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in infants and children with primary central
nervous system tumors
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Abstract Purpose: To construct a population pharma-
cokinetic model for temozolomide (TMZ), a novel imi-
dazo-tetrazine methylating agent and its metabolites
MTIC and AIC in infants and children with primary
central nervous system tumors. Methods: We evaluated
the pharmacokinetics of TMZ and MTIC in 39 children
(20 boys and 19 girls) with 132 pharmacokinetic studies
(109 in the training set and 23 in the validation set). The
median age was 7.1 years (range 0.7 to 21.9 years).
Children received oral TMZ dosages ranging from 145
to 200 mg/m2 per day for 5 days in each course of
therapy. Serial plasma samples were collected after the
first and fifth doses of the first and third courses.
Approximately eight plasma samples were collected up
to 8 h after each dose, and assayed for TMZ, MTIC,
and AIC by HPLC with UV detection. A one-com-
partment model was fitted to the TMZ and metabolite
plasma concentrations using maximum likelihood

estimation. Covariates, including demographics and
biochemical data were tested for their effects on TMZ
clearance (CL/F) and MTIC AUC utilizing a two-stage
approach via linear mixed-effects modeling. Results: The
population mean (inter- and intrapatient variability ex-
pressed as %CV) for the pharmacokinetic parameters
(based on the training set) were as follows: TMZ CL/F
5.4 l/h (53.4, 17.5), Vc/F 14.0 l (48.5, 39.2), Cmax 9.1 mg/l
(20.8, 29.1), and MTIC AUC 1.0 lg/mlÆh (13.9, 30.0).
Covariate analysis showed that increasing age and body
surface area (BSA) were associated with a significant in-
creases in TMZ CL, Vc, and Cmax (P<0.05), and that
increasing age was associated with significant decreases in
TMZ and MTIC AUC. Indicators of liver and renal
function were not significantly associated with TMZ
pharmacokinetics or MTIC AUC. The final model with
the significant covariates was validated using the re-
maining 23 pharmacokinetic studies. Conclusions: This
study extends previouswork done in adults, and identified
BSA and age as covariates that account for variability in
TMZ disposition in infants and children with primary
CNS malignancies.
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Introduction

TMZ (3,4-dihydro-3-methyl-4-oxoimidazo-[5,1-d]-1,2,
3,5-tetrazin-8-carboxamide) is a relatively novel anti-
cancer methylating agent that is approved for treatment
of refractory anaplastic astrocytoma in adults [3, 17].
This highly bioavailable compound undergoes sponta-
neous base-catalyzed hydrolysis to form the methyl
triazene, MTIC (Fig. 1), which is the final active
methylating species. MTIC is believed to exert its toxic
effects through acid catalysis, forming the methyldiazo-
nium ion, which ultimately leads to the formation of
O6-methylguanine in DNA plus the inactive metabolite,
AIC [1, 16, 19].
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Neutropenia and thrombocytopenia are reported as
the most common toxicities associated with TMZ
administration [8, 14]. In adults, dose-limiting myelo-
suppression is associated with a significantly greater
TMZ systemic exposure as measured in terms of either
Cmax or AUC [12]. However, Jen et al. in a TMZ pop-
ulation analysis observed that neither TMZ dosage nor
AUC is predictive of neutrophil or platelet nadir count
[13]. While the pharmacodynamic effects of TMZ and
MTIC are still not well understood, pharmacokinetic
variability may be important for its antitumor effect as
well as its toxicity profile. Normalizing the TMZ dose to
body surface area (BSA) in adults has been shown to
reduce interpatient variability in TMZ clearance [13].
Other covariates that may further reduce variability
have not been identified. Moreover, covariates for
MTIC and AIC disposition have not been reported.

The disposition of TMZ in children has been inves-
tigated in only one study [8]; however, these authors did
not report covariate effects on TMZ disposition in their
population. Moreover, the dispositions MTIC and AIC
in children have not been reported. We conducted a
clinical trial of multimodality therapy for children with
high-grade glioma, which incorporated 6 months of
TMZ. The primary objective of this study was to eval-
uate the population pharmacokinetics of TMZ and its
active metabolite MTIC in children with primary central
nervous (CNS) tumors. In this process, we assessed the
significance of demographic and serum chemistry cova-
riates on the population pharmacokinetics.

Materials and methods

Patients and treatment

Patients less than 22 years of age with histologically documented
CNS tumors were evaluated in prospectively designed phase II
studies. The St. Jude Children’s Research Hospital IRB reviewed
and approved the study, and informed written consent was ob-
tained from the parent/guardian or patient, as appropriate. All
patients were evaluated for toxicity. The toxic effects of TMZ were
assessed weekly by NCI criteria (version 2.0). Complete blood
counts with differentials and serum chemistries were obtained at
least twice weekly.

TMZ was generously provided by Schering Plough Research
Institute. TMZ was administered either 2 h before or 2 h after a
meal at 145 to 200 mg/m2 once daily for 5 days every 21 days.
Premedication with ondansetron was provided before TMZ 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 TMZ and metabolites were conducted
on days 1 and 5 of courses 1 and 3. Plasma samples were collected
before and at 0.25, 0.5, 1, 2, 2.5, 3, 6, and 8 h after the TMZ dose.
At each time-point, 3 ml whole blood was collected from a central
venous catheter and placed into a lithium heparin tube. Immedi-
ately after collection, the blood samples were centrifuged in a
refrigerated microcentrifuge for 3 min at 14,600 g. The resultant
plasma was then divided into aliquots for processing to assay TMZ,
MTIC, or AIC. TMZ plasma samples (800 ll) were treated with
80 ll 1.0 N HCl, and 200 ll of this acidified plasma was further
diluted with 800 ll 0.1 N HCl. Ethazolastone was added as an
internal standard prior to extraction with ethyl acetate. The organic
phase was separated, isolated and dried under a stream of nitrogen.
The dried pellet was resuspended in 800 ll mobile phase, 50 mM
phosphoric acid and 10% MeOH, and 100 ll was injected onto an
isocratic high-performance liquid chromatographic (HPLC) col-
umn with UV detection [16, 21].

Plasma samples for MTIC (400 ll) were treated with 800 ll
cold methanol, stored on ice for 5 min, vortexed, and centrifuged at
7200 g for 3 min. A 50-ll aliquot was combined with 60 ll mobile
phase consisting of methanol/50 mM ammonium phosphate,
pH 6.5 (20:80 v/v) and analyzed by HPLC [19]. A third 500-ll
aliquot, used for quantifying AIC, was combined with 1000 ll
methanol, kept 5 min on wet ice, vortexed, and centrifuged at
14,600 g for 3 min. A 60-ll aliquot was combined with 60 ll mo-
bile phase, which consisted of 10% methanol and 25 mM phos-
phoric acid and 5 mM 0.075% TEA at pH 2.5, and analyzed by
HPLC [19]. These methods were determined to be precise (intraday
and interday %CV, 3.9–1.2 for TMZ, 7.9–4.9 for MTIC, and 1.2–
3.5 for AIC) at TMZ, MTIC, and AIC concentrations ranging
from 0.25 to 40, 0.05 to 2, and 0.1 to 5 lg/ml, respectively.

Structural pharmacokinetic model

A one-compartment model was fitted to the TMZ and metabolite
plasma concentrations (Fig. 2) using maximum-likelihood estima-
tion as implemented in ADAPT II [5]. Model parameters that were
estimated included the apparent volume of the TMZ compartment
(V/F) where F is the bioavailability, elimination rate constants
(kt, km, and kaic for TMZ, MTIC, and AIC, respectively), and the
absorption rate constant (ka). Because bioavailability was not
identifiable, it was fixed at a value of one [1, 8]. Likewise, the
volumes of the metabolite compartments were not identifiable, so

Fig. 1 Schematic of TMZ and
pH-dependent conversion to
metabolites, MTIC, and AIC,
and formation of methylated
DNA

Fig. 2 One-compartment model describing TMZ, MTIC, and AIC.
Included are TMZ absorption compartment, absorption rate
constant (ka), TMZ compartment, TMZ elimination rate constant
(kt), MTIC compartment, MTIC elimination rate constant (km),
AIC compartment, and AIC elimination rate constant (kaic)
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they were fixed to V/F. Standard equations were used to calculate
apparent systemic clearance (CL/F) from parameter estimates [9].
The 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
(AUC0 fi ¥) was calculated using the log-linear trapezoidal
method.

Statistical analysis

The population pharmacokinetics were determined using the two-
stage approach [22]. First, the pharmacokinetic parameters for each
individual were estimated for each of the four courses using the
above-described methods. Second, the population pharmacoki-
netics were analyzed using linear mixed-effects modeling as imple-
mented in S-Plus (S-plus version 6.1; Insightful Corporation,
Seattle, Wash.) using the following model:

ln Xij
� �

¼ h1 þ
Xn

k¼2
hk � covariatek þ gi þ eij

where Xij is the pharmacokinetic parameter of interest (e.g.,
clearance, V, etc.) for patient i course j, h1 is the logarithm of the
population mean parameter, hk are the coefficients that describe the
effects for each covariate, and g and � represent the interpatient and
intrapatient (residual) variability, both of which are assumed to
have a zero mean. By taking the logarithm of the pharmacokinetic
parameter, we assume that the pharmacokinetic parameters are
log-normally distributed. Covariate effects (demographics, serum
chemistry, TMZ dose, and AUC) were investigated for their ability
to significantly improve the model fit [as determined by a reduction
of 3.84 (P<0.05) in the negative 2 log-likelihood, based on the
F-test] and for the significance of their corresponding parameter
estimates hk [as determined by hk differing from zero (P<0.05),
based on the t-test].

Validation

The results of the final linear mixed-effects model were validated
using the last 23 pharmacokinetic studies, which coincided with
the available course 1 day 5, course 3 day 1, and course 3 day 5
studies for the last ten patients. Bias and accuracy were determined
as follows [20]:

%Bias ¼ 100 Xactual�Xpredictð Þ
Xactual

%Accuracy ¼ 100 Xactual�Xpredictj j
Xactual

where Xactual represents the actual individual estimated pharma-
cokinetic parameter of interest and Xpredict represents the popula-
tion model-predicted pharmacokinetic parameter of interest.

Results

Characteristics of patients

A total of 39 patients were evaluated for this study. All
patients had normal age-adjusted levels of serum creati-
nine, total bilirubin, serum albumin, and liver function
(SGPT and SGOT) (Table 1). The median age was
7.1 years with a range of 0.7 to 21.9 years. Tumor diag-
noses were predominantly brainstem glioma (n=12),
followed by other high-grade glioma (n=11), anaplastic
astrocytoma (n=8), pontine glioma (n=7), and medul-
loblastoma (n=1). Most patients had received two

courses of irinotecan therapy followed by irradiation
therapy prior to TMZ therapy. Most patients were stud-
ied after receiving TMZ 200 mg/m2 (n=88), and other
dosages evaluated included 180–190 (n=4), 160 (n=16),
150 (n=17), 144–145 (n=4), and 140 mg/m2 (n=2).

Pharmacokinetic parameters

We performed 109 pharmacokinetic studies (approxi-
mately 4 per patient) for this population analysis. TMZ
and metabolite plasma concentration-time data from a
representative patient are depicted in Fig. 3. Table 2
summarizes the population pharmacokinetic parameters

Table 1 Patient characteristics of the training set

No. of
patients

Median (range)

Gender (M/F) 20/19

Race
White 28
African American 9
Other 2

Diagnosis
Brainstem glioma 12
Other high-grade glioma 11
Pontine glioma 7
Anaplastic astrocytoma 8
Medulloblastoma 1

Age (years) 7.1 (0.7–21.9)
BSA (m2) 1.1 (0.45–2.1)

Baseline hematology
Hemoglobin (g/dl) 11.7 (8.7–14.9)
WBC (109/mm3) 4.4 (1.9–20.1)
ANC (/mm3) 2860 (828–17,286)
Platelets (109/mm3) 264 (60–612)

Blood chemistry
Serum creatinine (mg/dl) 0.5 (0.2–1.0)
Total bilirubin (mg/dl) 0.4 (0.1–10)
Albumin (g/dl) 3.9 (3.1–4.5)
Aspartate amino transferase (U/l) 29.0 (11.0–228)
Alanine amino transferase (U/l) 20.0 (3.0–284)

Fig. 3 Representative concentration-time plot depicting TMZ,
MTIC, and AIC plasma concentrations for a patient who received
TMZ at a dose of 200 mg/m2. The lines represent the best-fit curves
based on model-fit parameters. Individual data points and best-fit
lines of the data are shown for TMZ (n), MTIC (m), and AIC (r)
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(both non-normalized and normalized by BSA) derived
from the mixed-effects model for all patients. TMZ was
rapidly absorbed with the model-estimated Tmax ranging
from 0.24 to 2.91 h. TMZ Cmax increased with dose
(P<0.02), TMZ AUC (P<0.001), and MTIC AUC
(P<0.003). Somewhat unexpectedly, we noted a statis-
tically significant (P<0.03) relationship between TMZ
CL/F and TMZ dosage. Reducing the TMZ dose from
200 to 150 mg/m2 resulted in an average decrease of
17% in TMZ apparent systemic clearance. Among 11
patients whose TMZ doses were reduced from 200 to
150–160 mg/m2 between courses 1 and 3, 4 patients
showed clinically relevant decreases in CL/F (between
40% and 100%), while the rest had differences less than
or equal to the population average of 17%. Finally, we
investigated whether dose day or course number affected
TMZ disposition; in all cases treatment schedule did not
significantly affect the results.

Next, we investigated the effects of the demographics
and serum chemistry covariates on the population
pharmacokinetics. In particular, we tested each of the
demographics and blood chemistries listed in Table 1.
Of all these covariates tested, only BSA and age (both
independently and in combination) significantly ex-
plained a portion of the variability of TMZ CL/F, V/F,
and Cmax, but not Tmax. In particular, increases in both
BSA and age were associated with increases in TMZ
clearance and volume and decreases in TMZ Cmax

(Table 3). Figure 4 shows the relationship between TMZ

clearance and BSA and age. Furthermore, increase in
age was associated with decreases in both TMZ and
MTIC AUC (Table 3). Figure 5 shows the relationship
between actual TMZ clearance and the individual pre-
dicted clearance by the full population pharmacokinetic
model, which included the covariates BSA and age along
with the relationship between the residuals of the pre-
dicted clearance and the pharmacokinetic study number.

Model validation

The remaining 23 courses from course 1 day 5, cour-
se 3 day 1, and course 3 day 5 of the last ten patients,
which where not used in the development of the model,
were used to validate the covariate models described in
Table 3. The demographics of the patients in this group
are given in Table 4. Figure 6 shows the actual versus
individual predicted TMZ clearance and AUC for both
the training set and the validation set. For both sets of
data, the results for TMZ clearance and AUC were not
biased (P>0.1, Wilcoxon Signed Rank’s Test). The
median (quartiles) accuracy for the training set was
smaller than for the validation set for TMZ clearance,
9% (5%, 14%) vs 19% (11%, 43%) (P<0.001, Mann
Whitney U-test) and TMZ AUC, 9% (5%, 16%) vs 20%
(10%, 27%) (P<0.002, Mann Whitney U-test).

Discussion

We report here the first simultaneous pharmacokinetic
evaluation of TMZ and its metabolites MTIC and AIC
in children with cancer. Using a two-stage approach via
linear mixed-effects modeling, we determined the popu-
lation mean, and interpatient and intrapatient variability
for the pharmacokinetic parameters along with TMZ,
MTIC, and AIC AUC. Then, we evaluated covariate
effects on these parameters. For the demographic and
biochemical data tested, we found that age and BSA
significantly explained TMZ clearance, volume, and
Cmax, and age significantly explained TMZ and MTIC
AUC.

TMZ clearance in our patient population (4.9 l/h/m2)
was similar to that found in the only other published
pediatric TMZ pharmacokinetic study (i.e., 4.3 l/h/m2)
[8]. The TMZ clearance values found in adult studies are
between 25% and 41% greater then those found in this

Table 2 Population pharmacokinetics (Vc: TMZ volume of the
central compartment, ke: TMZ elimination rate constant, ka: TMZ
absorption rate constant, AUC: area under the concentration-time
curve)

Parameter Population
mean (range)

Interpatient
variability
(%CV)

Intrapatient
variability
(%CV)

TMZ CL/F (l/h) 5.4 (1.7–18.7) 53.4 17.5
TMZ CL/F (l/h/m2) 4.9 (1.6–10.8) 29.4 17.8
Vc/F (l) 14.0 (1.5–50.0) 48.5 39.2
Vc/F (l/m2) 12.6 (1.5–29.3) 19.3 38.6
Cmax (mg/l) 9.1 (4.3–19.0) 20.8 29.1
Tmax (h) 1.2 (0.24–2.91) 8.8 52.1
ke (1/h) 0.39 (0.06–2.9) 19.2 37.4
ka (1/h) 2.4 (0.14–31.6) 1.0 125.0

AUC (lg/mlÆh)
TMZ 37.7 (18.6–120.3) 29.8 17.5
MTIC 1.0 (0.06–2.14) 13.9 30.0
AIC 6.2 (1.4–33.9) 18.1 40.0

Table 3 Covariate analysis

avalue describes the significance
of the covariate parameter
bvalue describes the significance
of the change in the negative 2
log-likelihood function from
the base model
cTMZ PK parameter is nor-
malized to BSA in this case

Covariate modela )D2LLb D interpatient CV%

LN[TMZ CL/F (l/h)]=0.42+1.08*BSA (P<0.0001) )45.0 (P<0.0001) )27.6
LN[TMZ CL/F (l/h/m2)c]=1.38+0.024*Age (P<0.02) )6.0 (P<0.02) )3.0
LN[TMZ Vc (l)]=1.34+1.09*BSA (P<0.0001) )51.8 (P<0.0001) )33.9
LN[TMZ Vc (l/m2)]c=2.36+0.019*Age (P<0.05) )4.0 (P<0.05) )0.8
LN[TMZ Cmax (mg/l)]=2.49)0.24*BSA (P<0.02) )5.4 (P<0.02) )3.4
LN[TMZ Cmax (mg/l)]=2.44)0.026*Age (P<0.002) )9.8 (P<0.002) )5.1
LN[TMZ AUC (lg/mlÆh)]=3.9)0.026*Age (P<0.007) )7.2 (P<0.008) )3.3
MTIC AUC (lg/mlÆh)=1.12)0.014*Age (P=0.05) )4.4 (P<0.05) )1.3
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study [1, 4, 7, 12]. The results of our analysis showed
that TMZ clearance increased with age. In particular, in
our results the population average increase in TMZ CL
from a patient of median age 7 years to maximum age of
21 years was 37%. Therefore, the TMZ clearance ob-
served in the adult studies is remarkably consistent with
our results. Baker et al. [1] reported AUC values for
MTIC and AIC approximately 40% lower in adults than
values observed with similar TMZ dosages in our pedi-
atric population. Our results showed a 20% decrease in
the population average MTIC AUC from the median
age of 7 years to the maximum age of 21 years, con-
sistent with the observed results in the adult popu-
lation. When normalized to BSA, our other estimated

pharmacokinetic parameters are comparable to those
found in adult studies.

These population studies extend previous published
work in adults, in which BSA has also been observed as
a significant covariate for TMZ clearance [13]. By nor-
malizing TMZ clearance to BSA, the observed interpa-
tient variability was reduced by approximately 45%.
Furthermore, owing to the broad age range of our
population (range 6 months to 21 years), we were able
to demonstrate that age further reduced the interpatient
variability by 10%. None of the other covariates which
we analyzed was associated with trends in pharmacoki-
netic parameters. Since this agent undergoes nonenzy-
matic hydrolysis to form the active and inactive
metabolites, it is not surprising that measures of liver
function or renal function would not be associated with
measures of TMZ or MTIC disposition [1, 12, 19].

Our finding of a relationship between TMZ clearance
and BSA supports the practice of dosing TMZ based
upon BSA. The practice of dosing anticancer agents
based on BSA is intended to reduce interpatient vari-
ability in anticancer drug systemic exposure, and pre-
sumably variability in pharmacologic response, either
antitumor effect or toxicity [10]. While this approach has

Fig. 4a, b Scatter plots of pharmacokinetic studies depicting
(a) relationship between BSA and absolute TMZ clearance, and
(b) relationship between age and absolute TMZ clearance

Fig. 5a, b Plots depicting (a) relationship between measured TMZ
absolute clearance and the individual predicted TMZ clearance,
based upon the equation derived for the covariates, and the line of
identity intersects the origin, and (b) plot of the residual error in
TMZ absolute clearance vs pharmacokinetic study number
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been useful for converting dosages administered to small
laboratory animals to those administered to patients
enrolled in phase I clinical trials, the overall use of BSA
dosing of anticancer drugs for patients has recently
undergone scrutiny in the literature [10, 11, 18]. Several
recently reported studies in adult patients have demon-
strated a lack of rationale for individualized dosing
based upon BSA [2, 6, 15]. Based on TMZ clearance
values, BSA-based dosing has been reported to reduce
variability in TMZ clearance in adult patients [12, 13],
and thus these authors recommended individualizing
TMZ dosages to patient BSA. Our results for TMZ
clearance in children support this approach.

We observed that patients whose TMZ dosages were
decreased from 200 to 150 mg/m2 had approximately a
17% decrease in TMZ systemic clearance; however, this
resulted in a clinically relevant decrease in systemic
clearance (40% to 100% decrease) in only four patients.
We were unable to identify specific patient-related
characteristics that would allow us to prospectively
identify these patients. This observation of decreased
clearance with decreased dosage has potential clinical
significance, in that patients with TMZ-associated my-
elosuppression who also respond to therapy may require
a dosage reduction in order to continue on therapy.
However, if this reduction does not result in a propor-
tional decrease in systemic exposure to TMZ or MTIC
then the toxicities may persist even with the reduced
dosage. Therefore, accurate knowledge of the relation-
ship between dosage and clearance can be helpful in
determining appropriate dosage reductions to prevent
toxicity.

The model was validated using a subset of data that
included the last ten patients’ latter pharmacokinetic
studies not used in the development of the model. This
design permitted assessment of model robustness in
predicting individual pharmacokinetic parameters (as
opposed to population pharmacokinetic parameters).
The ability to predict an individual patient’s future TMZ
systemic exposure is relevant to both toxicity and effi-
cacy studies. Therefore, once the TMZ systemic expo-
sure-effect relationship is defined, a clinician could alter
an individual patient’s TMZ dosage to presumably
increase efficacy or decrease toxicity. Our validation
results indicate that, based on the population pharma-
cokinetic model with BSA and age as covariates, TMZ
systemic clearance could be determined without signifi-
cant bias and a median accuracy of 19%. Thus, this
model provides clinicians with a method to a priori
estimate TMZ systemic exposure.

In summary, we described the pharmacokinetics for
TMZ in infants and children with primary CNS tumors.
We analyzed for the effects of covariates, including
demographics and serum chemistry on TMZ and
metabolite disposition utilizing a two-stage approach via
linear mixed-effects modeling. Covariate analysis re-
vealed that increases in age and BSA were associated
with significant increases in TMZ clearance, volume and
Cmax. Furthermore, increases in age were also associated

Fig. 6 a Relationship between measured TMZ clearance and the
individual predicted TMZ clearance based upon the equation
derived for the covariates (solid line line of identity, r training set,
h validation set). b Relationship between measured TMZ AUC
and the individual predicted TMZ AUC based upon the equation
derived for the covariates (solid line line of identity, r training set,
h validation set)

Table 4 Patient characteristics of the validation set

Gender (M/F) 6/4
Age (years)
Median 6.9
Range 3.5–12.6

Race
Whites 8
African American 2
Other 0

BSA (m2)
Median 1.0
Range 0.6–1.52

440



with significant decreases in TMZ and MTIC AUC. The
relationship between BSA, age, and TMZ clearance has
been observed in other studies of TMZ disposition in
adults as well, and has led to the common practice of
individualizing TMZ dosages according to BSA.
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