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Abstract Purpose: 17-(Allylamino)-17-demethoxygel-
danamycin (17AAG) is a novel anticancer agent in
clinical development. The objectives of this study were
to develop a population pharmacokinetic model for
17AAG and its major metabolite, 17AG, and to inves-
tigate influences of patient characteristics and bio-
chemical markers on pharmacokinetic parameters
estimated for 17AAG and 17AG. Experimental design:
In a phase I clinical study, 17AAG was administered by
intravenous infusion to 43 patients with refractory, ad-
vanced malignancies. Plasma concentrations of 17AAG
and 17AG were determined by high-performance liquid
chromatography. Plasma concentration vs time data
were modeled using NONMEM. Nine covariates (age,
sex, performance status, weight, height, body surface
area, AST, bilirubin and serum creatinine) were inves-
tigated for their influences on individual pharmacoki-
netic parameters. Results: Plasma concentration vs time
data were best described by a two-compartment model

for 17AAG and a one-compartment model for 17AG.
Volumes of distribution were 24.2 and 89.6 l for
17AAG. Total elimination clearances were 26.7 and
21.3 l/h for 17AAG and 17AG, respectively. Both fixed
and random effects pharmacokinetic parameters were
well estimated. None of the covariates explained the
interindividual variability in 17AAG and 17AG phar-
macokinetic parameters or improved the fit of the model
based on objective function changes. Conclusions: A
population pharmacokinetic model was developed to
describe 17AAG and 17AG population pharmacoki-
netic parameters and interindividual variabilities. There
were substantial interindividual variabilities in 17AAG
and 17AG pharmacokinetic parameters despite BSA-
normalized dosing.
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Introduction

17-(Allylamino)-17-demethoxygeldanamycin (17AAG),
an analog of geldanamycin, is an anticancer agent with a
novel mechanism of action. It binds specifically to and
inhibits the cytosolic chaperone protein, heat-shock
protein 90 (HSP90) [17, 18]. 17AAG binding inhibits
HSP90-mediated conformational folding of client pro-
teins including oncoproteins such as p185erbB2, raf-1 and
Bcr-Abl; and promotes degradation of these oncopro-
teins [15, 16]. Based on this unique mechanism of action,
17AAG is currently undergoing clinical development in
multiple phase I/II studies [3, 14, 23].

After intravenous administration to mice, 17AAG
distributes widely, and undergoes extensive hepatic
metabolism [6, 7]. One of its major metabolites,
17-(amino)-17-demethoxygeldanamycin (17AG), is as
active as 17AAG in depleting cellular p185erbB2 [19]. The
metabolism of 17AAG to 17AG is mediated by CYP3A4
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[7]. Preliminary data indicate that 17AAG also distrib-
utes widely after intravenous administration and is
cleared rapidly in humans [3, 14, 23]. In addition,
17AAG area under the curve (AUC) increases linearly
with doses from 10 to 160 mg/m2 [3].

The population pharmacokinetic approach has been
advocated as a useful tool in early development of new
anticancer agents [5, 21]. In contrast to the traditional
pharmacokinetic approach, the population pharmaco-
kinetic approach allows complex pharmacokinetic
modeling and simultaneous analysis of data from a wide
range of doses, schedules and individuals. This is par-
ticularly useful where subjects receiving lower doses may
not have as many measurable data points due to assay
limitations [1, 20]. Information from all subjects can be
combined under the population pharmacokinetic ap-
proach to provide reasonable estimates of pharmacoki-
netic parameters for subjects receiving lower doses [20].
In addition, the influence of individual patient charac-
teristics on pharmacokinetic behavior can be investi-
gated. For example, population pharmacokinetic
analysis has shown that patients with elevated liver en-
zymes have a 27% decrease in docetaxel clearance and
are at a higher risk of toxicity [5]. This insight resulted in
recommendations of dose reduction in patients with
hepatic impairment.

As part of a phase I program, the objective of the
present study was to develop a population pharmaco-
kinetic model to describe the time course of 17AAG and
its major metabolite 17AG after intravenous infusion, to
capture interindividual variability of 17AAG and 17AG
after intravenous infusion, and to investigate possible
influences of patient demographic variables and bio-
chemical markers on the pharmacokinetic parameters of
17AAG in cancer patients.

Patients and methods

Patients

Patients were eligible if they had a histologically con-
firmed diagnosis of advanced epithelial cancer or malig-
nant lymphoma not curable with standard therapy or for
which there was no standard therapy. Additional eligi-
bility criteria included: Eastern Cooperative Oncology
Group (ECOG) performance status £ 2; adequate renal,
hepatic and bone marrow function; age ‡18 years; a life
expectancy of at least 3 months; and no active anticancer
treatment within 4 weeks of study entry. The protocol
was approved by the Institutional Review Board of the
University of Pittsburgh Cancer Institute. All patients
gave written, informed consent before entering the study.

Drug administration and pharmacokinetic sampling

17AAG was supplied by the National Cancer Institute
in sterile vials containing 50 mg 17AAG in 2.0 ml

dimethylsulfoxide. It was reconstituted with a diluent
consisting of 2% egg phospholipids and 5% D5W to a
final concentration of 1 mg/ml within 8 h of adminis-
tration. 17AAG was given as a 1-h i.v. infusion weekly
for 3 weeks, followed by a 1-week rest. The starting dose
level was 10 mg/m2, and dose levels were escalated to 20,
30, 40, 55, 75, 97, 127, 220, 295, and 395 mg/m2. Because
of the volume to be infused, the duration of infusion was
increased to 2 h in three patients at the 295 mg/m2 dose
level, and two patients at the 395 mg/m2 dose level. Se-
rial blood samples were collected into heparinized tubes
before the first dose of 17AAG, 30 min into the infusion
and at the end of infusion, and at 5, 10, 15, and 30 min
and 1, 2, 4, 8, 12, 16, 18, and 24 h after completion of the
infusion. Plasma samples were separated by centrifuging
blood samples at 1000 g for 10 min and stored at �70�C
until analyzed. Plasma 17AAG and 17AG concentra-
tions were quantified by high-performance liquid chro-
matography (HPLC) with UV detection as previously
described [6, 7]. The lower limit of quantitation of the
assay was 100 nM for both 17AAG and 17AG.

Population pharmacokinetic analyses

Plasma concentration vs time data for both 17AAG
and 17AG were modeled simultaneously with NON-
MEM (version V 1.1; GloboMax LLC, Hanover,
Md.). The structural model was based on comparison
of two-compartment and one-compartment models for
both 17AAG and 17AG. Models were parameterized
in terms of volume of distribution and clearance
(Fig. 1). To aid the identification of pharmacokinetic
parameters, the volume of distribution of 17AG

Fig. 1 Structural pharmacokinetic models of 17AAG and 17AG.
Boxes represent central (1, 3) and peripheral (2) compartments.
Arrows represent first-order processes. V1 volume of the central
compartment for 17AAG, V2 volume of the peripheral compart-
ment for 17AAG, V3 volume of distribution for 17AG (assumed to
be equal to V1), CLpd distribution clearance between the central
and peripheral compartments of 17AAG, CLpm metabolic clear-
ance of 17AAG to 17AG, CL elimination clearance of 17AAG
other than conversion to 17AG, CLm elimination clearance of
17AG
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central compartment (V3) was assumed to be equal to
that of 17AAG (V1) since these two volumes had
similar values during estimation steps [9]. The final
model selection was based on changes in objective
function values (�2 log likelihood) provided by
NONMEM as well as inspection of residual plots.
Changes in objective function values approximate the
chi-squared distribution. An alpha level for significance
of 0.05 was used. Thus, a change in the objective
function value of 3.84, representing P=0.05 with
df=1, was considered to be statistically significant to
discriminate between two hierarchical models.

The distribution of individual pharmacokinetic
parameters was assumed to be log-normal constraining
parameter values to be positive. For example, V1 was
modeled as V1i ¼ TVV1 � egi, where V1i is the V1 of the
ith individual, TVV1 is the typical value of V1 for the
whole population, and gi is the interindividual random
effect term for the ith individual (g was assumed to be
normally distributed with mean of 0 and variance of x2).
Residual variability, which included intraindividual
variability, was evaluated with additive, proportional
and combined additive and proportional models.
A fourth model, Yobs;i ¼ Ypred;i þ e� egi, was also evalu-
ated (� is the typical residual variability in the study
population, gi s the interindividual random effect term
which was assumed to be normally distributed with
mean of 0 and variance of x2) [12]. The first-order
conditional estimation method with interaction was used
throughout this analysis. NONMEM implemented with
Wings for NONMEM (version 302, N. Holford, http://
wfn.sourceforge.net) was used.

Individual Bayesian estimates of pharmacokinetic
parameters were obtained using the POSTHOC option in
NONMEM. A stepwise, generalized additive modeling
(GAM) procedure was then used to select covariates that
could further explain the interindividual variability.
Xpose (version 3), an S-PLUS-based model building
software [10], was used to implement GAM. Covariates
investigated included demographic variables (age, sex,
performance status, weight, height, BSA) and biochem-
ical markers (AST, bilirubin, serum creatinine). Covari-
ates that correlated significantly with pharmacokinetic
parameters, as indicated by the Akaike information cri-
terion [2], were selected for further testing in NONMEM.
For example, the relationship between CL and BSA was
modeled as TVCL=h1+h2·BSA, where h1 is the typical
population value and h2 is the constant associated with
changes in BSA. In addition, covariates were centered on
their medians as well: for example, TVCL=h1+
h2·(BSA/1.85), where 1.85 m2 was the median value of
BSA for subjects in this study. As in the structural model
building process, a covariate was entered into the model
only if the resulting objective function value decreased by
‡3.84 (P=0.05, df=1). A backward elimination was
subsequently performed, and variables remained in the
final model only when the elimination of a variable
caused an increase in the objective function value of ‡6.6
(P=0.01, df=1).

Results

A total of 43 patients participated in this study. Patient
characteristics and baseline biochemical markers are
listed in Table 1. At the time of study entry, the average
age was 62 years (range 24–83 years), and the median
ECOG performance status was 1 (range 0–2). The
17AAG dose was escalated 11 dose levels from a starting
dose of 10 to 395 mg/m2.

Complete pharmacokinetic profiles were available for
all 43 patients. Typical plasma concentration vs time
profiles of 17AAG and 17AG are shown in Fig. 2 for
two patients, one treated at the 40 mg/m2 dose level and
one treated at the 395 mg/m2 dose level. The final
pharmacokinetic model consisted of a two-compartment
model for 17AAG and a one-compartment model for
17AG (Fig. 1). This model provided similar objective
function values and fitting to the model with two-com-
partments for both 17AAG and 17AG, but with two
fewer parameters. It was used for developing the
covariate model.

Population pharmacokinetic parameters are listed in
Table 2. All structural (fixed effects) pharmacokinetic
parameters were well estimated. Volumes of distribution
of 17AAG were 24.2 and 89.6 l for the central (V1) and
peripheral (V2) compartments, respectively, and
approximately 24 l for 17-AG (V3). The total body
clearance was 26.7 and 21.3 l/h for 17AAG and 17AG,
respectively. The metabolic clearance of 17AAG to
17AG was 12.4 l/h, indicating that 46.4% of 17AAG is
metabolized to 17AG. When individual post hoc model-
predicted 17AAG and 17AG concentrations were
plotted against observed concentrations (Fig. 3), model-
predicted concentrations were symmetrically distributed
around the line of unity. Outliers for the observed vs
predicted 17AAG concentrations did not correlate with
outliers for the observed vs predicted 17AG concentra-
tions.

The interindividual variability was determined for all
structural pharmacokinetic parameters with the coeffi-
cient of variation ranging from 24.9% for V2 to 125%
for CL. Thus, there was substantial interindividual
variability despite the fact that the 17AAG dose was
normalized according to BSA. The fourth residual error

Table 1 Patient characteristics and baseline parameters

Mean (±SD) Range

Patient characteristics
Age (years) 62±12 24–83
Sex (male/female) 25/18
Weight (kg) 77±17 44–117
Height (cm) 168.8±10.2 147–189
BSA (m2) 1.9±0.2 1.4–2.4
Baseline parameters
ECOG performance status 1 (median) 0–2
AST (U/l) 28.8±17.7 12–94
Bilirubin (lmol/l) 8.7±4.9 3.4–25.7
Serum creatinine (lmol/l) 83.0±21.6 53–141
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model yielded the lowest objective function value and
best residual plots. Therefore, this model was used in all
subsequent analyses. The residual variability was
182 nM for 17AAG and 80 nM for 17AG, each of
which were similar to the 100 nM limit of quantitation
of the HPLC method.

The GAM analyses suggested that several covariates
could potentially further explain the interindividual
variability in pharmacokinetic parameters. These cova-
riates were age and baseline serum creatinine for V2

(P<0.001 for both age and serum creatinine), BSA for
CL (P<0.001), age for CLpm (P<0.001), and BSA for
CLpd (P<0.001). As a result, these covariates were tes-
ted separately in NONMEM. However, inclusion of
covariates did not result in a significant reduction in the
objective function value or improvement in goodness-of-
fit plots. Therefore, the final model did not include any
of these covariates.

Discussion

The novel anticancer agent, 17AAG, is currently
undergoing clinical development [3, 14, 23]. Although its
metabolism and pharmacokinetics have been charac-
terized in preclinical studies [6, 7], this report is the first
description of its pharmacokinetics in humans. After
intravenous infusion, 17AAG had a large volume of
distribution and high clearance, similar to the findings in
animal studies. In addition, a high percentage of 17AAG
was converted to its active metabolite, 17AG, in
humans.

Although the population pharmacokinetics approach
has been mostly restricted to sparse sampling with a
large number of subjects in cancer pharmacology, this
approach is being applied more frequently in early drug
development [13, 21]. The detailed pharmacokinetic
sampling in phase I studies allows better characteriza-

tion of the structural pharmacokinetic model and in-
terindividual and intraindividual variabilities [1, 22].
This approach was used to analyze plasma concentra-
tion vs time data for 17AAG and 17AG simultaneously
in this study.

In modeling parent and its metabolites simulta-
neously, it is known that several parameters could not be
globally identified under the conditions used in this study
[9]. Specifically, the following parameters in our model
were not identifiable: CL, CLpm and V3. However,
combinations of these parameters are identifiable: CLpm/
(V1·V3) and (CL+CLpm)/V1 [9]. Various approaches
have been proposed in the literature. Evans et al. [9]
pointed out that if the metabolite volume of distribution
is known a priori, then all parameters in our model would
be identifiable; alternatively, one could assume that the
parent drug is totally converted to the metabolite of
interest. Another approach is to model a composite
parameter of the metabolite volume of distribution and
the fraction of parent drug converted to the metabolite
[13]. Finally, it has been suggested that the metabolite
volume of distribution could be set to 1 during modeling
[4]. From animal studies, it is known that 17AG is a
major metabolite of 17AAG, but not the only metabolite
[6, 7, 24]. We postulated that the volume of distribution
of 17AG was similar to the volume of the central com-
partment of 17AAG since the only structural difference
between 17AAG and 17AG is the substitution of the
allylamino (–CH2=CH–CH2–NH2) group at the C-17
position in 17AAG with an amino (–NH2) group at the
same position in 17AG. In animal studies, the perme-
ability surface-area products of the vascular wall and the
transport rate constants have been shown to be similar
for 17AAG and 17AG (0.23 vs 0.26 ml/h, and 0.062 and
0.057 h�1, respectively, for 17AAG and 17AG), indi-
cating that 17AG might have similar physiochemical
properties to 17AAG [24]. Furthermore, V3 was esti-
mated to be 24 l in our modeling runs. Therefore, the

Fig. 2 Plasma concentrations of
17AAG and 17AG in two
patients at two different dose
levels
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volume of distribution of 17AG was set equal to the
volume of the central compartment of 17AAG so that the
model could be run in a more stable fashion.

Plasma concentrations of 17AAG and 17AG pre-
dicted by the model corresponded well to observed
concentrations of 17AAG and 17AG (Fig. 3), indicating
that the population pharmacokinetic model adequately
described the pharmacokinetic profiles of 17AAG and
17AG in this study. Both fixed and random effect
parameters were well estimated with acceptable coeffi-
cients of variation.

One of the main sources of residual error in phar-
macokinetic data analysis is the analytical error, the

magnitude of which is, to some extent, dependent on the
underlying concentration [11]. In this study, the 17AAG
dose was escalated from a starting dose of 10 to 395
mg/m2, and 17AAG and 17AG concentrations in the
plasma of patients treated at the highest dose level were
up to 20 times those in the plasma of patients treated at
the starting dose level. The residual variability was
evaluated with four models. The fourth residual error
model, where the residual error magnitude could vary
from subject to subject, performed significantly better
than other three models with the lowest objective func-
tion value and best residual plots. This residual vari-
ability model would be applicable to other phase I

Fig. 3a, b Observed vs
individual post hoc predicted
plasma concentrations for
(a) 17AAG and (b) 17AG. Solid
lines represent the lines of unity
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studies which generally have multiple dose levels over a
wide range [8].

It is important that sources of interindividual vari-
ability on drug disposition be understood early in new
drug development so that rational dosing regimens can
be developed. Nine readily available covariates were
investigated for their potential influence on interindi-
vidual variability in 17AAG pharmacokinetics. How-
ever, inclusion of these covariates neither reduced
interindividual variability in any of the six pharmaco-
kinetic parameters included in the structural model for
17AAG and 17AG nor improved the fit of the model
based on objective function changes. Specifically, there
were no relationships between liver enzyme tests (AST
and serum bilirubin) and pharmacokinetic parameters
even though a high percentage of 17AAG was converted
to 17AG presumably via CYP3A4 [7]. However, this
analysis was limited by the small sample size and narrow
ranges of covariates. Similar to other phase I studies,
there were strict eligibility criteria in terms of organ
function. For example, patients had to have AST not
more than two times the upper limit of normal, and
bilirubin £ 26 lmol/l to be eligible for this study. In
addition, 17AAG doses were normalized to BSA in this
study, which might have confounded the analysis of
BSA and variabilities in pharmacokinetic parameters.

In conclusion, a population pharmacokinetic model
was developed for describing plasma concentrations of
the novel anticancer agent, 17AAG, and its major
metabolite, 17AG. There were substantial interindivid-
ual variabilities in pharmacokinetic parameters despite
BSA-normalized dosing. This model adequately de-
scribed observed 17AAG and 17AG concentrations, and
would be useful in designing future clinical studies of
17AAG.
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