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Abstract
Purpose The metabolism of ifosfamide is a delicate
balance between a minor activation pathway (4-hydrox-
ylation) and a mainly toxiWcation pathway (N-dechlo-
roethylation), and there remains uncertainty as to the
optimal intravenous schedule.
Methods This study assesses ifosfamide pharmacoki-
netics (PK) according to two standard schedules. Using
a 1:1 randomized trial design, we prospectively evalu-
ated ifosfamide PK on two consecutive cycles of 3 g/m²/
day for 3 days (9 g/m²/cycle) given in one of two sched-
ules either by continuous infusion (CI) or short (3 h)
infusion. Highly sensitive analytical methods allowed
determination of concentrations of ifosfamide and the
key metabolites 4-hydroxy-ifosfamide, 2- and 3-dechlo-
roethyl-ifosfamide.
Results Extensive PK analysis was available in 12
patients and showed equivalence between both sched-
ules (3 h versus CI) based on area under the curves
(�mol/l £ h) for ifosfamide, 4-hydroxy-ifosfamide, 2-
and 3-dechloroethyl-ifosfamide (9,379 § 2,638 versus
8,307 § 1,995, 152 § 59 versus 161 § 77, 1,441 § 405
versus 1,388 § 393, and 2,808 § 508 versus 2,634 § 508,

respectively, all P > 0.2). The classical auto-induction
of metabolism over the 3 days of infusion was con-
Wrmed for both schedules.
Conclusion This study conWrms similar PK for both
active and toxic metabolites of ifosfamide in adult can-
cer patients when 9 g/m² of ifosfamide is administered
over 3 days by CI or daily 3-h infusions.

Keywords Alkylating agents · Ifosfamide · 
Pharmacodynamics · Pharmacokinetics

Introduction

Ifosfamide is an anti-cancer alkylating agent widely
used in daily oncology practice. It belongs to the class
of oxazaphosphorines, whose leading compound is its
congener cyclophosphamide [6]. Although both drugs
share the same chemical structure and Wnal mechanism
of action, they have repeatedly demonstrated diVerent
pharmacological properties including non-overlapping
spectra of toxicity and eYcacy. These observations
derive partly from important diVerences in the metabo-
lism of these cytotoxic agents.

Both are prodrugs, requiring in vivo activation by
liver cytochromes P450 (CYP) to exert their cytotoxic
activity. Their metabolism is best described as a fragile
balance between a true activation pathway and a pre-
sumed deactivation or toxiWcation pathway [6, 30]. The
former relies on a hydroxylation reaction forming a
4-hydroxylated metabolite (4-hydroxy-ifosfamide or
4-hydroxy-cyclophosphamide) and its ring-opened
aldo tautomer, which ultimately decomposes within
the cell to yield the corresponding and therapeutically
beneWcial alkylating mustard, releasing at the same
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time acrolein by � elimination. The Wnal mustard being
highly ionized is unable to cross the cell membrane;
both 4-hydroxy-ifosfamide and 4-hydroxy-cyclophos-
phamide are considered as the transport forms for
“activated” oxazaphosphorines. The second pathway
consists of an N-dechloroethylation reaction and yields
metabolites considered either inactive [dechlorethyl-
cyclophosphamide or 2- and 3-dechloroethyl-ifosfa-
mide] or potentially toxic (chloroacetaldehyde) in a 1:1
molar ratio [14, 29, 35], although some preclinical
works confer also part of ifosfamide anti tumour activ-
ity to chloroacetaldehyde [9].

Both reactions are catalysed by diVerent subsets of
liver microsomes depending on the drug and pathway
studied. In human, CYP 2B6 is the main enzyme
responsible for cyclophosphamide 4-hydroxylation [12,
27], with a Wnal reported rate of activation reaching up
to 90%, making easy the use of such compound in the
clinic [6]. Conditions are far from being similar with
ifosfamide, CYP 3A4 being the major actor of metabo-
lism, but contributing at the same time to both activa-
tion and toxiWcation pathways [12, 27]. Moreover CYP
3A4 low catalytic aYnity for its substrate gives meta-
bolic importance to other CYP subsets (CYP 2B6 and
2B1), which may result in a rate of ifosfamide toxiWca-
tion exceeding 50% [6].

In order to improve the narrow therapeutic ratio of
ifosfamide, several strategies have been investigated
including (1) the use of speciWc inducers and inhibitors
of liver enzymes to divert ifosfamide metabolism
towards the beneWcial 4-hydroxylation pathway [19],
(2) the utilization of the well-established autoinduction
mechanism observed when doses of oxazaphospho-
rines are fractionated over several days [2, 6, 22], and
(3) the use of diVerent schedules of intravenous admin-
istration, continuous infusion (CI) or short (3–4 h)
infusion [6, 17, 23]. There remains controversy with
regard to this third option, with some authors reporting
fewer side eVects with CI, and others advocating short
infusions to improve eYcacy [1, 10, 26]. Although
diVerent groups have tried to answer this question with
pharmacokinetic (PK) studies in both children and
adults [3, 7, 20, 28], they have used various analytical
techniques with low sensitivity [4] and the investigated
schedules have mostly involved administration of
ifosfamide in combination with other cytotoxic agents.
Furthermore data exploring the activation pathway
have often been incompletely reported or have focused
on debatable PK endpoints such as ifosfamide mustard
[20] rather than the transport form of “activated ifosfa-
mide”, namely 4-hydroxy-ifosfamide [30].

The aims of this study were therefore to compare the
PK of ifosfamide and its main metabolites in a random-

ized cross-over study using the same dose of ifosfamide
(9 g/m²) monotherapy fractionated on 3 days, delivered
either by CI or short (3-h) daily infusion, in an homoge-
neous patient population and employing recently devel-
oped highly sensitive analytical methods [22, 33].

Materials and methods

Study design

This was a single centre phase II PK study, enrolling
patients with advanced solid tumours. Eligible patients
were at least 18 year old, with Eastern Cooperative
Oncology Group performance status of 0–2 and ade-
quate end organ function: neutrophils count ¸1,500/
mm3, platelets count ¸100,000/mm3, serum creatinine
·120 �mol/l and/or creatinine clearance ¸80 ml/min/
1.73 m² (estimated by Cockroft-Gault formula).
Patients were randomly assigned to receive ifosfamide
3 g/m² £ 3 days (total dose 9 g/m²/cycle) (HOLO-
XAN®, Baxter Oncology, France) as either a daily 3-h
infusion dose (3-h schedule) or a 72-h CI (CI schedule)
for the Wrst cycle. The same total dose of sodium-2-mer-
captoethane-sulphonate (MESNA®, Baxter Oncology
France) was administered, either mixed in the same vial
as ifosfamide for the CI schedule or split over three
short bolus injections for the 3-h schedule (just before
ifosfamide, 4, then 8 h after start of ifosfamide infu-
sion). On the second cycle, patients were crossed-over
to the alternative schedule. Cycles were given every
4 weeks, provided the same criteria were met as at
inclusion. Comedications were carefully screened.
When showing potential interferences with CYP3A4 as
inducers (e.g. steroids, phenobarbital) or inhibitors (e.g.
erythromycin, diltiazem, verapamil, ketoconazole), they
were to be avoided to the extent of possible. From the
third cycle onwards, all patients were to be treated
using the short infusion schedule unless a true diVer-
ence of side eVects had been detected between cycle 1
and 2. Hyper-hydration included systematically 500 ml
of Na·HCO3

¡  1.4%. Emesis was prevented with stan-
dard anti-HT3 treatment and alizapride, but excluding
steroids. Primary prophylaxis for febrile neutropenia
was not permitted. The primary endpoint of the study
was to compare the PK proWles of ifosfamide and its
main metabolites (4-hydroxy-ifosfamide, 2- and 3-
dechloroethyl-ifosfamide) across both the Wrst and sec-
ond cycles, using a full sampling strategy. Toxicity and
eYcacy data were secondary endpoints, and collected
during cycles 1 and 2. Patients having received only one
cycle of either schedule were therefore inevaluable and
were to be replaced.
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The trial was sponsored by René Huguenin Cancer
Centre. Study investigations were performed after
approval by the ethics committee of Saint-Germain en
Laye (78 Yvelines) and by the institutional review
board. All patients provided written informed consent.
The trial was conducted according to Good Clinical
Practice, International Conference on Harmonization
rules and “Loi Huriet”.

Pharmacokinetic points

For the 3-h schedule, blood samples (3 ml) were drawn
daily immediately before treatment, then at the follow-
ing intervals: end of infusion (3 h), then 5 min, 15 min,
30 min, 1 h, 2 h, 3 h, 5 h, 7 h and 21 h following the end
of infusion. For the CI schedule, fewer samples were
drawn: before treatment on day 1, then 6, 12, 24, 32, 48,
56 and 72 h following the start of infusion, then 1, 6 and
24 h after the end of infusion.

Analytical methods

Hydroxylation pathway was investigated through the
determination of 4-hydroxy-ifosfamide in blood,
according to a method originally developed for the
analysis of 4-hydroxy-cyclophosphamide and based on
the Xuorometric detection of 7-hydroxyquinoline
resulting from the condensation of 4-hydroxy-ifosfa-
mide and acrolein [33]. Immediately following vene-
section, a 1 ml aliquot of blood was added to 3 ml of
aqueous 12% perchloric acid, 500 �l of 10 mg/ml 3-ami-
nophenol, 12 mg/ml hydroxylamine hydrochloride in
1.0 M HCl, and 40 �l of aqueous 10 �M methyl vinyl
ketone (internal standard). After vortex and addition
of 100 �l of 10% sodium tungstate, samples were cen-
trifuged for 15 min, heated at 100°C in a boiling water
bath for 15 min, then cooled in the dark. Derivatized
samples were analysed by an high performance liquid
chromatography system including two Waters 515
pumps, an isocratic mobile phase (0.1 M ammonium
acetate pH 4.0 § glacial acetic acid + 9% acetonitrile,
Xow rate 1 ml/min), a Waters �Bondapak phenyl
guard-pak and a post-acidiWcation column Xowed by
0.3 M triXuoroacetic acid delivered at 0.5 ml/min. The
Xuorescent hydroxyquinoline derivatives were quanti-
Wed with a Kontron 5FM25 Xuorescence detector at
excitation and emission wavelengths of 350 and
500 nm, respectively. Standards were prepared with
0–140 �M of 4-hydroperoxy-ifosfamide or acrolein
(gifts from Dr Pohl, ASTA MEDICA, Germany).
Retention times were 9 min for 4-hydroxy-ifosfamide
and 14 min for internal standard (4-methyl-7-hydroxy-
quinoline). Lower limits of quantiWcation and detection

for 4-hydroxy-ifosfamide were 0.2 and 0.07 �mol/l,
respectively. Recovery rate was 77 § 6% in total blood.

Gas chromatography with selective nitrogen-phos-
phorus detection was used for the investigation of the
dechloroethylation pathway, allowing the simultaneous
determination of ifosfamide, 2- and 3-dechloroethyl-
ifosfamide in plasma as described previously [22].
Standards were prepared with 2- and 3-dechloroethyl-
ifosfamide (gifts from Dr Pohl, ASTA MEDICA, Ger-
many). Values for lower limits of quantiWcation and
detection were, respectively, 0.5 and 0.15 �mol/l for
dechloroethylated metabolites and 0.4 and 0.11 �mol/l
for ifosfamide.

Statistical methods

Plasma concentrations (�mol/l for ifosfamide, 2-dechlo-
roethyl-ifosfamide, 3-dechloroethyl-ifosfamide and
4-hydroxy-ifosfamide were plotted as a function of
time. Area under the curve (AUC) was calculated by
the trapezoidal method. Non-compartmental PK anal-
ysis included maximal concentration (Cmax, �mol/l) and
AUC for ifosfamide and each metabolite of interest.
Terminal half-life (T1/2, h) and clearance (l/h) were cal-
culated for the parental drug. Analyses of variance
(ANOVA) were made using the R statistical package
[16] and included the role of sequence (group 1: cycle
1, 3-h schedule, cycle 2, CI schedule; group 2: reverse
sequence). EVects were regarded as statistically signiW-
cant for P < 0.05.

Results

Population

Amongst 17 patients included in the study, Wve stopped
chemotherapy following Wrst cycle for early tumour
progression or decline (1 patient in CI group and four
patients in 3-h group), and were not considered for this
PK report. Baseline characteristics for the 12 patients
with available extensive PK analysis are described in
Table 1.

Toxicity and eYcacy

Table 2 reports main side eVects recorded during
cycles 1 and 2 according to schedule of ifosfamide
administration. At least one episode of grade 4 neutro-
penia was observed in each patient, with no signiWcant
diVerence of rate of febrile neutropenia across groups
(25% with the 3-h schedule versus 33% with the CI
schedule).
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One 63-year-old man with head and neck tumour
developed generalized epilepsy at the end of the ifosfa-
mide 3-h infusion on day 2 of the second cycle. He was
found to be chronically treated “over the counter” with
carbamazepine, a well-known inducer of CYP 450
enzymes [21]. The oxazaphosphorine might have
aVected with 48-h delay the metabolism of the central
nervous system agent, lowering the observed plasma
concentration (7 �M/l) below therapeutic range
(17–51 �M/l). The patient having recovered within a
few hours, day 3 of ifosfamide was administered as
planned after adjustment of oral dose for carbamaze-
pine and without any further evidence of epilepsy or
encephalopathy.

All the 12 patients are evaluable for response, as
they have completed the 2 PK investigational cycles of
ifosfamide. Partial response was achieved in one

woman with metastatic breast cancer (1/1) and in three
patients with advanced head and neck carcinoma (3/7).

Pharmacokinetics

During the 3-h schedule, the peak of ifosfamide con-
centration was observed immediately after the end of
infusion on day 1. The rise was more gradual for the CI
schedule and peaked at the end of Wrst day. Only the
patient on chronic carbamazepine therapy showed
lower ifosfamide concentrations reXecting an upfront
twofold increase in ifosfamide clearance.

There was no signiWcant eVect on PK parameters
due to sequence (group 1: cycle 1, 3-h schedule, and
cycle 2, CI schedule versus group 2: reverse sequence),
as assessed by the ANOVA. Integration of concentra-
tions obtained in the patient chronically treated with
carbamazepine did not aVect the results of ANOVA.
Therefore, data for all cycles with same schedule (i.e.
12 patients for each schedule) have been pooled in
Table 3, with no signiWcant diVerence between 3-h and
CI schedules except, as expected, for ifosfamide Cmax
(431 § 88 versus 163 § 42 �mol/l, P = 0.03).

Auto-induction of ifosfamide metabolism was
observed for both schedules as illustrated by the evolu-
tion of AUC over time in Fig. 1. The gradual decrease
of AUCIF over the 3 days of infusion reXected the rise
of ifosfamide clearance by a factor 1.7 from day 1 to
day 3 and was compensated by a concomitant increase
in the AUC of the metabolites (all P · 0.0001). This
increase was almost maximal by the second day with
little further change between day 2 and day 3, espe-
cially for dechloroethylated metabolites.

Table 1 Baseline characteristics in 12 patients having completed
cycles 1 and 2

Characteristic No.

Sex ratio (male/female) 6/6
Age (years), median 50.5 (35–63)
Body surface area (m²) 1.70 (1.39–1.89)
Primary tumour
Head and neck 7
Sarcoma 3
Breast 1
Uterus 1

Metastatic setting 7
Locoregional disease 5
Prior radiotherapy 10
Prior surgery 7
Prior chemotherapy
1 line 11
2 lines 1
Previous exposition to ifosfamide 3

Table 2 Main side eVects (National Cancer Institute Common
Toxicity Criteria) according to schedule of administration in 12
patients and 24 cycles

Characteristic 3-h infusion 
(n = 12) 
no. (%)

Continuous 
infusion (n = 12) 
no. (%)

Neutropenia
Grade 3 1 (8) 3 (25)
Grade 4 11 (92) 8 (67)
Febrile neutropenia 3 (25) 4 (33)

Anaemia
Grade 3 1 (8) 0 (0)
Grade 4 1 (8) 1 (8)

Thrombopenia
Grade 2 3 (25) 0 (0)
Grade 3 0 (0) 2 (17)

Creatinine grade 2 0 (0) 2 (17)
Encephalopathy 1 (8) 0 (0)

Table 3 Pharmacokinetics and metabolism of ifosfamide 9 g/m²
given on 3 successive days according to diVerent intravenous
schedules: 3-h versus continuous infusion (mean § SD)

*Value on day 3; **no eVect of sequence for all parameters;
2-DC-IF, 2-dechloroethyl-ifosfamide; 3-DC-IF, 3-dechloroethyl-
ifosfamide; 4-OH-IF, 4-hydroxy-ifosfamide; AUC area under the
curve; Cmax, maximal concentration; IF ifosfamide; SD standard
deviation; T1/2, terminal half-life

Parameter 3-h infusion 
(n = 12)

Continuous 
infusion 
(n = 12)

P**

Clearance (l/h/m²) 4.3 § 2.7 4.6 § 2.2 0.09
T1/2 (h) 4.1 § 2* 4.2 § 1.1 0.92
AUCIF (�mol/l £ h) 9,379 § 2,638 8,307 § 1,995 0.32
AUC2-DC-IF (�mol/l £ h) 1,441 § 405 1,388 § 393 0.57
AUC3-DC-IF (�mol/l £ h) 2,808 § 508 2,634 § 508 0.27
AUC4-OH-IF (�mol/l £ h) 152 § 59 161 § 77 0.59
IF Cmax (�mol/l) 431 § 88 163 § 42 0.03
2-DC-IF Cmax (�mol/l) 39 § 12 28 § 8 0.84
3-DC-IF Cmax (�mol/l) 69 § 12 53 § 10 0.75
4-OH-IF Cmax (�mol/l) 6 § 3 3 § 2 0.98
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Discussion

Although ifosfamide was Wrst introduced into the clinic
in the late 1960s, its optimal schedule of administration
is still questioned [6]. In contrast to the easy dosing of
its sister compound cyclophosphamide, which is mainly
metabolized via the hydroxylation pathway, ifosfamide
prescription is more complex. This is due to an over-
representation of dechloroethylation producing metab-
olites potentially responsible for the speciWc spectrum
of toxicity seen with this compound [2, 5–7, 25],
although some of these dechloroethylated metabolites
might also play an important role in the therapeutic
eYcacy of ifosfamide [9]. This unbalance leads to a the-
oretical unfavourable therapeutic ratio, which has been
the basis for the exploration of a large number of alter-
nate schedules including oral, subcutaneous or long-
term intravenous administration [11, 17, 23]. Early
clinical reports suggested that CI would be better toler-
ated [1, 10] but this approach was challenged later by
others warning against loss of eYcacy [26].

Our study conWrms the equivalence of these sched-
ules based on AUC, the most valid measure of drug
exposure [13], showing no beneWcial inXuence of either
schedule on the production of the therapeutically use-
ful 4-hydroxy-ifosfamide, the transport form of “acti-
vated ifosfamide” [30]. The same lack of diVerence
between schedules was also found for the production

of presumed toxic dechloroethylated metabolites and
for the release of the well-known phenomenon of
ifosfamide auto-induction [6]. Although these results
are in agreement with other previously published stud-
ies, with similar AUC values for ifosfamide and metab-
olites [3, 7, 28], they diVer in several ways from these
earlier studies and provide meaningful additional data
on this complex metabolic phenomenon.

Firstly, previous works have often included paediat-
ric populations [3, 7] which are not comparable with
adults for drug metabolism [15]. In these trials, ifosfa-
mide was co-administered with other cytotoxics, and
the cycles compared for schedules of administration
(CI versus short infusion) were often administered several
months apart. The relevance of the reported signiWcant
decrease in the production of 3-dechloroethyl-ifosfa-
mide in case of short infusion [AUC 1,640 (570–4,560)
versus 1,960 (810–7,170) �mol/l £ h, P < 0.02] can be
questioned given the wide conWdence interval of values
[7]. Of note, in a paper related to the same series focus-
ing on 8 of the 17 initial subjects, the occurrence of
acute and chronic nephrotoxicity was correlated to a
lower ifosfamide dechloroethylation, which is contra-
dictory with the classical pharmacological hypothesis
conferring nephrotoxicity and neurotoxicity to chloro-
acetaldehyde produced by this pathway [3]. This might
indirectly revive the debate about the designation of
dechloroethylation as a “true” toxiWcation pathway, as

Fig. 1 Box and whiskers graphs for area under the curves of ifosfamide and main metabolites according to ifosfamide schedule of
administration along 3 days
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suggested by some authors who have shown recently
that chloroacetaldehyde may cause also DNA-strand-
breaks and strong inhibition of DNA-synthesis [9].

A separate English study enrolled 11 adult patients
in a PK program very similar to the design of ours (with
intrapatient cross-over). However, patients were also
treated with polychemotherapy including ifosfamide,
and according to diVerent schedules (2 or 3 days) [28].
Some declined venesection, while others had more than
2 cycles explored. Furthermore, the thin-layer chroma-
tography analytical technique used in this study to ana-
lyse ifosfamide mustard [4] has a much lower sensitivity
and plasma recovery rate than in ours for the identiWca-
tion of 4-hydroxy-ifosfamide [33] (lower limit of detec-
tion 4.6 versus 0.07 �mol/l, respectively). Consequently,
the values of ifosfamide mustard in the serum were
regarded as too unreliable and were disregarded, pre-
cluding any solid conclusion on the inXuence of sched-
ule on ifosfamide activation pathway [28].

Finally, in both discussed studies [3, 7, 28], investiga-
tion of hydroxylation pathway was attempted through
the determination of ifosfamide mustard, whereas our
study selected 4-hydroxy-ifosfamide since it is consid-
ered by many to be the best plasma reXection of the
amount of ifosfamide mustard reaching the tumour cell
nucleus [30]. However, as reported, that AUC values
for ifosfamide mustard tend to be an order of magni-
tude higher than those for 4-hydroxy-ifosfamide in our
study (1,190–2,080 �mol/l £ h depending on schedule
and population versus 152–161 �mol/l £ h, respec-
tively) [5, 7] does not close the debate regarding the
best PK surrogate marker for ifosfamide alkylating
activity. That only strenghtens the high unsteadiness of
the hydroxylated metabolite.

However, our data cannot exclude potentially diVer-
ent pharmacodynamic eVects for the two schedules, as
no interpretation regarding toxicity or eYcacy can be
drawn from such a small heterogeneous patient popu-
lation. Peak plasma drug concentrations may contrib-
ute to Wnal cytotoxicity although this is less likely to be
the case for cell cycle-independent compounds such as
alkylating agents [24]. Nevertheless, preclinical work
has suggested an increased cytotoxicity with low con-
centrations of 4-(S-ethanol)-sulWdo-cyclophosphamide,
a prodrug for 4-hydroxy-cyclophosphamide, when
maintained above a threshold for prolonged time with
repeated intraperitoneal injections, as compared to a
single intravenous injection of the same cumulative
total dose [31]. Although the only signiWcant diVerence
between the schedules was the Cmax for ifosfamide,
preclinical data that is important in the alkylating
eVects of ifosfamide are lacking and therefore warrant
further investigation.

It is of interest to note that the observed increase in
the ifosfamide clearance was seen in the patient pre-
treated with carbamazepine as it stresses the theoreti-
cal impact of chronically coadministered CYP
modulators on ifosfamide PK, despite a discrepancy
between attractive results at the preclinical level [8, 32,
34] and disappointing attempts of application in
patients [19, 28]. Since there is a possibility of increased
metabolism and consequent decreased ifosfamide
eYcacy upon chronic coadministration of CYP 3A4
inducers such as steroids widely used in the clinic for
anti-emetic purposes, care needs to be taken with
regard to concomitant medication when administering
such cytotoxic agents.

In conclusion, this extensive study of the key ifosfa-
mide metabolites provides the most deWnitive positive
answer to the question of equivalence between CI and
short infusion schedules based on AUC, when ifosfa-
mide is administered as a monotherapy, with an identi-
cal dose (9 g/m²) given over 3 days, in an adult
population. Further work will focus on the develop-
ment of new PK models to compare with those already
published [18], adding pharmacodynamic assessments
to allow simulations of less toxic schedules and prior
investigations in the clinic.

Acknowledgments We thank Mrs Patricia Jardin for technical
assistance.

References

1. Antman KH, Ryan L, Elias A, Sherman D, Grier HE (1989)
Response to ifosfamide and mesna: 124 previously treated pa-
tients with metastatic or unresectable sarcoma. J Clin Oncol
7:126–131

2. Boddy AV, Cole M, Pearson AD, Idle JR (1995) The kinetics
of the auto-induction of ifosfamide metabolism during con-
tinuous infusion. Cancer Chemother Pharmacol 36:53–60

3. Boddy AV, English M, Pearson AD, Idle JR, Skinner R
(1996) Ifosfamide nephrotoxicity: limited inXuence of metab-
olism and mode of administration during repeated therapy in
paediatrics. Eur J Cancer 32A:1179–1184

4. Boddy AV, Idle JR (1992) Combined thin-layer chromatog-
raphy-photography-densitometry for the quantiWcation of if-
osfamide and its principal metabolites in urine, cerebrospinal
Xuid and plasma. J Chromatogr 575:137–142

5. Boddy AV, Proctor M, Simmonds D, Lind MJ, Idle JR (1995)
Pharmacokinetics, metabolism and clinical eVect of ifosfa-
mide in breast cancer patients. Eur J Cancer 31A:69–76

6. Boddy AV, Yule SM (2000) Metabolism and pharmacokinet-
ics of oxazaphosphorines. Clin Pharmacokinet 38:291–304

7. Boddy AV, Yule SM, Wyllie R, Price L, Pearson AD, Idle JR
(1995) Comparison of continuous infusion and bolus admin-
istration of ifosfamide in children. Eur J Cancer 31A:785–790

8. Brain EG, Yu LJ, Gustafsson K, Drewes P, Waxman DJ
(1998) Modulation of P450-dependent ifosfamide pharmaco-
kinetics: a better understanding of drug activation in vivo. Br
J Cancer 77:1768–1776
123



Cancer Chemother Pharmacol (2007) 60:375–381 381
9. Bruggemann SK, Radike K, Braasch K, Hinrichs J, Kisro J,
Hagenah W, Peters SO, Wagner T (2006) Chloroacetalde-
hyde: mode of antitumor action of the ifosfamide metabolite.
Cancer Chemother Pharmacol 57:349–356

10. Cerny T, Castiglione M, Brunner K, Kupfer A, Martinelli G,
Lind M (1990) Ifosfamide by continuous infusion to prevent
encephalopathy. Lancet 335:175

11. Cerny T, Kupfer A, Zeugin T, Brunner KW (1990) Bioavail-
ability of subcutaneous ifosfamide and feasibility of continu-
ous outpatient application in cancer patients. Ann Oncol
1:365–368

12. Chang TK, Weber GF, Crespi CL, Waxman DJ (1993) DiVer-
ential activation of cyclophosphamide and ifosphamide by cy-
tochromes P-450 2B and 3A in human liver microsomes.
Cancer Res 53:5629–5637

13. Collins JM, Grieshaber CK, Chabner BA (1990) Pharmaco-
logically guided phase I clinical trials based upon preclinical
drug development. J Natl Cancer Inst 82:1321–1326

14. Goren MP, Wright RK, Pratt CB, Pell FE (1986) Dechloroe-
thylation of ifosfamide and neurotoxicity. Lancet 2:1219–1220

15. Hines RN, McCarver DG (2002) The ontogeny of human
drug-metabolizing enzymes: phase I oxidative enzymes.
J Pharmacol Exp Ther 300:355–360

16. Ihaka R, Gentleman RR (1996) A language for data analysis
and graphics. J Comput Graph Stat 5:299–314

17. Keizer HJ, Ouwerkerk J, Welvaart K, van der Velde CJ,
Cleton FJ (1995) Ifosfamide treatment as a 10-day continuous
intravenous infusion. J Cancer Res Clin Oncol 121:297–302

18. Kerbusch T, Huitema AD, Ouwerkerk J, Keizer HJ, Mathot
RA, Schellens JH, Beijnen JH (2000) Evaluation of the au-
toinduction of ifosfamide metabolism by a population phar-
macokinetic approach using NONMEM. Br J Clin Pharmacol
49:555–561

19. Kerbusch T, Jansen RL, Mathot RA, Huitema AD, Jansen
M, van Rijswijk RE, Beijnen JH (2001) Modulation of the
cytochrome P450-mediated metabolism of ifosfamide by ke-
toconazole and rifampin. Clin Pharmacol Ther 70:132–141

20. Kerbusch T, Mathot RA, Keizer HJ, Kaijser GP, Schellens
JH, Beijnen JH (2001) InXuence of dose and infusion dura-
tion on pharmacokinetics of ifosfamide and metabolites.
Drug Metab Dispos 29:967–975

21. Kerr BM, Thummel KE, Wurden CJ, Klein SM, Kroetz DL,
Gonzalez FJ, Levy RH (1994) Human liver carbamazepine
metabolism. Role of CYP3A4 and CYP2C8 in 10,11-epoxide
formation. Biochem Pharmacol 47:1969–1979

22. Kurowski V, Wagner T (1993) Comparative pharmacokinet-
ics of ifosfamide, 4-hydroxyifosfamide, chloroacetaldehyde,
and 2- and 3-dechloroethylifosfamide in patients on fraction-

ated intravenous ifosfamide therapy. Cancer Chemother
Pharmacol 33:36–42

23. Lokich I, Anderson N, Bern M, Moore C (1991) Ifosfamide
continuous infusion without mesna. A phase I trial of a 14-day
cycle. Cancer 67:883–885

24. Meyn RE, Murray D (1984) Cell cycle eVects of alkylating
agents. Pharmacol Ther 24:147–163

25. Norpoth K (1976) Studies on the metabolism of isophospha-
mide (NSC-109724) in man. Cancer Treat Rep 60:437–443

26. Patel SR, Vadhan-Raj S, Papadopolous N, Plager C, Burgess
MA, Hays C, Benjamin RS (1997) High-dose ifosfamide in
bone and soft tissue sarcomas: results of phase II and pilot
studies–dose-response and schedule dependence. J Clin
Oncol 15:2378–2384

27. Roy P, Yu LJ, Crespi CL, Waxman DJ (1999) Development
of a substrate-activity based approach to identify the major
human liver P-450 catalysts of cyclophosphamide and ifosfa-
mide activation based on cDNA-expressed activities and liver
microsomal P-450 proWles. Drug Metab Dispos 27:655–666

28. Singer JM, Hartley JM, Brennan C, Nicholson PW, Souhami
RL (1998) The pharmacokinetics and metabolism of ifosfa-
mide during bolus and infusional administration: a random-
ized cross-over study. Br J Cancer 77:978–984

29. Skinner R, Sharkey IM, Pearson AD, Craft AW (1993)
Ifosfamide, mesna, and nephrotoxicity in children. J Clin On-
col 11:173–190

30. Sladek NE (1988) Metabolism of oxazaphosphorines. Phar-
macol Ther 37:301–355

31. Voelcker G, Wagner T, Wientzek C, Hohorst HJ (1984)
Pharmacokinetics of “activated” cyclophosphamide and ther-
apeutic eYcacies. Cancer 54:1179–1186

32. Walker D, Flinois JP, Monkman SC, Beloc C, Boddy AV,
Cholerton S, Daly AK, Lind MJ, Pearson AD, Beaune PH
(1994) IdentiWcation of the major human hepatic cytochrome
P450 involved in activation and N-dechloroethylation of
ifosfamide. Biochem Pharmacol 47:1157–1163

33. Wright JE, Tretyakov O, Ayash LJ, Elias A, Rosowsky A,
Frei E III (1995) Analysis of 4-hydroxycyclophosphamide in
human blood. Anal Biochem 224:154–158

34. Yu L, Waxman DJ (1996) Role of cytochrome P450 in oxa-
zaphosphorine metabolism. Deactivation via N-dechloroe-
thylation and activation via 4-hydroxylation catalyzed by
distinct subsets of rat liver cytochromes P450. Drug Metab
Dispos 24:1254–1262

35. Zamlauski-Tucker MJ, Morris ME, Springate JE (1994)
Ifosfamide metabolite chloroacetaldehyde causes Fanconi
syndrome in the perfused rat kidney. Toxicol Appl Pharma-
col 129:170–175
123


	Variations in schedules of ifosfamide administration: a better understanding of its implications on pharmacokinetics through a randomized cross-over study
	Introduction
	Materials and methods
	Study design
	Pharmacokinetic points
	Analytical methods
	Statistical methods

	Results
	Population
	Toxicity and eYcacy
	Pharmacokinetics

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


