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Abstract Purpose: Depletion of the DNA repair enzyme
O6-alkylguanine-DNA alkyltransferase (AT) has been
shown to increase tumor sensitivity to chloroethyl-
nitrosoureas. Temozolomide (TMZ), an analogue of
dacarbazine, can deplete AT, suggesting that it may be
used to sensitize tumors to chloroethylnitrosoureas.
However, the in¯uence of nitrosoureas on the pharma-
cokinetics of TMZ is unknown, and a pilot study was
performed to assess the pharmacokinetics of TMZ given
via, various routes to 29 patients (27 malignant mela-
nomas, 2 gliomas) with or without sequential adminis-
tration of i.v. fotemustine.Methods: On day 1, TMZ was
given intravenously (i.v.), orally (p.o.), or by intra-
hepatic arterial infusion (h.i.a.) at four ascending dose
levels (150 to 350 mg/m2 per day). On day 2 the same
dose of TMZ was given by the same route (or by another
route in six patients for determination of its bioavail-
ability), followed 4 h later by fotemustine infusion at
100 mg/m2. Plasma and urinary levels of TMZ were
determined on days 1 and 2 by high-performance liquid
chromatography after solid-phase extraction. Results:
The pharmacokinetics of i.v. TMZ appeared linear, with
the area under the curve (AUC) increasing in proportion

to the dose expressed in milligrams per square meter
(r � 0.86 and 0.91 for days 1 and 2, respectively). The
clearance after i.v. administration was 220 � 48 and 241
� 39 ml/min on days 1 and 2, respectively. The appar-
ent clearance after p.o. and h.i.a. administration was 290
� 86 and 344 � 77 ml/min, respectively. The volume of
distribution of TMZ after i.v., p.o., and h.i.a. adminis-
tration was 0.4, 0.6, and 0.6 l/kg on day 1 and 0.5, 0.5,
and 0.6 l/kg on day 2, respectively. The absolute bio-
availability of TMZ was 0.96 � 0.1, regardless of the
sequence of the i.v.-p.o. or p.o.-i.v. administration,
con®rming that TMZ is not subject to a marked ®rst-
pass e�ect. A comparison of TMZ pharmacokinetics
after i.v. and h.i.a. treatment at the same infusion rate
revealed little evidence of hepatic extraction of TMZ.
However, the systemic exposure to TMZ (AUC) ap-
peared to decrease at a lower infusion rate. TMZ ex-
creted unchanged in the urine accounted for 5.9 � 3.4%
of the dose, with low within-patient and high interpa-
tient variability. TMZ crosses the blood-brain barrier
and the concentration detected in CSF amounted to 9%,
28%, and 29% of the corresponding plasma levels (three
patients). The equilibrium between plasma and ascitic
¯uid was reached after 2 h (assessed in one patient).
Conclusion: The sequential administration of fotemus-
tine at 4 h after TMZ treatment had no clinically rele-
vant in¯uence on the pharmacokinetics of TMZ. The
potential clinical e�ect of TMZ given by h.i.a. or by
locoregional administration has yet to be established, as
has the impact of the infusion duration on patients'
tolerance and response rate.
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Introduction

Malignant glioma and metastatic malignant melanoma
are generally resistant to available treatment modalities
[1, 2]. Following standard treatment (surgery and
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radiotherapy) the median survival of patients with
glioblastoma does not exceed 9 months [1]. The e�-
ciency of chemotherapy in recurrent gliomas is limited.
Nitrosoureas, procarbazine, vincristine, and dacarbazine
are cytotoxic agents known to possess some degree of
activity against malignant gliomas. The response rate
achieved by these agents is poor, however, because of
limited blood-brain barrier penetration and tumor
resistance.

Malignant ocular melanoma is characterized by a
high incidence of hepatic metastases during the ®rst
years after treatment of the primary tumor. In 40±90%
of cases the liver is the only metastatic site. The median
survival of patients with hepatic metastases of ocular
melanoma is less than 3 months. Hepatic intra-arterial
treatment with the nitrosourea fotemustine has achieved
a 40% response rate and a median survival of 14 months
in such patients [3].

Temozolomide (TMZ) is an imidazotetrazinone de-
rivative with methylating properties, which has shown
activity in patients with primary brain tumors or ma-
lignant melanomas during preliminary trials. TMZ un-
dergoes chemical degradation at physiologic pH to form
MTIC, the active metabolite of dacarbazine (DTIC).
However, TMZ and DTIC di�er in the mechanism by
which they give rise to MTIC [4]. Whereas DTIC is
metabolized to MTIC in the liver via oxidative N-de-
methylation, TMZ undergoes spontaneous conversion
to MTIC at physiologic pH. Since enzymatic activity
and liver metastases may markedly in¯uence the hepatic
metabolism, TMZ may provide more predictable levels
of the active species MTIC than does dacarbazine. TMZ
seems to exert its cytotoxic action mainly through the
methylation of the O6 position of guanine on DNA
strands. However, this O6-methylguanine lesion can be
repaired by cellular O6-alkylguanine-DNA alkyltrans-
ferase (AT). Since AT is a ``suicide enzyme,'' the resto-
ration of AT activity in cells requires new enzyme
synthesis. The resistance of tumors to chloroethyl-
nitrosoureas has been related to the AT level in tumor
cells [5±8]. It has therefore been proposed that depletion
of cellular AT by pretreatment with TMZ may extend
the antitumor activity of alkylating agents such as
chloroethylnitrosourea derivatives [9].

Fotemustine is a chloroethylnitrosourea derivative
that induces DNA interstrand cross-links and has
demonstrated some clinical activity against hematologic
malignancies and solid tumors, notably malignant mel-
anoma and primary brain tumor [10±12]. As part of
protocols based on the AT-depletion rationale, fote-
mustine has been used in combination with DTIC for
the treatment of disseminated malignant melanoma [13].
After the combination chemotherapy with sequential
administration of DTIC and fotemustine the overall
response rate has varied from 27% to 33% and the
complete response rate, from 24% to 50% in lung me-
tastases [14, 15].

Though pharmacokinetics studies of TMZ used as a
single agent have previously been reported [16±20, 22],

little is known about its pharmacokinetics during co-
administration of other drugs such as nitrosoureas. This
may be of importance since the use of TMZ has been
advocated in combination with such alkylating agents.
Furthermore, as the liver is the main metastatatic site of
ocular melanoma, the administration of TMZ and fote-
mustine through the hepatic artery may minimize sys-
temic exposure to these alkylating agents. No report has
thus far been published on the pharmacokinetics of
TMZ after hepatic arterial administration. Finally, since
temozolomide may be used as an antiglioma agent [17,
18], the determination of its concentration in cerebro-
spinal ¯uid (CSF) would enable assessment of the extent
of the tumor-site exposure.

The aims of the present study were therefore (a) to
determine the pharmacokinetics of TMZ given with or
without subsequent administration of fotemustine at 4 h
after TMZ treatment, (b) to compare TMZ pharmaco-
kinetics according to the route of administration (p.o.,
i.v., h.i.a.), and (c) to measure TMZ in CSF to assess the
degree of its blood-brain barrier penetration.

Patients and methods

Patients with histologically proven metastatic melanoma or recur-
rent high-grade glioma were eligible for the study. The inclusion
criteria were an age over 18 years; a performance status of less than
3 according to the Eastern Cooperative Oncology Group (ECOG);
and normal hematologic (white cell count > 4,000/mm3, plate-
lets > 100,000/mm3), hepatic (bilirubin, alkaline phosphatase, and
ASAT levels < 1.5 times the normal values), renal (serum creati-
nine < 120 lg/l or creatinine clearance > 60 ml/min), and pul-
monary function tests. The patients had to give their written
informed consent. Those who had received chemotherapy within 8
weeks or who had a history of lung irradiation were not included.
The study protocol was approved by the ethics committee of the
university hospital.

A total of 29 patients (M/F 17/12) were included in the study.
The median age was 50 years (range 31±71years). The patients were
su�ering from either metastatic malignant melanoma (19 patients),
ocular melanoma (8 patients), or recurrent malignant glioma (2
patients). Each patient had metastases localized mainly in the lung
(50%), liver (40%), brain (25%), skin (25%) or lymphatic nodes
(20%). In all, 7 patients had previously received chemotherapy, 3
patients had had radiotherapy, 3 patients had undergone immu-
notherapy and 2 patients undergone surgery, whereas 14 patients
had received no prior treatment.

Before the beginning of the therapy a full history and physical
examination; performance index; complete blood count; biochem-
istry pro®le (blood chemistry ASAT, ALAT, alkaline phosphatase,
gamma-GT, bilirubin, LDH, creatinine, creatinine clearance);
urinanalysis; pulmonary function test, including carbon monoxide
di�usion; chest X-ray, and tumor evaluation (X-ray, ultrasonic
scanning, computerized tomography, or magnetic resonance
imaging scans) were performed. Patients were monitored (blood
count, biochemistry pro®le, and clinical examination) on the 1st
day of treatment and every week thereafter for at least 4 weeks.

Chemotherapy

TMZ was supplied by the Cancer Research Campaign (CRC,
London, UK). It was available as 5-ml vials containing 150 mg
TMZ in dimethylsulfoxide (DMSO) or as 5 g of bulk TMZ pow-
der. Infusions were prepared by dilution of the vials with 500 ml
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normal saline. Bulk powder of TMZ was formulated in 20- or 100-
mg gelatin capsules at the Pharmacy of the Centre Hospitalier
Universitaire Vaudois. The dose of TMZ in selected oral and i.v.
formulations was analyzed by high-performance liquid chroma-
tography (HPLC) using an adaptation of the method previously
described [23], and its concentration was within �5% of the
nominal value. Fotemustine was supplied by I.R.I. Servier (Co-
urbevoie, France) in 4-ml vials containing 200 mg freeze-dried
product to be reconstituted with ethanol solvent. The solution was
diluted with 250 ml isotonic glucose solution prior to infusion.

On day 1, TMZ was given intravenously (i.v.), orally (p.o.), or
by intrahepatic arterial infusion (h.i.a.) at four ascending dose
levels (150, 200, 250, and 350 mg/m2 per day). On day 2 the same
dose of TMZ was given, followed 4 h later by a 1-h infusion of
fotemustine at 100 mg/m2. The same route was used for TMZ on
day 1 and day 2 except in six patients, who received TMZ p.o. on
day 1 and i.v. on day 2 or on the opposite regimen for determi-
nation of its bioavailability. Ondansetron (8 mg i.v.) was given
prophylactically as an antiemetic to all patients at 15 min before
TMZ administration. TMZ capsules were given p.o. with mineral
water at 20 min after a light meal (toasted bread with jam, butter,
and tea). TMZ was given i.v. or h.i.a. as a 1-h constant-rate infu-
sion unless stated otherwise.

Two patients with liver metastasis (patients 19 and 27) received
a second cycle of treatment with TMZ h.i.a. over 1 h (i.e., at the
same ¯ow rate as the ®rst TMZ i.v. administration) for assessment
of the hepatic extraction of TMZ. Otherwise, all patients received
subsequent treatment cycles with TMZ being replaced by 500 mg/
m2 DTIC i.v. The treatment was repeated at 4-week intervals until
disease progression.

Blood-sampling procedure

Blood samples (2 ml) were drawn into heparinized tubes precooled
to 4 °C at 0, 30, 60, 90, 120, 180, 240, 360, 720, and 1,440 min after
the beginning of the infusion or at 0, 20, 40, 60, 90, 120, 180, 240,
480, and 1,440 min after oral administration. The blood samples
were immediately centrifuged at 900 g for 10 min at 4 °C. A 1-ml
aliquot of plasma was transferred into Eppendorf tubes containing
0.1 ml 1 M HCl, vortexed, and stored at )20 °C. Urine was col-
lected by spontaneous voiding up to 48 h (days 1 and 2 of che-
motherapy) and was processed immediately after voiding; an
aliquot (10 ml) was acidi®ed with 1 M HCl (1 ml) and stored at
)20 °C. Processing of the CSF and ascites samples, when available,
was performed as described above for plasma; known volumes of
CSF and ascites were mixed with 1 M HCl (0.1 ml/ml biological
¯uid) and stored at )20 °C.

Drug assay

Quantitation of TMZ in biological ¯uids was performed by re-
versed-phase HPLC analysis as previously described [23]. In brief,
the clean-up procedure involved a solid-phase extraction of bio-
logical sample (100 ll) on a 100-mg C18 end-capped cartridge
(Chromabond, Macherey-Nagel, DuÈ ren, Germany). Matrix com-
ponents were eliminated with 750 ll 0.5% acetic acid (AcOH).
TMZ was subsequently eluted with 1,250 ll methanol (MeOH).
The resulting eluate was evaporated under nitrogen at room tem-
perature, reconstituted in 200 ll 0.5% AcOH, and analyzed by
HPLC.

The chromatography system consisted of an HP 1050 isocratic/
quaternary pump (Hewlett Packard, Germany) connected to an HP
1050 autosampler and an HP 1050 multiwavelength UV detector
set at 330 nm. Separations were performed with an HP ODS-
Hypersil 5-lm column (100 mm � 4.6 mm inside diameter)
equipped with an HP ODS-Hypersil 5-lm (20 � 4.0 mm) guard
column. The HPLC mobile phase was MeOH/0.5% AcOH (10:90,
v/v). The ¯ow rate was 1 ml/min. The retention times for TMZ and
ethazolastone (internal standard) were 3.2 and 7.4 min, respec-
tively. HPChemStation A-OO-33 software loaded onto an HP

Vectra 486/33 N was used for the data processing of the chro-
matograms.

The preparation of calibration samples in human CSF is im-
peded by the restricted availability of a large volume of drug-free
CSF. Nevertheless, the solid-phase extraction (SPE) step applied as
preliminary cleanup tends to circumvent the in¯uence of matrix
composition [23]. Therefore, TMZ concentrations in CSF (and in
ascitic ¯uid) were calculated with the calibration curve established
for plasma in the same HPLC run. In this method the limit of
quantitation of TMZ in plasma and urine was 0.2 and 2.0 lg/ml,
respectively. The intra-assay precision of quality-control samples at
1, 10, and 18 lg/ml, in plasma and at 4, 70, and 130 lg/ml, in urine
was 1.6±6% and 1.8±4.3%, respectively.

Pharmacokinetic analysis

Pharmacokinetic analysis was carried out for each patient using the
computer program SIPHAR (4.0, SIMED, CreÂ teil, France).
Pharmacokinetic parameters were obtained by a non compart-
mental approach. The elimination rate constant was determined as
the slope of the monoexponential curve ®t of logarithmic plasma
concentrations versus time. The area under the plasma concentra-
tion-time curve (AUC) was obtained by the linear trapezoidal
method, and the residual area from the last data point to in®nity
was estimated as the plasma concentration at this time divided by
the elimination rate constant. The clearance of TMZ was calculated
as the dose divided by the AUC, and the volume of distribution was
determined as the clearance divided by the elimination rate con-
stant. The half-life was calculated as the natural logarithm of 2
divided by the terminal elimination rate constant. For the oral
route a ®rst-order absorption process with a time lag was assumed;
however, due to the few data available for characterization of the
absorption phase, the corresponding parameters are not reported
herein.

Statistical analysis

Pharmacokinetic parameters were compared using the Kruskal-
Wallis test. When paired data were compared the Wilcoxon signed-
rank test was used instead. Correlations were calculated according
to Pearson except when the data appeared clearly non-normal, in
which case Spearman's approach was applied.

Safety and tolerance

The toxicity and the clinical response have been reported in detail
elsewhere [Gander et al., submitted for publication]. In brief, fol-
low-up consisted of a weekly blood cell count. Liver- and lung-
function tests were repeated before the second cycle of treatment.
Toxicity was graded according to WHO criteria [24]. The antitu-
mor response was evaluated before the second cycle of treatment
and then every two cycles according to WHO response criteria.

Results

The hematologic toxicities and mean pharmacokinetic
parameters of TMZ according to the route and sequence
(i.e., without or with fotemustine) of administration are
presented in Tables 1 and 2, respectively. After oral
administration, TMZ was absorbed with a mean lag
time of 26 � 8 and 18 � 7 min for days 1 and 2, re-
spectively, and the mean Cmax value was achieved at 94
� 58 min. The clearance, volume of distribution, and
half-life were similar, irrespective of the day, for the
same route of administration. However, mean apparent
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clearances and volumes of distribution measured in all
patients after h.i.a. and p.o. administration were signif-
icantly higher (P � 0.0003 and 0.007, respectively) than
those recorded for the i.v. route. The half-lives were
similar among the three routes of administration
(P � 0.13). Representative examples of concentration-
time curves generated for the three routes tested are
shown in Fig. 1.

The pharmacokinetics of TMZ appeared linear, with
the AUC increasing proportionally to the dose (expres-
sed in milligrams per square meter) after i.v. adminis-
tration (r � 0.86 and 0.91 for day 1 and day 2,
respectively). AUC and Cmax values were more variable
following p.o. or h.i.a. administration. The bioavail-
ability of TMZ was assessed in six patients (patients 23±
26, 28, and 29; see Table 1), of whom four received TMZ
i.v. on day 1 and p.o. on day 2, whereas two were treated
on the inverse sequence. The average bioavailability (F)
was 0.96 � 0.1 without noticeable in¯uence of the ad-
ministration sequence. The di�erence in clearance (dose/
AUC) observed between day 1 and day 2 (Table 2) was
accordingly not statistically signi®cant (Kruskal-Wallis
one-way nonparametric statistics). A comparison of the
subgroup of patients who received TMZ by the same
route on the 2 days of chemotherapy ± without (day 1)
or with (day 2) fotemustine ± showed no di�erence for
the p.o. route, whereas for the i.v. route the mean TMZ
AUC was statistically signi®cantly higher on day 1
(TMZ only) than on day 2 (TMZ i.v. + fotemustine
i.v.; 1,836 versus 1,615 mg min l)1, P � 0.02).

The parent TMZ excreted unchanged in urine ac-
counted for 6 � 3% (day 1) and 6 � 4% (day 2) of the
dose, with low within-patient (day 1 versus day 2) and
high interpatient variability, extreme values ranging
from 0.4% to 15% of the dose excreted as the parent
compound. In three patients, CSF samples were ob-
tained; the concentration measured in CSF corre-
sponded to 9%, 28%, and 29% of the plasma levels
taken, respectively, at 90 min after a p.o. dose of
250 mg/m2 TMZ in the ®rst two patients and at 4 h after
an i.v. dose of 200 mg/m2 in the third. In one patient the
ascites ¯uid was drained throughout the 2 days of che-
motherapy. Ascites samples were taken before and at 60
and 120 min after the beginning of TMZ administration.
The TMZ concentrations determined in ascitic ¯uid were

Table 2 Pharmacokinetic parameters of TMZ without (day 1) or
with administration of fotemustine at 4 h after TMZ treatment
(day 2). Data represent mean values � SD

Route and sequence
of administration

CL
(ml/min)

t1/2
(min)

Vd

(l/kg)

IV day 1 (n = 15) 220 � 48 92 � 14 0.4 � 0.1
IV day 2 (n = 12) 241 � 39 92 � 16 0.5 � 0.1
HIA day 1 (n = 5) 345 � 69a 86 � 6 0.6 � 0.2b

HIA day 2 (n = 5) 343 � 93a 85 � 5 0.6 � 0.2b

PO day 1 (n = 11) 302 � 76a 99 � 21 0.6 � 0.2b

PO day 2 (n = 13) 280 � 95a 96 � 20 0.5 � 0.2b

aApparent clearance (CL/F)
bApparent Vd (Vd/F)

Fig. 1 Plasma concentration pro®les of patients receiving
temozolomide at a dose of 250 mg/m2 via di�erent routes on day
1: intravenous infusion (top: patients d 4, j 5, m 6, . 19 second
cycle), oral administration (middle: patients d 10, j 11, m 12, .
14), and infusion through the hepatic artery (bottom: patients d 13,
j 19 ®rst cycle, m 20, . 27). The rectangles represent the average
duration of infusion and the attached bars, the range of individual
durations
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28% and 95%, respectively, of the corresponding plasma
concentrations. Five patients with liver metastasis
received TMZ h.i.a. either exclusively by this route
(patients 2, 13, and 20) or in combination with the
i.v. route (patients 19 and 27). A comparison of the
TMZ systemic AUC according to the dose, the site
(i.v. or h.i.a.), and the duration of infusion is shown in
Table 1.

In two patients (patients 19 and 27) who had received
TMZ both i.v. and h.i.a. at the same infusion rate the
measured clearance values were similar (312 versus 304
and 231 versus 255 ml/min, respectively) and there was
no evidence of marked hepatic extraction of TMZ.
However, when all ®ve patients who had received TMZ
h.i.a. were considered, the systemic exposure to
TMZ (i.e., plasma AUC) was signi®cantly lower
(P < 0.01, Kruskal-Wallis) when h.i.a. TMZ was in-
fused at a slower rate (over 1.5 h, patients 13 and 20)
and a relatively good correlation (r � 0.88) was ob-
served between the systemic clearance (dose/AUC) and
the h.i.a. infusion duration. In contrast, the infusion-
duration dependency of the systemic clearance was not
observed for i.v. administration, precluding any spuri-
ous ®ndings due to the possible transformation of TMZ
in the infusion bags over time.

The toxicity to white cells and platelets observed after
the sequential administration of escalated dose of TMZ,
i.v., p.o. or h.i.a. on days 1 and 2 followed by i.v. in-
fusion of 100 mg/m2 fotemustine on day 2 are shown in
Table 1. The dose-limiting toxicity of the chemotherapy
protocol was myelosuppression. At the ®rst dose level
(150 mg/m2 per day), no patient presented WBC toxic-
ity, but myelosuppression was more frequently seen at
higher dose levels. The toxicity to platelets was similarly
correlated with the dose. The nadir of leukocytes and
thrombocytes appeared at 24 and 23 days, respectively,
after administration of the combined chemotherapy.
The association of TMZ and fotemustine produces he-
matologic toxicities at lower dose levels, with thrombo-
cyte and leukocyte nadirs occurring earlier, as compared
with TMZ monotherapy [17].

There was some correlation (Spearman rank test)
between the TMZ AUC determined after i.v. adminis-
tration with fotemustine and the degree of thrombocy-
topenia, neutropenia and leukopenia [percentage of
decrease in counts at the nadir: r � 0.75 (n � 12,
P < 0.01), r � 0.66 (n � 10, P � 0.04) and 0.70
(n � 12, P � 0.012), respectively]. After oral adminis-
tration, however, the AUC of TMZ was not a predictive
index of WBC toxicity.

Discussion

Preclinical and clinical studies have suggested that the
bene®t of TMZ may best be appreciated when the latter
is used in combination with other cytotoxic drugs [22]
and that di�erent schedules of TMZ administration
should be explored [20] . Sequential association of TMZ

with nitrosoureas has shown promising antitumor
activity in mice [25], although other authors [26] cau-
tiously suggest that treatment with methylating agents
such as the analogue DTIC may be too toxic as assessed
by their in vitro studies. Nevertheless, further clinical
studies of TMZ in association with other agents have
been recommended and a thorough pharmacokinetic
evaluation is therefore required for optimization of the
dosage of agents with such a narrow therapeutic range
and interaction potential.

To our knowledge, this is the ®rst report of the
pharmacokinetics of TMZ given sequentially with a
nitrosourea. When we consider the mean pharmacoki-
netics measured in all patients (Table 2), fotemustine
given at 4 h after TMZ treatment does not seem to have
much of an e�ect on TMZ pharmacokinetics. However,
exploratory statistical analysis of the subgroup of pa-
tients who had received TMZ exclusively by the i.v.
route, showed a slight decrease in AUCs on day 2.
Therefore, a small in¯uence of either subsequent ad-
ministration of fotemusine by the same route or some as
yet not understood sequence e�ects observable only on
i.v. administration cannot be totally excluded. However,
the selection of subgroups for a posteriori statistical
analysis is at high risk of revealing a fortuitous di�er-
ence, which in our case is unlikely to have clinical sig-
ni®cance (less than 15%).

At these doses, TMZ showed linear pharmacokinetics
after i.v. infusion. The AUC observed after p.o. or h.i.a.
administration was more variable and did not satisfac-
torily correlate with the dose. The pharmacokinetic
analysis shows a mean temozolomide t1/2 of 1.5 � 0.1 h,
in accordance with the values reported by Dhodapkar
et al. [19], Newlands et al. [17], and Statkevitch et al. [27]
of 1.7, 1.8 � 0.4, and 1.8 � 0.3 h, respectively. The
slight di�erences in t1/2 observed in our study among the
three routes of administration (Table 2) were not sta-
tistically signi®cant. The mean clearance values recorded
after i.v. administration (220 � 48 and 241 � 39 ml/min
for days 1 and 2, respectively) were in good agreement
with previously reported values (196 � 69 ml/min) [17]
but were lower than those obtained by the p.o. or h.i.a.
route (Table 2), suggesting incomplete bioavailability
when the full set of data from all patients are considered.
However, the spread of AUC values observed after p.o.
administration indicates marked intersubject variability,
possibly enhanced by the conditions of capsule admin-
istration (position of the patients), nausea (an adverse
event that occurred in 7/29 patients, even with the use of
i.v. ondransetron), and perturbed gastric transit (vom-
iting in 1/29 patients), which make standardization dif-
®cult in this patient population. However, on drug
administration to the same patients (n � 6) under well-
controlled conditions, AUC and clearance values ob-
tained in the same patients were in good agreement after
p.o. and i.v. administration, with an average bioavail-
ability of close to 1, in accordance with previously re-
ported values [17], regardless of the sequence of the i.v.-
p.o. or p.o.-i.v. administration.
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Plasma AUC and systemic clearance (dose/AUC)
seem to be correlated with the infusion duration on h.i.a.
administration. Patients 13 and 20, who received TMZ
h.i.a. on days 1 and 2 over a prolonged period (80±
87 min versus �60 min in most patients), clearly have a
reduced plasma AUC and an increased systemic clear-
ance. This observation suggests that lowering of the
h.i.a. infusion rate of TMZ may increase the drug's
di�usion into hepatic tissues and its presystemic extrac-
tion and could reduce the systemic exposure. A similar
observation has been reported for other anticancer drugs
after h.i.a. administration. For example, the AUC of
5-¯uorouracil (5-FU) given h.i.a. depends on the h.i.a.
infusion duration and tends to be lower than the value
obtained after i.v. administration when the h.i.a. infu-
sion rate is reduced [28]. Similarly, administration of
fotemustine over 4 h by h.i.a. produces a lower AUC
than does dosing by the i.v. route over 1 h [29].

The average 24-h urinary recovery of TMZ measured
in the 29 patients was 5.9 � 3.4%, in good correspon-
dence with the 5.2% value obtained by Dhodapkar et al.
[19] after administration of TMZ in monotherapy. The
percentage of TMZ eliminated unchanged in the urine
was stable within patients on days 1 and 2 but was
highly variable between patients. Since TMZ spontane-
ously decomposes at a pH value around neutrality, the
residence time of urine in the bladder at pH 5.5±7, which
is not acidic enough to guarantee TMZ stability, may
in¯uence the percentage of the parent TMZ recovered in
urine. Indeed, we observed that patients who had fre-
quent spontaneous voidings were those associated with
the higher recovery of TMZ in urine. The clinical rele-
vance of the generation of reactive species in the bladder
remains to be determined.

Preclinical studies have demonstrated that TMZ
penetrates central nervous tissues in mice [22]. In hu-
mans, CSF TMZ concentrations represent 9%, 28%,
and 29% of those measured simultaneously in plasma,
values that are quite similar to the CSF/plasma ratio of
29 � 8% measured in a nonhuman primate model [30].
This is consistent with the activity of TMZ in brain tu-
mors shown in early clinical trials [17, 18, 21] TMZ
concentrations measured in ascites indicate that the
distribution in this compartment is slow and that an
equilibrium seems to be reached only after approxima-
tely 2 h. However, since TMZ, unlike DTIC, does not
require hepatic metabolism to generate the cytotoxic
species MTIC, it may represent a good candidate for
locoregional administration when high concentrations
of drug are required ± as in peritoneal metastases or in
isolated limb perfusion (e.g., in melanoma patients).

The activity of TMZ against tumors highly resistant
to current chemotherapeutic treatments needs to be ex-
plored further in additional phase II trials. Combination
of TMZ with other drugs such as nitrososureas may be
addressed. Plowman et al. [25] demonstrated in a pre-
clinical study on mice, however, that the dramatic syn-
ergistic e�ect observed for a combination of TMZ with
1,3,-bis(2-chloroethyl)-1-nitrosourea (BCNU) was more

prononced when TMZ was given 2 h after the nitroso-
urea. The reverse sequence was more toxic, but at a
lower dose a synergistic e�ect was nonetheless observed
[25]. These data therefore provide a frame for the ad-
ministration of TMZ on an alternate ± reversed (i.e.,
TMZ after the nitrosourea) ± treatment schedule. It was
indeed recognized very early that the pharmacodyna-
mics of TMZ [31] as well as its cytotoxicity and clinical
activity ([22] and literature cited) were highly schedule-
dependent. Several phase I trials comparing various
modes and schedules of administration are therefore
currently under way. All these studies should address
both pharmacodynamics (i.e., AT inhibition and toxic-
ities [31, Gander et al., submitted for publication]) and
pharmacokinetic issues, since the chronological se-
quence and the mode of administration of drugs given in
association may reciprocally in¯uence their pharmaco-
kinetics. The observation that the plasma AUC and,
hence, the systemic exposure could be infusion-duration-
dependent after h.i.a. administration has to be taken
into account in the consideration of this locoregional
administration. However, the potential clinical bene®t of
h.i.a. administration has yet to be established, as has the
impact of the infusion duration on the hepatic and sys-
temic tolerance and on the response rate.
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