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Abstract Purpose: To develop a pharmacokinetic limited
sampling model (LSM) for temozolomide and its
metabolite MTIC in infants and children. Methods:
LSMs consisting of either two or four samples were
determined using a modification of the D-optimality
algorithm. This accounted for prior distribution of
temozolomide and MTIC pharmacokinetic parameters
based on full pharmacokinetic sampling from 38 pa-
tients with 120 pharmacokinetic studies (dosage range
145-200 mg/m? per day orally). Accuracy and bias of
each LSM were determined relative to the full sampling
method. We also assessed the predictive performance of
the LSMs using Monte-Carlo simulations. Results: The
four strategies generated from the D-optimality algo-
rithm were as follows: LSM 1=0.25, 1.25, and 3 h; LSM
2=0.25,1.25,and 6 h; LSM 3=0.25, 0.5, 1.25, and 3 h;
LSM 4=0.25, 0.5, 1.25, and 6 h. LSM 2 demonstrated
the best combination of low bias [0.1% (—8.9%, 11%)
and 11% (4.3%, 15%)] and high accuracy [—1.0%
(—12%, 24%) and 14% (7.9%, 37%)] for temozolomide
clearance and MTIC AUC, respectively. Furthermore,
adding a fourth sample (e.g., LSM 4) did not substan-
tially decrease the bias or increase the accuracy for
temozolomide clearance or MTIC AUC. Results from
Monte-Carlo simulations also revealed that LSM 2 had
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the best combination of lowest bias (0.1+6.1% and
—0.8+6.5%), and the highest accuracy (4.5+4.1% and
5.0£4.3%) for temozolomide clearance and MTIC
apparent clearance, respectively. Conclusions: Using
data derived from our population analysis, the sampling
times for a limited sample pharmacokinetic model for
temozolomide and MTIC in children are prior to the
temozolomide dose, and 15 min, 1.25 h and 6 h after the
dose.

Keywords Temozolomide - MTIC - Children -
D-optimal sampling - Monte-Carlo simulation

Introduction

Temozolomide  (3,4-dihydro-3-methyl-4-oxoimidazo-
[5,1-d]-1,2,3,5-tetrazin-8-carboxamide) is an anticancer
methylating agent that is approved for treatment of
refractory anaplastic astrocytoma in adults [1, 2]. This
highly bioavailable compound undergoes spontaneous
base-catalyzed hydrolysis to form the methyl triazene
MTIC which is the final active methylating species.
MTIC is believed to exert its toxic effects through acid
catalysis, forming the methyldiazonium ion, which ulti-
mately leads to O°methylguanine formation in DNA
plus the inactive metabolite, AIC [3-5]. We are currently
using temozolomide to treat infants and children with
primary central nervous system (CNS) tumors.

While pharmacokinetic studies are frequently re-
ported for adults, similar studies in small children pose
many challenges. Numerous blood draws, coupled with
volumes required to accurately measure drug concen-
trations are an ethical consideration in this population.
Few published guidelines exist to guide investigators on
the safety of maximal blood collection, particularly
when separate blood collection is also required for daily
clinical management of the patient. Meanwhile, phar-
macokinetic disposition of anticancer agents can differ
between children and adults, and even among children
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of various ages and body sizes; so conducting these
studies in children is important for gaining insight into
maximizing drug administration in small children [6, 7].

Only two pediatric clinical pharmacology studies of
temozolomide have been published. In the first study,
Estlin and colleagues described temozolomide disposi-
tion in 19 children [8], and they reported rapid oral
absorption and elimination, with a linear relationship
between temozolomide AUC and dosage. More recently,
we reported the population pharmacokinetics for tem-
ozolomide, and its active metabolite MTIC, in children
with primary CNS tumors [9]. The results of our studies
showed that for children, both body surface area and
age are important covariates that account for variability
in temozolomide disposition. However, after accounting
for these covariates, we still observed more than a five-
fold interpatient variability for temozolomide clearance
in our population. Moreover, in our analysis of MTIC
disposition, we found that age was a minor though sig-
nificant covariate [9].

Neutropenia and thrombocytopenia are the most
common toxicities associated with temozolomide
administration [8, 10]. In adults, dose-limiting myelo-
suppression is associated with a statistically greater
temozolomide systemic exposure as measured by either
Cmax or AUC [11]. However, in a temozolomide popu-
lation analysis, Jen and colleagues observed that neither
temozolomide dosage nor temozolomide AUC was
predictive of neutrophil or platelet nadir count [12].
While the pharmacodynamic effects of temozolomide
and MTIC are still not well understood, pharmacoki-
netic variability may be important for antitumor effect
as well as toxicity profile. To predict and improve our
understanding of temozolomide-associated myelosup-
pression, we have recently developed a mathematical
model that mechanistically describes the temporal
dynamics of this myelosuppression [13]. Thus, studies
that assess temozolomide and MTIC disposition in
children are warranted to increase our understanding of
myelosuppression. The objective of this study was to
utilize our population pharmacokinetic data to develop
a pharmacokinetic limited sampling model (LSM) to
assess temozolomide and MTIC disposition in infants
and children.

Patients and methods
Patients and treatment

Patients less than 22 years of age with histologically
documented CNS tumors were evaluated in prospec-
tively designed phase II studies as described previously
[9]. The St Jude Children’s Research Hospital IRB re-
viewed and approved the study, and informed written
consent was obtained from each parent/guardian or
patient, as appropriate. All patients were evaluated for
toxicity. The toxic effects of temozolomide were assessed
weekly by NCI criteria (version 2.0). Complete blood

counts with differentials and serum chemistries were
obtained at least twice weekly.

Temozolomide was generously provided by Schering
Plough Research Institute. Temozolomide was admin-
istered orally either 2 h before or 2 h after a meal at
dosages ranging from 145 mg/m? to 200 mg/m” once
daily for 5 days every 21 days. Premedication with
ondansetron was provided before temozolomide treat-
ment. Treatment courses were planned for every 21 days
after the first daily dose for each course for up to six
courses of therapy.

Pharmacokinetic sampling and analysis

Pharmacokinetic studies for temozolomide and metab-
olites were conducted on days 1 and 5 of courses 1 and
3. Plasma samples were collected before and 0.25, 0.5, 1,
2, 2.5, 3, 6 and 8 h after the temozolomide dose. The
median number of samples collected from each indi-
vidual was eight. At each time point, 3 ml of whole
blood was collected from a central venous catheter and
placed into a lithium heparin tube. Immediately after
collection, the blood sample was centrifuged in a
refrigerated microcentrifuge for 3 min at 14,600 g. The
resultant plasma was then divided into aliquots for
processing to assay temozolomide, MTIC, or AIC as
described previously [9].

Structural pharmacokinetic model

As described previously [9], we used a two-stage ap-
proach [14] to describe the population pharmacokinetics
for temozolomide, MTIC, and AIC [14]. Briefly, a one-
compartment model was fitted to the temozolomide and
metabolite plasma concentrations using maximum-like-
lihood (ML) estimation as implemented in ADAPT II
[15]. The structure of the error model (for the
measured samples) used with the ML estimation method
was: SD =absolute error + relative errorxconcentration,
where absolute error represents an absolute amount of
error in the concentration time point [e.g., related to the
lower limit of quantification (LLOQ) of the assay] and
the relative error represents the relative amount of error
in the concentration—time point (e.g., assay error). For
this study we assumed that the relative error was 10%
(based on an assay error of <10%) and the absolute
error was either 0.1 (related to the LLOQ of TEM,
0.25 pg/ml) or 0.01 (related to the LLOQ of MTIC,
0.05 pg/ml) [9].

Model parameters estimated included the apparent
volume of the temozolomide compartment (V/F) where F
is the bioavailability, first-order elimination rate con-
stants (kq, k;,, and k,;. for temozolomide, MTIC, and
AIC, respectively), and the absorption rate constant (k).
Standard equations were used to calculate apparent sys-
temic clearance (CL/F) from parameter estimates [16].
Due to a lack of parameter identifiability, the volume
estimates for MTIC and AIC were fixed at V/F. The
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Fig. 1 Concentration vs time plots for temozolomide and MTIC
for a representative patient. The open squares and solid line
represent the extensive sampling time-points and best-fit line,
respectively. The filled squares and dashed line represent the limited
sampling time-points (LSM 2) and best-fit line, respectively

model parameters for each patient were used to simulate
the plasma concentration—time profile from which the
area under the plasma concentration—time curve from
time zero to infinity (AUC, _, ..) was calculated using the
log-linear trapezoidal method.
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Selection and evaluation of LSMs

Sampling time points were selected using a variation of
the D-optimality algorithm, which includes prior distri-
bution of the pharmacokinetic parameters to assist in
the determination of optimal sampling times [17, 18].
Since the observed half-life for temozolomide was
approximately 2 h, and MTIC concentrations were near
the LLOQ at 8 h, a maximum sample time constraint of
8 h after administration was used.

Two methods were used to evaluate the accuracy and
bias for the LSMs: (1) comparison of results from the
full sample set to LSMs using actual patient data, and
(2) Monte-Carlo simulation. In the case of the clinical
samples, the pharmacokinetic parameters determined
using all available data were compared to the parameters
determined using subsets of data most closely related to
the LSM time-points. The limited sampling parameters
were estimated using maximum a posteriori probability
estimation (MAP) as implemented in ADAPT II.

For the Monte-Carlo simulation we generated 1000
data sets based on the distribution of the pharmacokinetic
parameters derived from the full sampling scheme (eight
samples) described in this paper. We estimated the phar-
macokinetic parameters of these data using the maximum
likelihood method in ADAPT II. This set of parameters is
referred to as the “full” set (i.e., the fit that we compared to
the various LSMs). Using the full set of simulated phar-
macokinetic parameters, we then generated data sets for
each of the LSMs described above and fitted each using
MAP Bayesian with population priors from our previ-
ously published temozolomide pharmacokinetic study [9].
We then determined the bias and accuracy for each LSM
using the following measures [19].

100 (Xactual - predi“>

%Bias =
Xactual

100 |Xaclual - Xpredict |
Xactual

%Accuracy =

where X, a1 represents the actual individual pharma-
cokinetic parameter of interest based on the full sam-
pling scheme (or the simulated parameter in the case of
the Monte-Carlo simulation) and Xp,cqice represents the
individual predicted pharmacokinetic parameter of
interest based on the LSM.

Table 1 Bias and accuracy for
clinical samples expressed as

Temozolomide CL (1/h/m?)

MTIC AUC (ug/ml h)

medians (quartiles)

Bias (%) Accuracy (%) Bias (%) Accuracy (%)
LSM 1 1.0 (=23, 11) 15 (6.6, 32) 6.6 (—11, 64) 19 (12, 68)
LSM 2 0.1 (=89, 11) 11 (4.3, 15) —1.0 (—12, 24) 14 (7.9, 37)
LSM 3 —8.9 (=25, 1.9) 15 (7.0, 28) 10 (3.5, 96) 22 (13, 96)
LSM 4 —0.3(-94,7.2) 9.1 (4.7, 15) 1.6 (—18, 21) 18 (8.8, 37)
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Fig. 2 Scatter plots of extensive plasma sampling versus LSM 2
(filled diamonds) and LSM 4 (open squares) depicting (a) temozol-
omide clearance and (b) MTIC AUC along the line of identity

Results

The pharmacokinetics of temozolomide and MTIC were
evaluated in 38 children with 120 pharmacokinetic
studies using the full sampling scheme. The distribution
of the pharmacokinetic parameters from this population
was used in the D-optimality algorithm to generate four
LSMs, two with three samples and two with four sam-
ples, for further consideration. These LSMs were: LSM
1=0.25, 1.25, and 3 h; LSM 2=0.25, 1.25, and 6 h;
LSM 3=0.25, 0.5, 1.25, and 3 h; and LSM 4=0.25, 0.5,
1.25, and 6 h. LSM 1 and LSM 3 assumed a larger
absolute error (0.1), thus the last plasma sample was at
6 h to prevent sampling below the LLOQ of temozolo-
mide or MTIC. LSM 2 and LSM 4 assumed a smaller
absolute error (0.01), which allowed for later sampling
where temozolomide was still above its LLOQ, but
MTIC was not. In particular, with the larger absolute
error model, all of the temozolomide samples and 97%
of the MTIC samples were above their respective LLOQ
at the end of sampling (3 h). However, with the smaller

absolute error model all of the temozolomide samples
and 42% of the MTIC samples were above their
respective LLOQ at the end of sampling (6 h).

To compare our LSM with the extensive sampling
data sets, we replaced the 1.25 h sample with the 1 h
sample, since one was not drawn at 1.25 h. Figure 1
shows temozolomide and MTIC concentration vs time
plots for a representative patient. The two concentra-
tion—time plots (temozolomide and MITC) contain both
the full sampling strategy and present LSM 2 time-
points, together with the respective model fit to these
data. Table 1 shows the ability of each model to predict
the pharmacokinetic parameters based on the extensive
data set. Using the 6-h sample (i.e., LSM 2 and 4) as
opposed to the 3-h sample (LSM 1 and 3) decreased the
bias and increased the accuracy for predicting temozol-
omide clearance and MTIC AUC. Furthermore, at best,
minor differences were observed when a fourth sample
was added to LSM 2 (i.e., LSM 4). Figure 2 shows a plot
of predicted vs full sampling strategy for temozolomide
clearance and MTIC AUC, using LSM 2 and LSM 4.
Visual inspection of these plots shows that removal of
the 30-min sample from LSM 4 did not affect the out-
come predicted with LSM 2. Thus, LSM 2 was the most
appropriate of these four models tested.

The predictive performance of the LSMs was also
assessed by Monte-Carlo simulations (n=1000) based
on the pharmacokinetic parameter distribution from full
sampling in the studied patients [9]. Bias and accuracy
are given in Table 2. Figure 3 shows the predicted (i.e.,
from LSM) versus actual (i.e., from full sampling)
temozolomide and MTIC apparent CL from the Monte-
Carlo simulation. As with the clinical samples, this
simulation showed that LSM 2 and 4, which included
the 6-h sample are more accurate than LSM 1 and 3.
This simulation also showed that adding the fourth
sample (LSM 4) added little to the accuracy and bias
compared to the method with just three samples (LSM
2). Thus, the results support our preceding conclusion
that LSM 2 was the most appropriate pharmacokinetic
sampling method of the four models tested.

Next we tested the effects of small changes in the
sampling scheme on the bias and accuracy of the results.
In particular, although all the LSM suggested a 1.25-h
sample, our full sampling data did not include this time-
point, so we instead used the 1-h sample for comparison
purposes. To determine the effects of this difference, we

Table 2 Monte-Carlo simulation bias and accuracy mean (SD)
percent for temozolomide and MTIC apparent CL

Bias Accuracy

Temozolomide MTIC Temozolomide MTIC CL

CL (/h/m?  CL (I/h/m? CL (I/h/m?)  (I/hjm?)
LSM 1 —0.4(8.9) —0.5(8.0) 6.7(5.9) 5.9 (5.4)
LSM 2 —0.3 (6.1) —0.8 (6.5) 4.5(4.1) 5.0 (4.3)
LSM 3 —0.4 (7.5) —0.4 (6.3) 5.8 (4.8) 4.8 (4.2)
LSM 4 —0.6 (5.5) —0.9 (5.8) 4.0 (3.9) 4.2 (4.0)
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Fig. 3 Monte-Carlo simulation scatter plots of full vs limited
sampling schemes for (a) temozolomide clearance with LSM 2, (b)
temozolomide clearance with LSM 4, (¢) MTIC apparent clearance
with LSM 2, and (d) MTIC apparent clearance with LSM 4

simulated the concentration at 1.25 h in each patient
course (based on each patient’s pharmacokinetics from
full sampling for that course), combined the result at this
time-point with the results from 0.25 h to 6 h, estimated
the parameters, and compared them with the results of
the sampling which included the 1-h sample. In a similar
manner we compared the effects of sampling at 5 h in-
stead of 6 h. In both cases the change in the median
accuracy and bias was not significant ( < 1% difference).

Discussion

This report describes the first LSM for pharmacokinetic
evaluation of temozolomide and MTIC in children with
cancer. We have previously reported population phar-
macokinetic parameters for temozolomide and its
metabolites [9], and we now describe an approach for
selecting optimal sampling time-points using the D-
optimality algorithm modified to account for the prior
distribution of the parameters [7]. From the different
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sampling models evaluated, we found that plasma
sampling prior to the temozolomide dose, and at 15 min,
1 h and 6 h yielded an accurate description of tem-
ozolomide and MTIC disposition in children. Although
using an LSM with a 3-h time-point might be preferable
from a logistical perspective, our analysis showed that
an LSM with a 6-h time-point was less biased and more
accurate than one with a 3-h time-point (see Table 1).

Another important aspect of the proposed LSM is
that it was robust to small changes in the sampling
times. In particular, if either the last sample was col-
lected at 5 h instead of 6 h, or the middle sample was
collected at 1 h instead of 1.25 h, no significant differ-
ences were observed in the median bias or accuracy
(results differed by 1% or less).

Even though we set a time constraint of 8 h, we found
that 6 h was the latest time point that allowed accurate
assessment of temozolomide and MTIC disposition.
Frequently, the 8-h time-point in the full sampling
scheme resulted in measurements for MTIC concentra-
tions below our LLOQ. Thus, sampling earlier allowed
us to measure both temozolomide and MTIC. Accurate
measurement of these compounds also requires imme-
diate processing of the patient samples, since the drug
and metabolites are unstable in unprocessed plasma,
even when stored at —80°C. Since measurement of each
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compound requires a separate assay, each plasma
sample must be divided before storage. Consequently,
collection and processing of six samples within the first
2-3 h can place a significant burden on technical sup-
port to prepare the samples in a correct and timely
manner, especially when studying more than one patient
at a time. Reduction of time-points decreases the likeli-
hood for technical error, and increases the possibility of
a successful pharmacokinetic study.

In summary, we developed a pharmacokinetic LSM
for estimating temozolomide and MTIC plasma phar-
macokinetics in children with primary CNS tumors. The
present LSM allows the calculation of temozolomide K,
V/F, clearance, and MTIC AUC by using a reduced
number of plasma samples with respect to the previously
described extensive sampling approach. We are using
this LSM in our ongoing studies of temozolomide dis-
position in children with cancer to better define the
relationship between drug effect (e.g., antitumor efficacy
and toxicity) and temozolomide and MTIC exposure.
Moreover, the relationship between temozolomide and
MTIC exposure and associated molecular effects (e.g.,
MGMT inhibition, mismatch repair status) are being
examined in ongoing studies. Application of a pharma-
cokinetic LSM for temozolomide and MTIC such as the
one presented here will enhance the conduct of those
studies.
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