All patients gave written
informed consent, and this study was approved by the
Institutional Review Board at the National Cancer Center, Japan.

Treatment and follow up. For the measurement of docetaxel
concentrations in plasma, heparinized blood was collected.
Blood sampling at the end of docetaxel infusion, and 0.17, 1, 5,
10, and 24 h thereafter was recommended, but this was allowed
to be rather flexible depending on clinical situations. However,
exact infusion time and sampling times were recorded
accurately. Plasma concentrations of docetaxel were determined
by a high-performance liquid chromatographic method as reported
previously.®

Population pharmacokinetic analysis. Population pharmacokinetic
analyses were carried out using a non-linear mixed-effect
modeling program, NONMEM (version V, level 1.1; ICON
DEVELOPMENT Solutions, Ellicott City, MD, USA). NONMEM
was running with a Compaq Visual FORTRAN 6.6 compiler
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(Hewlett-Packard, Palo Alto, CA, USA) on a Pentium 4 central
processing unit, under the Windows XP operating system
(Microsoft Corporation, Redmond, WA, USA). After one- and
two-compartment models were tested, a three-compartment open
model with zero-order administration and first-order elimination
(ADVAN 11 and TRANS 4) was selected to describe the plasma
concentration—time course for docetaxel in the entire population
based on goodness of fit to the data. The pharmacokinetic model
was parameterized in terms of clearance (CL), the volume of
distribution of the central compartment (V) as well as those of
two peripheral compartments (V, and V;), and intercompartment
clearances (Q, and Q,). Assuming a log-normal distribution for
interindividual variability in pharmacokinetic parameters, the
interindividual variability was modeled as (e.g. for clearance):

CL, = CL- exp(c,.),

where CL; and CL are the estimated values in an individual j
and the population mean for clearance, respectively, and 77, is
the individual random perturbation with a mean of zero and a
variance . Intraindividual residual variability was also described
by a log-normal distribution model. The first-order conditional
estimation method was used to estimate the pharmacokinetic
parameters.

Relationships between covariates and pharmacodynamic parameters.
The following covariates were tested to improve the population
pharmacokinetic model: age, sex, body surface area, performance
status, albumin, bilirubin, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP),
creatinine, and coadministered anticancer agents. Forward
selection and backward elimination were used to select
covariates to be included in the model. Statistical discrimination
between hierarchial models was based on difference in objective
function (Obj) in NONMEM analyses, equal to minus twice the
log likelihood of the data. Covariates were inserted sequentially
into the basic model by forward selection. During this process,
P <0.001 was considered significant, corresponding to a decrease
in Obj of 10.83 and 13.82 for degrees of freedom of 1 and 2,
respectively. Continuous variables were normalized by their
population median and were expressed by multiplicative models.
Multiplicative models were used to enhance convergence and
were coded as:

P=p,-COV*

where P is the individual’s estimate of the parameters, f3,
represents the typical value of the parameter, B, represents the
effect of the covariate, and COV is the ratio of the individual’s
covariate value to the median value. For convenience in clinical
application, hepatic function was categorized according to grade
by the National Cancer Center Institute Common Toxicity
Criteria. Each liver function test (e.g. AST, ALT, ALP, bilirubin)
and their combinations (e.g. the maximum grade of AST and
ALT) were tested as covariates. After all significant variables
were included in the model, each covariate was removed in a
stepwise backward elimination procedure to determine whether
it was significant in the final model.

Bootstrap validation. The accuracy and robustness of the final
model were assessed by using a bootstrap method.?2? A
bootstrap sample was generated by repeated random sampling
from the original data set, and the size of bootstrap sample was
the same as the original sample size. Two hundred bootstrap
samples were reconstructed, and the final model is fitted
repeatedly to the 200 bootstrap samples. The mean parameter
estimates obtained from bootstrap replications that were
calculated normally were compared with those obtained from
the original data set.
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Table 1. Demographics of patients
Demographic No. patients
Age (years)
Median 57
Range 21-86
Sex
Female 114
Male 86
Performance status
0 46
1 130
2 17
3 7
Combination chemotherapy
Cisplatin 66
Doxorubicin 6
Irinotecan 31
Cancer
Breast cancer 79
Non-small cell lung cancer 68
Head and neck cancer 31
Others 22
Dose of docetaxel (mg/m?)
-25 30
35 59
45 9
55 16
60 86
Infusion time (h)
0.5 52
1.0 128
1.5 20
Body surface area (mg/m?)
Median 1.53
Range 1.17-1.99
Liver function
HEP1 183
HEP2 10
HEP3 7

HEP1, normal liver function (normal alkaline phosphatase [ALP] or
<grade 2 elevation of aspartate aminotransferase [AST] or alanine
aminotransferase [ALT]); HEP2, mild liver dysfunction (increased ALP in
combination with grade 2 elevation of AST or ALT); HEP3, moderate
liver dysfunction (increased ALP in combination with grade 3 or greater
elevation of AST or ALT).

Results

We analyzed pharmacokinetic data from 200 cancer patients
with different backgrounds, including 18 patients older than
75 years and seven patients with a performance status of 3
(Table 1). Docetaxel was given in combination chemotherapy
with cisplatin, doxorubicin, or irinotecan in 103 patients, with
the dose ranging from 15 to 60 mg/m?* Hypoalbuminemia was
observed in 137 patients at baseline, and AST or ALT levels
were elevated in 61 patients (Table 2), including 17 with grade
2 or greater elevation of AST or ALT in combination with
elevated ALP levels. Serum bilirubin was increased in five
patients but was associated with elevated transaminase levels in
only two patients.

The actual number of plasma concentration data per patient
ranged from two to nine with a median of six. Concentration—
time curves were best described by a three-compartment linear
model (Fig. 1). First, population pharmacokinetic parameters
were computed using a simple structural model without any
covariates, and the influence of covariates on the clearance of
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Table 2. Blood chemistry of patients

Grade
Liver function
0 1 2 3

Albumin

Concentration (g/dL) >4.0 3.0-3.9 2.0-2.9 <1.9

No. patients 63 126 10 1
Total bilirubin

Concentration (mg/dL) <1.2 1.3-15 1.6-3.6 3.7-12

No. patients 195 3 1 1
Aspartate aminotransferase

Concentration (IU/L) <33 34-82 83-165 166-660

No. patients 157 27 10 6
Alanine aminotransferase

Concentration (IU/L) <27 28-67 68-135 136-540

No. patients 145 43 6 6
Alkaline phosphatase

Concentration (IU/L) <359 360-897 898-1795 1796-7140

No. patients 160 26 11 3
o,-Acid glycoprotein

Concentration (mg/dL) <93" 94-232* 233-465%

No. patients 920 107 3

'<Upper limit of normal range (ULN); *>ULN and <2.5 x ULN;
$>2.5 x ULN and <5 x ULN.

docetaxel was investigated. Body surface area, albumin, liver
function index, and o -acid glycoprotein improved the model
when included as covariates (Table 3). Among the different indices
of liver function investigated, the combination of ALP and the
maximum grade of AST or ALT improved the model to the
highest extent. In this model, patients were classified into three
groups: seven patients with elevated ALP (i.e. grade>1) in
combination with grade 3 or greater elevation of AST or ALT
(HEP3), 10 with elevated ALP in combination with grade 2
elevation of AST or ALT (HEP2), and 183 with normal or
minimum liver dysfunction (HEP1).

The predicted values obtained by Bayesian estimation are
plotted versus the observed values in Figure 2a. Weighted resid-
ual plots for the population pharmacokinetic model are shown in
Figure 2b. The values were generally distributed around zero
and were relatively symmetrical. No obvious bias pattern was
apparent in the plot of the predicted concentration versus the
weighted residual. Pharmacokinetic parameters in the popula-
tion pharmacokinetic model are summarized in Table 4. Among
the 200 bootstrap samples, 153 samples were converged. All
structural parameters (0,) and variance parameters (®, G) were
within 19.5% of the bootstrapped mean out of the 153 samples
(Table 4). Systemic clearance of docetaxel was positively correlated

Table 3. Model building
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Fig. 1. Observed plasma concentration of docetaxel. Concentrations

were normalized by the actual dose of docetaxel in each patient.

with body surface area and albumin, and negatively correlated
with o,-acid glycoprotein. In patients with mild (HEP2) and
moderate (HEP3) liver dysfunction, clearance was reduced by
22 and 38%, respectively. The difference in the reduction of
systemic clearance between each category of liver dysfunction
was highly significant (P <0.001). These reductions were
apparent when the systemic clearance of docetaxel for individuals
was calculated by Bayesian estimation and compared in relation
to liver function (Fig. 3).

Discussion

A population pharmacokinetic approach allows us to analyze
data with small numbers of samples per patient, and can be used
to investigate pharmacokinetics in unfit patients treated in
oncology practice where full pharmacokinetic sampling may be
difficult. Therefore, we used the methodology of population
pharmacokinetics in Japanese patients treated in oncology
practice, in order to investigate the influence of patients’ various
backgrounds on the pharmacokinetics of docetaxel.

Goodness-of-fit plots (Fig. 2) indicated that the present popu-
lation pharmacokinetic model was fitted well with the observed
data. Table 4 indicates that a convergence ratio on bootstrap data
was so high that the robustness of this model was sufficiently
guaranteed. The differences between 0, of the final model
estimates and those of the bootstrap means were relatively
small. Therefore, the parameter estimates on bootstrap samples
corresponded well with the original data.

Model Covariates Objective function(Obj) Difference in objective function P

1 None -5072

2 BSA -5303 -230 <0.0001*
3 BSA, ALB -5538 -235 <0.0001*
4 BSA, ALB, HEP -5554 -16 <0.0001*
5 BSA, ALB, HEP, AGP -5574 -20 <0.0001*
6 BSA, ALB, AGP -5556 +18 <0.0001**
7 BSA, HEP, AGP -5469 +105 <0.0001**
8 BSA, ALB, HEP -5543 +30 <0.0001**

*Compared to the previous model. **Compared to Model 5 (final model). AGP, a,-acid glycoprotein; ALB, albumin; ALP, alkaline phosphatase; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BSA, body surface area; HEP, normal, mildly (increased ALP in combination with grade
2 elevation of AST or ALT) or moderately elevated liver function tests (increased ALP in combination with grade 3 or greater elevation of AST or

ALT).
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(a) Observed docetaxel concentration versus predicted docetaxel concentration from a Bayesian post hoc analysis of the model. The solid

line represents the unit line. (b) Weighted residuals versus predicted concentration. The horizontal line represents the zero level.

Table 4. Estimation and precision of parameters in population pharmacokinetic model of docetaxel and bootstrap validation

Estimated parameters (precision®)

Difference®

Parameter 0

Original analysis

Bootstrap validation*

Clearance (L/h) 0, 29.3 (4)
Body surface area 0, 1.11 (26)
Albumin 0, 2.00 (26)
o,-Acid glycoprotein 0, 0.251 (29)
LIV 0, 0.776 (14)
6 0.623 (24)
V, (L) 0, 7.75 (5)
Q, (L/h) 0g 5.46 (9)
v, (L) 0, 8.69 (14)
Q; (Uh) 01 19.0 (10)
v, (L) 0, 660 (14)
Interindividual variability (%)
g, 31 (23)
Wy 19 (38)
O 31 (22)
Wy3 38 (35)
Intraindividual variability (%)
c 29 (19)

28.3 (9) 3.31
1.15 (29) -3.87
1.94 (26) 2.80
0.260 (35) -4.20
0.759 (21) 2.18
0.616 (31) 1.17
7.63 (4) 1.57
5.67 (14) -3.81
9.55 (26) -9.91
19.7 (17) -3.52
789 (41) -19.5
31 (12) -0.65
18 (27) 2.69
32 (9) -3.02
37 (35) 0.566
29 (11) 1.46

"Expressed as Coefficient of variation. *Calculated from 200 bootstrap replicates (153 convergence). $(Original value - bootstrap value)/original
value x 100 (%). The equation used to estimate the population parameters was Clearance = 6, x (body surface area/1.53)% x (albumin/3.7)% x (97/
o,-acid glycoprotein)® x LIV x EXP(n,), where LIV = 1 for normal ALP or <grade 2 elevation of AST or ALT, LIV = 8 for increased ALP in combination
with grade 2 elevation of AST or ALT, and 8 for increased ALP in combination with >grade 3 elevation of AST or ALT.

The present analysis indicated that the systemic clearance of
the drug was significantly correlated to body surface area, albumin,
o,-acid glycoprotein, and liver function. Bruno et al. previously
developed a population pharmacokinetic model for docetaxel in
patients treated in clinical studies carried out for drug registration,
and found the same factors to be significant determinants of
clearance.'® Although age was incorporated as a covariate for
clearance in their model, it was not applied to our study. The
estimated coefficient of age in their model was small, and a
difference of 20 years in age would yield less than a 10% differ-
ence in clearance of the drug. Furthermore, in two independent
pharmacokinetic and pharmacodynamic studies of docetaxel
comparing elderly and non-elderly patients, pharmacokinetics
were found not to be different between the two groups, although
the same exposure to docetaxel resulted in more toxicities in
elderly patients.®?

In previous population pharmacokinetic studies of docetaxel, !9
liver function was a significant covariate for clearance. A 33%

Minami et al.

reduction in clearance was observed for patients with AST or
ALT > 60 IU together with ALP > 300 IU in a population phar-
macokinetic model developed for patients in the USA and
European countries,'® whereas patients with AST or
ALT > 60 IU/L had 21% lower clearance in a model for Japanese
patients."® Liver function was incorporated as a binary covariate
into these models because patients with clinically significant
impairment of liver function had been excluded from these studies
carried out for drug approval. In contrast, patients with signifi-
cant liver dysfunction were included in our study, although the
number of patients with liver dysfunction was small compared
to those with normal liver function, and reductions in clearance
could be estimated in relation to the extent of liver function
impairment. Thus, 22 and 38% reductions were observed for
mild and moderate liver dysfunction, respectively (Table 4).
Dividing patients into three groups based on their liver function
yielded better results than classifying them into two groups (data
not shown), and the difference in the reduction of systemic
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Fig. 3. Box plot of estimated systemic clearance of docetaxel

according to hepatic function calculated by Bayesian estimation. The
top, middle, and bottom lines of each box correspond to the 75% (top
quartile), 50% (median), and 25% (bottom quartile) values. The
whiskers show the range values that fall between 10 and 90%. 1, 2,
and 3 HEP denote normal (n=183), mildly (increased alkaline
phosphatase [ALP] in combination with grade 2 elevation of aspartate
aminotransferase [AST] or alanine aminotransferase [ALT], n = 10), and
moderately elevated liver function tests (increased ALP in combination
with grade 3 or greater elevation of AST or ALT, n =7), respectively.

clearance of docetaxel between patients with mild and moderate
liver dysfunction was highly significant.

Our population pharmacokinetic study was not designed to
investigate pharmacodynamics; patients treated with docetaxel
in various combination regimens were included and toxicities
were not monitored in a uniform way. Therefore, relationships
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