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Abstract Nonlinear disposition of paclitaxel (Taxol) in
cancer patients has been described in several studies, but
the underlying mechanism is still a matter of specula-
tion. Previously, we have shown in vitro that the pac-
litaxel formulation vehicle, Cremophor EL (CrEL),
alters the blood distribution of paclitaxel as a result of
entrapment of the compound in circulating CrEL mi-
celles, thereby reducing the free drug fraction available
for cellular partitioning. Based on these findings, we
prospectively re-evaluated the linearity of paclitaxel
disposition in patients using whole blood and plasma
analysis, and sought to define a new pharmacokinetic
model to describe the data. Seven patients with solid
tumors were treated with paclitaxel infused over 3 h,
each at consecutive 3-weekly dose levels of 225, 175 and
135 mg/m? (CrEL dose level, 18.8, 14.6, and 11.3 ml/m?,
respectively). Patient samples were collected up to 24 h
after the start of infusion, and analyzed by high-per-
formance liquid chromatography. Paclitaxel peak levels
and areas under the curve in whole blood increased
linearly with dose, whereas plasma levels showed sub-
stantial deviation from linearity. This was shown to be
caused by a CrEL concentration-dependent decrease in
paclitaxel uptake in blood cells, as reflected by the
blood:plasma concentration ratios which altered signif-
icantly from 0.83+0.11 (at 135 mg/m?) to 0.68 +0.07 (at
225 mg/m?). It is concluded that the nonlinear disposi-
tion of paclitaxel is related to paclitaxel dose-related

L. van Zuylen (X) - J. Verweij - E. Brouwer - P. de Bruijn
K. Nooter - G. Stoter - A. Sparreboom

Department of Medical Oncology,

Rotterdam Cancer Institute (Daniel den Hoed Kliniek)
and University Hospital Rotterdam, 3075 EA Rotterdam,
The Netherlands

E-mail: zuylen@onch.azr.nl

Tel.: +31-10-4391733

Fax: +31-10-4391003

M. O. Karlsson

Division of Biopharmaceutics and Pharmacokinetics,
Department of Pharmacy, Uppsala University,
SE-751 23 Uppsala, Sweden

levels of the formulation vehicle CrEL, leading to a
disproportionate drug accumulation in the plasma
fraction. The pharmacokinetic model developed accu-
rately described the data, and will help guide future
development and refinement of clinical protocols, espe-
cially in defining the exposure measure best linked to
paclitaxel effects and toxicities.

Key words Paclitaxel - Cremophor EL - Nonlinear
pharmacokinetics

Introduction

Nonlinear disposition of drugs is a pharmacokinetic
characteristic that implies that a given increase in dose
may lead to a disproportionate increase in systemic drug
exposure. After i.v. drug administration, the phenome-
non is most commonly caused by saturation of enzyme,
binding or transporter capacity [36]. Although there are
many drugs that display nonlinear elimination kinetics,
resulting from either saturable metabolic pathways (e.g.
phenytoin [1]) or saturable excretion pathways (e.g. cy-
clophosphamide [3]), capacity-limited distribution in
humans is rare, although concentration-dependence has
been described for the binding of some drugs to plasma
proteins, blood cells and extravascular tissue or binding
sites [20]. The pharmacokinetic behavior of the anti-
cancer agent paclitaxel (Taxol), for example, has been
shown to be distinctly nonlinear in several studies,
apparently as a result of saturable distribution in com-
bination with saturable elimination processes [9, 15, 24].

Interestingly, studies in mice have demonstrated that
in the absence of Cremophor EL (CrEL), a polyoxy-
ethylated castor oil derivative used as a formulation
vehicle for i.v. drug administration, both distribution
and elimination of paclitaxel appear to be linear pro-
cesses [26]. Because plasma concentrations of CrEL in
mice and humans are within the same range, it is likely
that CrEL also plays a pivotal role in the nonlinear
paclitaxel disposition in humans [27]. The cause of the
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observed nonlinearity, however, has not yet been
discovered, but possible explanations include CrEL-
mediated inhibition of endogenous P-glycoprotein ac-
tivity causing altered hepatobiliary secretion [7, 10] and
altered protein binding resulting from CrEL-induced
lipoprotein dissociation [32]. Recently, we have found
in vitro that CrEL causes profound concentration-de-
pendent alterations in paclitaxel distribution in human
blood, possibly because the highly hydrophobic paclit-
axel favors partitioning in CrEL micelles [31]. Based on
these findings, we speculated that the nonlinear kinetics
of paclitaxel are not related to saturable tissue binding
or Michaelis-Menten elimination Kkinetics, but are
caused by dose- and time-varying CrEL concentrations
in the central compartment. In the present study, we
carried out a comprehensive pharmacokinetic analysis
of paclitaxel and CrEL in patients by measuring paired
whole blood and plasma levels to discover the cause of
the saturable kinetic processes, and present explicit
modeling of the disposition of the compounds to permit
a formal explanation of the observed phenomena.

Material and methods

Patients and treatment

Patients with a histologically confirmed diagnosis of a malignant
solid tumor for whom paclitaxel as monotherapy was a viable
therapeutic option or for whom other treatment options were not
available, were candidates for this study. Additional eligibility
criteria were: age 218 years; World Health Organization perfor-
mance status < 3; life expectancy of at least 3 months; no previous
treatment with taxanes; adequate bone marrow function (WBC
count >3.0x10%/1, platelet count > 100x10°/1), renal function (se-
rum creatinine < 140 pM and creatinine clearance =60 ml/min),
and hepatic function (serum bilirubin, alkaline phosphatase,
aspartate aminotransferase and alanine aminotransferase concen-
trations within normal limits); and no preexisting peripheral
neuropathy graded >1 according to NCI Common Toxicity
Criteria.

The study drug paclitaxel (Taxol; Bristol-Myers Squibb,
Woerden, The Netherlands) was formulated in a mixture of CrEL
and dehydrated ethanol USP (1:1, v/v) and diluted further into
500 ml isotonic sodium chloride prior to dosing. Paclitaxel was
administered every 3 weeks as a 3-h i.v. infusion at consecutive dose
levels of 225, 175 and 135 mg/m? (CrEL dose levels, 18.8, 14.6, and
11.3 ml/m?, respectively). Patients continuing treatment thereafter
were given paclitaxel at a dose of 175 mg/m? out of protocol.
Premedication was uniform for all patients and consisted of
dexamethasone (10 mg i.v.), clemastine (2 mg i.v.) and ranitidine
(50 mg i.v.), all given 30 min before the start of paclitaxel admin-
istration. During chemotherapy, the patients did not use any other
comedication that might have interfered with paclitaxel disposition.
The clinical protocol was approved by the Rotterdam Cancer
Institute Review Board, and all patients signed informed consent
before entering the study.

Sample collection

Blood samples (about 5 ml) were obtained from all patients during
all courses of treatment and collected into Vacutainer glass tubes
containing 143 U USP lithium heparin as anticoagulant. Samples
were obtained at the following time-points: before dosing and at 1,
2,3,3.08,3.25,3.5,3.75,4,5,7,9, 11, 15, and 24 h after the start of
infusion. After agitation, 2-ml aliquots of whole blood were snap-

frozen at —20°C at the site of collection, and plasma was separated
by centrifugation for 5 min at 4000 g (4°C) and then stored at —
80°C. Complete stool collections were obtained from each patient
up to 24 h after drug administration in polystyrene containers and
stored immediately at —80°C. Weighed feces samples were
homogenized individually in four volumes of deionized Milli-Q-
UF water (Millipore, Milford, Mass.) using five 1-min bursts of an
Ultra-Turrax T25 homogenizer (IKA-Labortechnik, Dottingen,
Germany) operating at 20,500 rpm. Aliquots of feces homogenates
(200 pl) were diluted fivefold with drug-free human plasma prior to
further sample processing.

Drug analysis

Paclitaxel (batch 494034, purity 98.3% by reversed-phase high-
performance liquid chromatography, HPLC) and docetaxel, used
as internal standard, were provided by Bristol-Myers Squibb and
Rhone-Poulenc Rorer (Vitry-sur-Seine, France), respectively. Ref-
erence stocks of pure 6a-hydroxypaclitaxel, 3’-p-hydroxypaclitaxel
and 60,3"-p-dihydroxypaclitaxel were obtained by isolation and
purification of a patient’s feces sample, as described previously [25].
Stock solutions of each of the taxanes were prepared at 1.0 mg/ml
in dimethyl sulfoxide. Concentrations of paclitaxel in plasma were
determined using isocratic reversed-phase HPLC with UV detec-
tion (A=230 nm) with a lower limit of quantitation of 10 ng/ml,
as reported [28]. The same assay methodology was also used for
determination of paclitaxel in whole blood, and was validated
as described previously [28] using spiked quality control samples
containing 40, 200, 400 and 15,000 ng paclitaxel/ml. The within-run
precision and between-run precision ranged from 2.23% to 8.74%
and 1.81% to 8.07% (n=14 at each of the concentrations), re-
spectively, with a mean percentage deviation from nominal values
of less than +3.30%.

A potential CrEL concentration-dependency in extraction
recovery of paclitaxel from whole blood was tested by repeated
analysis of spiked whole blood (nominal concentration 1000 ng/ml)
containing 0, 0.1, 0.5, 1.0, 5.0 or 10 ul CrEL/ml. The mean (£ SD)
recovered concentrations in these samples were 1037+28.4,
1067 £33.7, 1064+7.91, 1074+1.90, 1041 +35.1 and 1057 +6.71,
respectively, with no trend in significant deviations from the control
value (P=0.194; n=16 at each CrEL concentration). The detector
response of the internal standard docetaxel, as measured by the
peak height, was also not significantly different during analysis of
either plasma or whole blood samples with mean values of
44,019+4739 pV and 43,728 £5410 pV, respectively (P=0.525;
n=164 for each matrix). These data were considered acceptable for
analysis of paclitaxel in whole blood samples obtained from
patients for the conduct of the present study.

For determination of paclitaxel and its hydroxylated metabo-
lites in feces homogenates, this HPLC methodology was further
modified as described previously [8]. In brief, standard curves were
prepared in drug-free human plasma and were expanded to en-
compass concentrations between 0.1 and 5 pg/ml. A 1-ml aliquot of
standard or plasma-diluted sample was mixed for 5 min with 100 pl
10 pg/ml docetaxel in 50% (v/v) methanol in water and 5 ml 20%
(v/v) acetonitrile in n-butyl chloride. After centrifugation for 5 min
at 4000 g (4°C), the entire upper organic phase was separated and
dried under nitrogen at 60°C. The dried residue was reconstituted
in 125 ul of 50% (v/v) methanol in water by vortex-mixing, and
following a brief centrifugation step, 100 ul of the clear supernatant
was injected into the HPLC system from low-volume glass inserts
via a temperature-controlled Waters 717Plus autosampling device
(Milford, Mass.). Chromatographic separations were performed at
60°C on an Inertsil ODS-80A column (150x4.6 mm internal di-
ameter, 5 pm particle size; GL Science, Tokyo, Japan) and a guard
column (4.0x4.0 mm, 5 pm) packed with LiChrospher 100 RP-18
material (Merck, Darmstadt, Germany). The mobile phase con-
sisted of methanol/tetrahydrofuran/0.2 M aqueous ammonium
hydroxide (60:2.5:37.5, v/v/v) with the pH adjusted to 6.0 (formic
acid), and was degassed by ultrasonication prior to use. The flow-
rate was set at 1.0 ml/min, and the eluent was monitored at an



absorption wavelength of 230 nm with a SpectraPhysics UV-200
detector (San Jose, Calif.).

Integration of chromatographic data and calculation of cali-
bration graphs was performed as described previously [28]. A for-
mal method validation was performed by repeat analysis of quality
control samples spiked to contain 0.50, 2.5, 10 and 20 pg paclitaxel/
ml on four consecutive days along with a seven-point calibration
curve processed in duplicate. There were no endogenous com-
pounds in any of the studied patient specimens that could have
interfered with the peaks of interest in the system. Standard curves
were fitted by an equation with proportional weighting, and were
strictly linear in the tested range, with an R> value greater than
0.995 in all cases. The within-run precision and between-run pre-
cision ranged from 2.49% to 7.82% and 1.68% to 10.6% (n=20 at
each of the concentrations), respectively, with a mean percentage
deviation from nominal values of less than +8.23%.

The analytical method for determination of CrEL concentra-
tions in plasma was based on binding of the surfactant to the
Coomassie Brilliant Blue G-250 dye in protein-free plasma extracts
by measuring the change in ratio of absorbances at 595 nm over
450 nm [2, 29]. For this purpose, 50-ul samples of plasma were
deproteinized by the addition of 500 pl of acetonitrile in Teflon-
capped 12-ml tubes followed by vortex-mixing for 1 min. Next, 2 ml
of n-butyl chloride was added followed by vigorous mixing for
5 min. The organic layer was then separated by centrifugation for
S min at 4000 g, transferred to a clean 10-ml glass tube, and dried
under nitrogen at 60°C for 30 min. The residue was reconstituted in
50 pl water by vortex-mixing, and a 25-pl volume was pipetted into
a 96-well flat-bottom cluster (Costar Corporation, Cambridge,
Mass.). Finally, 250 pl of water-diluted (1:4, v/v) Coomassie Bril-
liant Blue G-250 reagent was added, and the absorbance maximum
of the dye at 595 nm after binding to CrEL, and the simultaneous
decrease in absorbance at 450 nm were measured within 24 h
against a reagent blank using a Bio-Rad Model 550 automated
microplate reader (Bio-Rad Laboratories, Hercules, Calif.). The
lower limit of this procedure was 0.50 pl/ml, and over the entire
range studied (up to 10.0 pl/ml), the method has excellent speci-
ficity, accuracy ( < 6.33% relative error), and precision (<10%)

2].

Pharmacokinetic analysis

The pharmacokinetics of paclitaxel were initially evaluated by a
noncompartmental method using the Siphar package (version 4.0;
SIMED, Créteil, France). The actual times of drug intake and
blood sampling were taken into account. Peak drug levels (Cpax)
were determined by visual inspection of the concentration-time
data. The area under the concentration-time curve (AUC) from
zero to the last sampling time-point with a detectable concentration
(Clasy) Was calculated by the linear trapezoidal rule. The apparent
half-life of the terminal disposition phase (T;,) was defined as
In 2/4, in which 4 was the elimination rate constant of the terminal
phase, estimated by a least-squares regression analysis of the final
three data points of the concentration-time profiles. Total body
clearance (CL) was calculated as the quotient of dose (expressed in
mg/m?) and AUC extrapolated to infinity by dividing Cjas by A.
The relationships between paclitaxel dose and C,x or AUC in
plasma and blood were evaluated in a scattered plot with linear and
nonlinear fitting using Graphstatics Plus (Manugistics, Rockville,
Mass.). The AUC of CrEL in plasma was also calculated using the
Siphar package as described previously [30].

Statistical considerations

All pharmacokinetic parameters are reported as mean values +SD.
Since multiple measurements were performed at different times on
the same patients, comparisons between the sets of observations
were based on within subject differences. Therefore, variation
between subjects, which is usually considerable, did not affect our
ability to distinguish differences between the sets of observations,
which here related to the three paclitaxel dose levels. The effect of
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drug dose on the apparent paclitaxel clearance in plasma and blood
was evaluated using a Friedman’s two-way analysis of variance
test, with the level of significance set at P <0.05. Statistical analysis
was performed using the Number Cruncher Statistical System
(NCSS) software package (version 5.X; J.L. Hintze, Kaysville,
Utah).

Model development

Paclitaxel in blood was assumed to exist in the following phar-
macokinetically distinguishable forms: unbound (Cyypoung), bound
to plasma protein (Cpoung), in micellar form together with CrEL
(Chicettar)» and bound to or distributed into red blood cells (C,p.).
Further, Cyupound Was assumed to be in equilibrium with tissues.
For some tissues and organs, the rate to attain this equilibrium may
be fast and therefore part of the central volume of distribution.
For other tissues and organs it may be slow, where the number
of peripheral compartments will reflect the heterogeneity of the rate
of equilibration between tissues of importance for the distribution
of paclitaxel. As neither Cynpound NOT Cpoung Was measured sepa-
rately and since the relationship between the two was assumed to be
linear and instantaneous, there was no possibility of separately
characterizing these based on pharmacokinetic data. However, no
approximation of the model was necessary because of this, the only
consequence being that the relevant parameters were based on the
sum of the two concentrations rather than on C,poung alone. Thus,
Cnon-micellar is the sum of Cunbound and Cbound, Cplasma is the sum of
Chicellar a0d Cpon-micellars Whereas Cypooq 18 the hematocrit-weighted
average of Cype and Cpiasma-

The only feature that distinguishes the model used from stan-
dard linear compartmental pharmacokinetic models is that paclit-
axel may be included in micelles and thereby undergo a change in
its pharmacokinetic properties. In the present model, these CrEL-
paclitaxel micelles were assumed to exist in plasma, and with
plasma rapidly equilibrating organs and tissues. In the initial model
for Cpicellar it Was assumed to be proportional to both the unbound
paclitaxel concentration and the total CrEL concentration. Several
modifications to this assumption were explored, including nonlin-
ear dependence on paclitaxel and/or CrEL concentrations as well
as time-dependent changes in the proportionality constant gov-
erning the relationship. The information about the relationship
between paclitaxel, CrEL and Cceriar s entered into the model
came from the nonlinear behavior of the plasma concentration-
time curve and the varying ratios of Cpjood t0 Cpiasma. Therefore,
the data were best utilized in a simultaneous fit of the model to
both. The ratio between Cp. and Cpon-micellars @ Necessary part of
the model, was estimated as the parameter 0,,.. Whereas nonlinear
mixed effects (“population”) modeling is the accepted method of
analyzing sparse pharmacokinetic data, rich pharmacokinetic data
sets are more commonly analyzed by individual modeling. How-
ever, when complex models are used, there is a gain in analyzing
data from several subjects together even if the data are rich [11, 23].
Indeed, if many parameters are to be estimated from a single in-
dividual’s pharmacokinetic profile, there are usually some param-
eters for which the information is sparse. Thus, in a sense, with
complex pharmacokinetic models, individual data are no longer
“rich” in information.

This analysis was performed as population modeling using the
first-order method as implemented in the NONMEM program
(version V; S.L. Beal and L.B. Sheiner, San Francisco, Calif.). As
the number of individuals was small, there was no model building
in the traditional sense, where both structural, statistical and co-
variate models are refined in an integrated process. Covariates,
apart from the CrEL concentrations, were absent. Interindividual
variability parameters would be expected to be poorly estimated,
but were included in the model as long as the termination was
successful and could provide estimates of parameter precision. In-
terindividual variability was included as log normally distributed,
and residual variability was initially modeled as combined additive
and proportional, where either component may be omitted if su-
perfluous. The assessment of statistical significance of the addi-
tional parameters was based on the difference between the objective
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function values (part of the output from NONMEM) between the
models being compared. This difference was minus twice the log
likelihood for the models and was approximately y-squared dis-
tributed. A difference of greater than 10.83 (one degree of freedom)
was significant at the 0.1% level, which was used in discriminating
between hierarchical models.

Introducing the CrEL concentrations into the model requires
knowledge of CrEL at all time-points, including those between
sampled CrEL observations. In the present modeling, we used the
individual predictions from a two-compartment model generated as
a part of a separate analysis of CrEL pharmacokinetics in a larger
population that included 67 complete concentration-time courses
(not shown). Although this model is a simplification of CrEL
pharmacokinetics, it adequately describes the individual profiles,
which is what was needed for the present purpose.

Results
Patient characteristics

Seven patients (three male, four female) with various
malignant solid tumors were included in the study
(Table 1). The median age was 54 years (range 32—
64 years), and all patients had normal hematopoietic
and liver functions at the time of study. One patient had
slightly increased serum creatinine values and a lower
creatinine clearance (138 puM and 57 ml/min, respec-
tively), but was accepted based on the known limited
role of renal function in paclitaxel disposition [§]. Two
patients did not receive the last course (135 mg/m?) be-
cause of progressive disease after two paclitaxel courses.
Eventually, 19 courses were available for pharmacoki-
netic evaluation.

Table 1 Characteristics of patients undergoing concomitant blood
and plasma sampling during and after paclitaxel infusion. Values
are number of patients, unless otherwise stated. (4LAT alanine
aminotransferase, ASAT aspartate aminotransferase)

Total 7
No. of courses 19
Age (years)

Median 54

Range 32-64
Gender

Male

Female
WHO performance status

0

1

2
Primary tumor site

Bladder

Breast

Lung

Unknown

Weak tissue (sarcoma)
Pretherapy clinical chemistry (mean, range)

B~ w

— AN

—_— e — )

Serum creatinine (uM) 92 (69-138)
Total bilirubin (uM) 9 (3-15)
ASAT (U/1) 19 (10-28)
ALAT (U/1) 16 (6-31)
Total protein (mg/ml) 76 (74-78)
Serum albumin (mg/ml) 42 (34-49)

Paclitaxel blood distribution

The mean plasma and blood concentration-time profiles
of paclitaxel at the three different dose levels tested are
displayed in Fig. 1. The relationships between the ad-
ministered dose and paclitaxel Cp,,x and AUC in plasma
indicated a substantial deviation from linearity (Fig. 2A),
whereas this disproportionality was less pronounced
with data based on whole blood measurements (Fig. 2B).
In line with previous findings [9, 15, 24], the apparent
plasma clearance of paclitaxel was clearly dose-depen-
dent and significantly decreased from 16.7+2.53 1/h per
m? (at 135 mg/m?) to 9.75+2.78 1/h per m? (at 225 mg/
m?; P=0.030; Table 2). The whole blood clearance of
paclitaxel, however, appeared to be independent of the
administered dose (P=0.063), and averaged 17.5+
3.43 1/h per m>. Examination of blood:plasma concen-
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Fig. 1A,B Plasma (A) and blood (B) concentration-time profiles of
paclitaxel in patients treated with paclitaxel at dose levels of
135 mg/m? (Q), 175 mg/m’> (@) and 225 mg/m> (A). Data are
presented as mean values and SD (error bars)



tration ratios (C,/Cp) revealed that the discrepant ki-
netic profiles of paclitaxel in plasma and blood was most
closely associated with a concentration-dependent
change in movement of drug within the central com-
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Fig. 2A,B Relationships between the administered dose and
paclitaxel Chax (A) and paclitaxel AUC (B) in plasma (O) and
whole blood (A). Dotted lines indicate linearity of the relationships
in the case of proportional increases in Cp,,x and AUC with dose

Table 2 Summary of noncompartmental paclitaxel pharmacoki-
netics. Data were obtained from seven patients after treatment with
a 3-h i.v. infusion of paclitaxel, each receiving consecutive 3-weekly
doses of 225 (n=7), 175 (n=7) and 135 mg/m?> (n=>5). Pharmac-
okinetic parameters are mean values £SD. (AUC area under the
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partment during the distribution phase. At Cpax, Cp/C,
ratios decreased in a dose-dependent manner from
0.83+0.11 (135 mg/m?) to 0.80+0.18 (175 mg/m?) and
0.68+0.07 (225 mg/m?).

The estimated terminal half-life was relatively con-
sistent in all subjects and not different between dose
levels, exhibiting mean values of 7.21+0.623 h and
6.91+0.485 h for plasma and blood, respectively (plas-
ma vs blood, P=0.69). This finding is further substan-
tiated by the fecal recovery patterns of paclitaxel and its
three main hydroxylated metabolites during the first 24 h
after initiation of the infusion, which were qualitatively
and quantitatively independent of the dose given. Fecal
excretion of unchanged drug accounted for only 2.8%,
3.7% and 3.7% of the total dose administered at the
135, 175 and 225 mg/m? dose levels, respectively. This is
in line with previous findings [31], and with murine data
indicating that fecal excretion pathways of paclitaxel are
independent of the administered dose and the vehicle
used for drug formulation [27].

CrEL pharmacokinetics

The plasma clearance of CrEL at the tested dose levels of
18.8, 14.6, and 11.3 ml/m?* was independent of the ad-
ministered dose (P=0.61) and averaged 320+ 53.2 ml/h
per m?, which is within the same range as described for
this compound previously when based on calculations
using AUC,_ [30]. Mean CrEL plasma concentration-
time profiles at the various dose levels are shown in Fig. 3.

Pharmacokinetic model

We sought to define a pharmacokinetic model that
would explain the nonlinearity observed in paclitaxel
plasma disposition. The distribution of paclitaxel to
tissues was best described by a three-compartment
model (based on considerations presented in Fig. 4), and
was characterized by the following parameters (£ SD):
intercompartmental clearance of paclitaxel for periph-
eral compartment one, 30+ 8 1/h; volume of paclitaxel
for peripheral compartment one, 51+ 14 [; intercom-

concentration-time curve up to the last sampling-time point with
detectable paclitaxel concentration, C,,, peak concentration, CL
apparent clearance, T/, apparent half-life of the terminal disposi-
tion phase)

Dose (mg/m?)* Matrix Cinax (LM) AUC (uM-h) CL (I/h/m?) T, (h)
135 Plasma 3.04+0.493 9.62+1.43 16.7+2.54 7.70+£4.15
Blood 2.63+0.387 8.06+2.92 18.8+2.30 8.15+2.92
175 Plasma 4.54+1.73 14.3+3.40 14.0+3.76 7.17+1.92
Blood 3.31+0.883 11.8+2.30 17.9+3.64 6.96+1.63
225 Plasma 8.75+2.76 28.7+7.04 9.75+2.78 6.77+2.45
Blood 5.58+1.32 17.9+4.81 15.7+4.34 5.99+1.67

aCorresponding dose levels of CrEL, 11.3, 14.6, and 18.8 ml/m?, respectively
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Fig. 4 Pharmacokinetically distinguishable forms of paclitaxel in
the blood compartment assumed to exist in the proposed model for
paclitaxel pharmacokinetics. Double-headed arrows denote process-
es with assumed instantaneous equilibrium. The star indicates a
nonlinear process

partmental clearance of paclitaxel for peripheral com-
partment two, 34+8 1/h; volume of paclitaxel for
peripheral compartment two, 340+81 1. The central
volume of distribution of paclitaxel was 4114 1,
whereas the proportionality constant relating Cpe to
Chron-micellar Was 1.7£0.2. The overall clearance of pac-
litaxel based on C,onmiceltar Was 71 £13 1/h. The rela-
tionship between Cricelar and Cronmicellar Was well
described by the following function:

- (T X Otime)}

where Cc.gr, 18 the CrEL plasma concentration in
microliters per milliliter, T is the time after start of
infusion, and 0 yiceyar and Oy are parameters estimated
to be 0.97+0.22 and 0.039 & 0.004, respectively.

Cmicellar = Cnonfmicellar X CCrEL X Omicellar X {1

Before arriving at this final model for the rela-
tionship, several others were tried, including those
containing functions with nonlinear relationships for
both C,on-miceliar aNd Ccrgr. The fit of the current model
to the observed paclitaxel plasma and blood concen-
tration gave a good description of the data without any
trends in the residuals over time or paclitaxel concen-
tration (Fig. 5). The presently developed model gave an
unbiased prediction of the C,/C, ratio over time
(Fig. 6A), and it could also predict the free fraction of
paclitaxel at any CrEL concentration compared to the
free fraction in the absence of CrEL. This estimated
ratio showed good agreement with previously published
data obtained from a single patient treated with paclit-
axel at a dose level of 157.5 mg/m” [31] (Fig. 6B). An
example of concentration-time data for the various
pharmacokinetically distinguishable forms of paclitaxel
in blood from a representative patient is given in Fig. 7.

Discussion

By prospectively measuring paclitaxel concentrations in
whole blood and plasma in cancer patients given dif-
ferent dose levels of paclitaxel and serving as their own
control, we demonstrated that the AUC of paclitaxel in
whole blood was a linear function of the dose adminis-
tered. The paclitaxel C,/C, ratios showed that the
fraction of this drug that was bound in plasma changed
appreciably with concentration in the concentration
range of interest. Recently, we have shown in vitro that
CrEL causes a profound alteration in paclitaxel accu-
mulation in erythrocytes in a concentration-dependent
manner, by reducing the free drug fraction available for
cellular partitioning, thereby suggesting that paclitaxel
trapping occurs in CrEL micelles [31]. These findings
were later independently confirmed by Knemeyer et al.
[17] and Van Tellingen et al. [33] in similar in vitro
experiments.

Yet the findings of our present study demonstrate for
the first time that CrEL affects the clinical pharmaco-
kinetics of paclitaxel by a disproportionate accumula-
tion process in plasma, and lends further support to our
prior supposition that the ability of CrEL to modulate
the murine disposition of paclitaxel may have important
clinical ramifications. Moreover, our findings indicate
that the nonlinear pharmacokinetics of paclitaxel are not
related to saturable tissue binding but are caused by
paclitaxel dose-related levels of CrEL in blood.
Although our study population included only seven
patients, the paclitaxel plasma pharmacokinetics were
highly consistent with data previously reported by
Gianni et al. [9] obtained from a larger group of pa-
tients. For example, the paclitaxel plasma AUC varied
from 10.9+ 1.1 to 18.5+3.0 and 24.3+6.8 pM-h in their
study versus 9.6+ 1.4, 14.3+3.4 and 28.7+7.0 uM-h in
our study, at dose levels of 135, 175 and 225 mg/m?,
respectively, indicating that our small patient population
was indeed representative.
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Fig. 5A,B Observed versus predicted plasma (A) and blood (B)
concentrations using the proposed pharmacokinetic model. Dotted
lines indicate the lines of identity, and solid lines indicate linear
regression fits (y=1.0654x — 0.0802 for plasma and y=1.0008x —
0.0263 for blood)

Our findings indicate that the other suggested causes
of the nonlinearity of paclitaxel mentioned in the In-
troduction are unlikely. The established decrease in Cy/
C,, ratio of paclitaxel in our study excludes the role of P-
glycoprotein [10], because modulation of endogenous P-
glycoprotein expressed in certain blood cells (e.g. white
blood cells) by CrEL should lead to an increase in this
ratio. The hypothesis of altered P-glycoprotein-mediated
hepatobiliary secretion is based on experiments in an
isolated perfused rat-liver system in which paclitaxel is
administered as a bolus dose both in the absence of
CrEL and after the administration of either 80 or 800 pl
CrEL [7]. Total and biliary clearance of paclitaxel de-
creased in a dose-dependent manner not through alter-
ations in the metabolism of paclitaxel under the
influence of CrEL, but logically by the same principle as
defined in our study, i.e. by micelle formation preventing
paclitaxel reaching sites of metabolism and excretion.
Altered protein binding as the primary cause of the
nonlinear paclitaxel pharmacokinetics [32] has been al-
ready excluded as an explanation by our previous in vitro
study, in which the CrEL-induced alteration in pacli-
taxel accumulation in erythrocytes was also observed in
the absence of any plasma proteins [31].

The model presented here accurately described the
pharmacokinetics of paclitaxel in patients at all dose
levels studied, and could be proven to be useful for
prediction of paclitaxel disposition at as-yet-untested
dose levels. In the past, the first attempts to model the
nonlinear pharmacokinetics of paclitaxel used a non-
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linear distribution mechanism and a nonlinear elimina-
tion based on plasma measurements [24]. Later a model
in which the saturable process was replaced by saturable
binding to sites outside plasma was shown to describe
the data equally well, and to be more probable based
on the known pharmacologic properties of paclitaxel [9].
In the present study we used an alternative approach for
describing the nonlinear pharmacokinetics of paclitaxel.
In contrast to the previous models, only one nonlinear
component was required to describe both the apparent
nonlinear distribution and the elimination kinetics.

The sequence of models developed for paclitaxel
illustrates the effort to develop mechanistic models that
is a dominant principle in contemporary modeling. It
also illustrates the principle that to discriminate between
complex models, there is often the necessity to obtain
information on more than one component of the system.
In this case, in addition to CrEL levels, we measured
both blood and plasma concentrations. Although the
possibility cannot be excluded that the saturable binding
of paclitaxel to tubulin may play a role in its pharmaco-
kinetic behavior [14], the present model was able to
explain not only the nonlinear distribution and elimi-
nation of paclitaxel, but also the changing C,/C,, ratio,
something that no previous model has explained. We did
not compare the fit of the present model to the data with
the fit that previous models might have given. One rea-
son for this is that the previous models from the nature
of their development had no component for predicting
the blood concentrations. As blood concentrations are
an integral part of the present model, without which the
model cannot be evaluated, no direct comparison could
be made.

Several assumptions and approximations are made in
our model that may not be necessary if additional in-
formation on these processes are being gathered. Three
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Fig. 6A,B Observed (symbols) and model-predicted (/ine) ratios
(Cp/Cp) of the paclitaxel blood:plasma concentrations over time
(A), and the ratio between the free fraction of paclitaxel at
zero CrEL concentration to the free fraction of paclitaxel in
the presence of CrEL at various concentrations [i.e. Cpon-micellar/
(Chonmicettar T Cicellar)]- The continuous line is based on data from
reference 31 (see Table 3 therein), whereas the squares are model-
based estimates for all observations up to 20 h after paclitaxel
administration (B)

assumptions regarding the micellar binding may be
particularly approximate. First, the amount of paclitaxel
in micellar form is, at any time, assumed to be directly
proportional to the total concentrations of the drug and
CrEL. We know that at very low CrEL concentrations
micelles cannot be formed, although it has been shown
that in aqueous solution CrEL micelles can persist for
several hours after dilution below the critical micellar
concentration, estimated to be 0.009% (w/v) at equilib-
rium [16]. It appears, however, that this critical micellar
concentration in plasma is low compared to the range of
concentrations experienced during the observation
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Fig. 7 Paclitaxel concentration-time profiles using model-fit curves
in a representative patient treated with paclitaxel at a dose level of
175 mg/m2 showing Cpjagma (i-€. the sum of Cpjceiiar and Cpon.
micellar) (A), Cplood (1.€. the hematocrit-weighted average of C,p. and
Cplasma) (')s Cncn-micellar (le the sum of Cunbound and Cbound) (O),
Cmiccllar (D) and Crbc (.)

period of these treatments. Second, even above the
critical micellar concentration there may be deviation
from the simple direct proportionality that was postu-
lated. Although literature data on CrEL micellar kinetics
are lacking, preliminary experiments indicated that the
in vitro equilibrium between paclitaxel in micelles and
free paclitaxel is reached within 1 min (A. Sparreboom
and J. Verweij, unpublished data), and thus can be
considered instantaneous on the time-scale of paclitaxel
pharmacokinetics. It is possible, however, that with time
CrEL is able to form micelles with other components so
that less is available for forming paclitaxel micelles.
Third, the change in the micellar concentration with
time is modeled as a linear relationship, although it may
well be a more complex function of both degradation
of CrEL and/or binding to other blood constituents.
Indeed, we have found recently that compounds such
as CrEL and polysorbate 80 are prone to a degradation
pathway induced by serum carboxylesterases that causes
a release of fatty acids (ricinoleic acid in the case of
CrEL and oleic acid in the case of polysorbate 80) [34].
Although this metabolic route is likely to be very slow
for CrEL, given the long terminal half-life of CrEL of
around 80 h [30], it is likely to impact on the CrEL-
paclitaxel interaction. Hence, the assumptions regarding
linear plasma protein and red cell binding as well as
linear tissue distribution and elimination may in the end
prove false under further scrutiny. In the present data
set, however, such nonlinearities were not indicated. It is
also noteworthy in this context that plasma protein
binding of paclitaxel in human samples, determined by
both equilibrium dialysis and ultrafiltration techniques,
has been shown previously to be independent of the
paclitaxel concentration within the therapeutic range



associated with 3-h i.v. infusions [18]. We are currently
exploring the relevance of this principle for the in vivo
situation by defining free (unbound) area-dose rela-
tionships in cancer patients treated with paclitaxel.

Our current findings will have significant implications
for the interpretation of the relationship between the
pharmacokinetic parameters and pharmacodynamic
outcome of paclitaxel treatment. Over the last few years,
various hypotheses regarding relationships between
plasma pharmacokinetics and hematological toxicity
(e.g. neutropenia) have been postulated, including those
using a step function (threshold model) [12, 15] and
more general models that use a nonlinear continuous
function for the time-dissociated component [13, 22]. A
common feature of these models is the use of the total
paclitaxel plasma concentration, which is, in view of our
current findings, unlikely to be the exposure measure
best linked to observed toxicity profiles. Since the non-
linear pharmacokinetics of paclitaxel in plasma can be
explained by CrEL concentration-dependent changes in
drug movement within the central compartment, the
effects of entrapment of paclitaxel in the plasma com-
partment will be less with prolonged (e.g. 24-h) infusion
schedules associated with lower concentrations of CrEL
[35]. Thus, total plasma levels of paclitaxel measured in
these schedules will represent a higher fraction of free
paclitaxel, and this may, in part, explain the increased
incidence of severe hematological toxicity seen in the 24-
h infusion schedules as compared with infusion of the
same dose over 3 h [6, 9].

The existence of CrEL in blood as large polar micelles
with a highly hydrophobic interior may also have im-
portant consequences for other drugs that are formu-
lated in this vehicle. CrEL is currently used in i.v.
preparations of many hydrophobic drugs including
other anticancer agents (e.g. teniposide, didemnin B,
halomon), anesthetics, vitamins and immunosuppressive
agents (e.g. cyclosporin A, tacrolimus). It is possible that
the pharmacokinetic behavior of these drugs will also be
influenced by the formulation vehicle, although the im-
pact is likely to be smaller than for paclitaxel, since the
amounts of this vehicle coadministered are much less.
For example, cyclosporin A is known to exhibit dis-
proportionate dose-AUC relationships, and it can be
postulated this phenomenon is related, in part, to the
presence of CrEL and micellar entrapment similar to
that described here for paclitaxel, in addition to satu-
rable binding to erythrocytes [19]. It can also be antici-
pated that CrEL may alter the distribution of some
compounds coadministered with paclitaxel. For exam-
ple, clinically significant pharmacokinetic interactions
between paclitaxel and doxorubicin have been reported
[10], and both preclinical and clinical evidence suggests
that these are directly attributable to CrEL [4, 21, 37].
Similarly, differences in the plasma concentration-time
profile of CrEL resulting from differences in the paclit-
axel administration schedule could also account for the
apparent sequence- and schedule-dependent effects of
paclitaxel on doxorubicin pharmacokinetics [5].
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In conclusion, we have shown that micellar encap-
sulation of paclitaxel in CrEL can, as a single principle,
explain both the nonlinear distribution and nonlinear
elimination processes of paclitaxel in plasma. This mi-
cellar formation is likely to affect other hydrophobic
drugs, either those themselves formulated in CrEL, or
those given in combination with paclitaxel, leading to
changes in the pharmacokinetic and pharmacodynamic
behavior of these compounds that could have significant
clinical implications. Our pharmacokinetic model was
able to accurately describe the generated paclitaxel
blood and plasma data, and will help guide further de-
velopment and refinement of clinical protocols. Future
studies will focus on defining the exposure measure best
linked to paclitaxel-induced antitumor effects and tox-
icities, not only to expand our understanding of paclit-
axel pharmacology but to provide an insight into
considerations of optimal dosage and schedule of drug
administration. Ultimately, a more rational and selective
chemotherapy with paclitaxel should be possible and
thus the treatment of cancer improved.
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