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Abstract

Purpose The aim of this study was to examine the
penetration of ifosfamide (IFO) and 4-hydroxy-ifosfamide
(4-OH-IFO) into the CSF of human adults and to evaluate
the influence of blood—CSF barrier (BCB) function.
Methods In 12 adult patients with a malignant CNS dis-
ease treated with IFO 1,300-2,000 mg/mz/d as a 3-hour
intravenous infusion, 17 CSF samples were collected
within 10 min after the end of IFO infusion. In 8 of these
patients, the CSF was obtained in up to 5 sequential 2-ml
portions to detect a potential caudocranial concentration
gradient. Additionally, blood was collected before treat-
ment and immediately following IFO infusion.

Results IFO was detected in all 17 CSF samples at a
median concentration of 79.24 pmol/l (39.27-176.73) and a
median CSF/plasma ratio of 0.38 (0.18-0.72). 4-OH-IFO
was detected in 11 CSF samples from 7 patients at a median
concentration of 4.1 pmol/l (2.44-36.03) and a median
CSF/plasma ratio of 3.07 (0.62-29.12). 4-OH-IFO was
undetectable in 6 CSF samples from 5 patients and in one

P. Kiewe and M. Neumann contributed equally to this work.

P. Kiewe (D<) - M. Neumann - E. Thiel - A. Korfel

Department of Hematology, Oncology and Transfusion Medicine,
Campus Benjamin Franklin, Charité Universitdtsmedizin Berlin,
Hindenburgdamm 30/31, 12200 Berlin, Germany

e-mail: philipp.kiewe @charite.de

T. Wagner - H. Albrecht

Department of Hematology and Oncology,
Universititsklinikum Schleswig—Holstein,
Campus Liibeck, Liibeck, Germany

S. Seyfert
Department of Neurology, Campus Benjamin Franklin,
Charité Universititsmedizin Berlin, Berlin, Germany

plasma sample. Both CSF drug concentrations and their
CSF/plasma quotients neither correlated with steroid come-
dication nor with albumin quotients (QAlb).

Conclusions Both IFO and 4-OH-IFO can penetrate into
the CSF of human adults without a correlation to CSF turn-
over. In contrast to IFO, 4-OH-IFO CSF penetration is not
reliable with levels ranging between undetectable and
exceeding those in the corresponding plasma.
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Introduction

The inability of cytotoxic agents to enter the CNS protected
by the intact blood-brain barrier (BBB) and blood—CSF
barrier (BCB) represents a major limitation on the treatment
of CNS malignancies. Only a few cytotoxic agents are able
to cross the barriers and enter the CNS. Ifosfamide (IFO), an
alkylating oxazaphosphorine derivative, is active against a
variety of malignant diseases [1, 2]. It acts as a prodrug
requiring hydroxylation at the cyclic carbon-4 position by
hepatic cytochrome P-450 isoenzymes, mainly CYP3A4
resulting in the formation of a moderately active metabolite,
4-hydroxy-ifosfamide (4-OH-IFO) [3, 4]. 4-OH-IFO itself is
unstable, and its tautomer aldophosphamide spontaneously
decomposes to the highly active isophosphoramide mustard
and acrolein [5].

IFO is assumed to penetrate through the BBB/BCB due to
its lipid solubility, small molecular size, and minimal binding
to plasma and tissue proteins. IFO metabolites are less likely
to enter the CNS because of their greater polarity [6]. More-
over, IFO and its metabolites have been described not to be
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substrates of p-glycoprotein (PGP) and multiple resistance
protein 1 (MRP1) [7]—both transport molecules provide an
important mechanism within the BBB for drug efflux.

Data on pharmacokinetic investigation of IFO and its
metabolites in the CNS are limited. This is the first study
to examine the penetration of IFO and its active metabolite
4-OH-IFO into the CSF of human adults. Since a free
exchange between the brain interstitial fluid and CSF is
assumed, CSF drug levels are likely to reflect the corre-
sponding concentration in the brain.

Patients and methods
Patients and treatment

The study was approved by the institutional ethics commit-
tee, and informed consent was obtained from all patients
before study entry. Twelve patients (six men and six
women), median age 63.5, treated with HDMTX 4,000 mg/
m? over 4 h on day 1 and IFO 1,300-2,000 mg/m2 over 3 h
intravenously on days 3—5 were included. Nine patients had
intracerebral lymphoma (six primary and three secondary
CNS lymphoma) with meningeal involvement on cytomor-
phologic CSF examination proven and suspected in one
patient each. Three patients had metastatic breast cancer, all
with malignant cells in the CSF (Table 1). All patients
received intensive intravenous hydration, mesna (20% of
the IFO dose before the start of infusion and 4+ 8h
thereafter) and leucovorin rescue. None of the patients
experienced treatment-related neurotoxicity.

CSF and blood sampling

Seventeen CSF samples were obtained by lumbar puncture
(LP) within 10 min after the end of IFO infusion. In eight
patients, 4-5 sequential 2-ml CSF portions were collected
without interruption during the same LP to assess the influ-
ence of BCB functions on CSF drug concentrations of IFO
and 4-OH-IFO. Ten CSF samples were obtained without
concomitant steroid treatment, and seven samples on
dexamethasone (median 12 mg/d) (Table 1).

CSF samples were evaluated within 30 min of collection
for cell count, cytomorphology, albumin and immunoglob-
ulin G (IgG) concentrations (with a simultaneous serum
sample) using a Behring nephelometer analyzer (Dade
Behring, Marburg, Germany), and intrathecal IgG synthesis
using isoelectric focusing on MacroPAG with silver
staining. The albumin quotient (QAlb) of the sequential
CSF portions was used as parameter for lumbar CSF turnover
[8], and the IgG Index (QIgG/QAlb) as parameter for the
permeability of the BCB [9].

Eleven plasma samples from 10 patients were obtained
before IFO infusion, and sixteen from 11 patients immedi-
ately after IFO infusion.

All samples for 4-OH-IFO detection were immediately
(‘bedside’) spiked with trichloroacetate (10% dilution) for
acidification, shaken vigorously to avoid rapid decay of the
4-OH metabolites, and frozen at —80°C until analysis as
has previously been validated for plasma [10]. CSF sam-
ples for IFO detection were immediately frozen at —80°C,
plasma was frozen after centrifugation. All samples were
stored at —80°C for up to 3 months. IFO concentrations

Table 1 Patient/sample

" No. Age Diagnosis  IFO dosage =~ Sampling time: Sequential 2-ml Dexamethasone
characteristics (years)/sex (mg/mz) cycle (day) CSF portions
59/m PCNSL 2,000 5(1) 1 None
2 80/m SCNSL 2,000 4(3) 1 None
3a 76/m SCNSL 2,000 1(D) 1 3 x 4mg
3b 2,000 3(D) 4 None
4a 63/m SCNSL 1,500 1(1) 1 3 x 8 mg
4b 2,000 3(D) 4 None
Sa 64/t PCNSL 1,300 1(1) 1 3 x 2mg
5b 1,500 2(D) 4 None
6a 62/f BC 2,000 1(1) 4 3 x 2mg
6b 1,500 8 (1) 1 None
Ta 66/f BC 1,500 1(3) 4 3 x 8 mg
7b 2,000 712) 1 None
[FO ifosfamide, 8 60/ BC 1,500 12) 1 3 x2mg
?iﬁ):ﬁ;ﬁ?ﬁ’g’;ﬁliﬁés men, 76/ PCNSL 2,000 2(3) 1 3 x 4mg
central nervous system 10 42/t PCNSL 2,000 6(3) 5 None
lymphoma, SCNSL secondary 11 64/m PCNSL 2,000 2(3) 5 None
central nervous system 12 52/m PCNSL 2,000 4 (1) 5 None

lymphoma, BC breast cancer
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were analyzed by gas chromatography, and 4-OH-IFO by
high-performance liquid chromatography as previously
described [11, 12]. CSF/plasma quotients for IFO concen-
tration were determined for 16 sample sets, including the
sequential CSF portions.

Statistics

Descriptive statistics were used for data presentation. Mean
values of independent groups were compared with Stu-
dent’s ¢ test, variances were compared with the Levene-test.
For all non-parametric correlations, Spearman’s rank corre-
lation coefficient was calculated. The level of significance
was 0.05 (two-sided).

Results
IFO and 4-OH-IFO plasma concentrations

Both drugs were not detectable in pre-treatment plasma on
day 1 before IFO infusions. IFO was detected in all five
samples obtained before the infusion on day 2 or 3 at a
median concentration of 25 pmol/l (9.27-95.74), whereas
4-OH-IFO was only detectable in one of five samples
(1.72 pmol/1) before IFO infusion on day 3. In all 16 post-
infusion samples, IFO was detected at a median concentra-
tion of 223.76 pmol/l1 (154.25-290.99), whereas 4-OH-IFO

Table 2 Individual sample data

was detected in 15/16 samples at a median concentration of
2.2 pmol/1 (0.17-7.41) (Table 2).

No significant difference was found for mean IFO or
4-OH-IFO plasma concentrations or their variances with
respect to IFO dose (2,000 mg/m2 vs. <1,500 mg/mz) and
concomitant dexamethasone therapy.

IFO and 4-OH-IFO CSF concentrations and CSF/plasma
quotients

IFO was detected in all samples at a median concentration
of 79.24 pmol/1 (39.27-176.73); 4-OH-IFO in 11/17 sam-
ples at a median concentration of 4.1 umol/l (2.44-36.03),
whereas no 4-OH-IFO was detectable in 6/17 samples
despite considerable IFO concentrations and 4-OH-IFO
detection in the corresponding plasma samples (Table 2).
Median CSF/plasma quotient for IFO was 0.38 (0.18-0.72)
and for 4-OH-IFO (calculated for the 9 samples with 4-OH-
IFO detection) was 3.07 (0.62-29.12).

Mean IFO concentration in samples obtained after infu-
sion of 2,000 mg/m2 was 98.05 £ 15.1, after infusions of
<1,500 mg/m2 74.99 + 4.92 pmol/l; this difference was not
significant (P = 0.29) (Fig. 1a). The concentration variance
was significantly greater in the 2,000 mg/m* dose group
(P =0.018). No significant differences were found for CSF
4-OH-IFO concentrations and both IFO and 4-OH-IFO
CSF/plasma quotients with respect to IFO dose (Fig. 1b)
and the use of corticosteroids.

No. c[FOl,ugma  €[4-OH-IFOl,1my  CFOlege  c[4-OH-IFOlege  c[IFOlege/  ¢[4-OH-IFO]cge/  CSF cell Albumin  IgG
(uM) (uM) (uM) (uM) c[IFO]plusma c[4—OH—IFO]plusmu count (/ul) quotient  index
167.67 1.30 42.44 3.99 0.25 3.07 ND 14.6 0.55

2 ND ND 90.77 3.04 NE NE ND ND ND

3a 221.24 4.69 39.27 9.24 0.18 1.97 25 27.8 0.57

3b 261.87 1.62 104.05 5.80 0.40 3.58 9 26.1 0.51

4a 198.83 1.28 71.21 4.09 0.36 3.20 5 39.5 0.47

4b 28591 1.09 62.31 2.79 0.22 2.56 2 443 0.42

Sa 164.33 n.d. 79.24 5.27 0.48 NE 30 8.3 0.56

5b 216.89 2.61 94.14 4.00 0.43 1.53 10 5.8 0.49

6a 252.08 2.15 179.10 34.49 0.71 16.04 44 314 0.46

6b 200.06 2.17 58.75 n.d. 0.29 NE 1 46.7 0.5

Ta 154.25 5.88 69.10 4.46 0.45 0.76 2 13.2 0.73

7b 218.77 0.17 156.80 4.95 0.72 29.12 9 706 0.68
226.27 2.47 85.63 n.d. 0.38 NE ND ND ND
290.99 7.41 68.51 n.d. 0.24 NE 4 6.8 0.57

10 265.81 6.19 140.68 n.d. 0.53 NE 0 6.6 0.51

11 255.39 2.20 158.93 n.d. 0.62 NE 1 10.1 0.46

12 257.03 3.19 86.77 n.d. 0.34 NE 3 6.5 0.46

¢ concentration, IFO ifosfamide, 4-OH-IFO 4-hydroxy-ifosfamide, CSF cerebrospinal fluid, /gG immunoglobulin G, NE not evaluable, ND not

done, n.d. not detectable
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Fig. 1 IFO and 4-OH-IFO CSF concentrations according to IFO dos-
age. CSF concentrations of IFO (a) and 4-OH-IFO (b) according to
dosage of prior IFO infusion in 17 samples of 12 patients. Median con-
centrations are indicated by horizontal lines. There was no significant
difference between IFO or 4-OH-IFO CSF concentrations between the
two dose groups ( test, P = 0.29 and 0.5), however, the variance of IFO
concentrations was higher in the 2,000 mg/m2 group compared with
<1,500 mg/m2 (Levene-test, P = 0.018)

QAIb was pathologic (>8) in 10/15 evaluated CSF, sug-
gesting a slowed lumbar CSF turnover. Neither drug con-
centrations nor their CSF/plasma quotients correlated with
QALlb.

Sequential CSF sampling

In all sequential CSF portions, albumin concentration
showed a decreasing caudocranial gradient, indicating a
caudally slowing CSF turnover (Table 3). IFO CSF concen-
tration increased in the cranial direction in 6 patients,
decreased in one (No. 11), and remained stable in one
patient (6a). 4-OH-IFO was detectable in 5 of these
patients, with increasing concentration in 2 patients (4b and
7a) and decreasing in three. Five patients with sequential
sampling had no intrathecal IgG synthesis and were thus
eligible for the evaluation of a potential influence of a
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Table 3 Measurements of sequential CSF portions collected in caud-
ocranial sequence

Sample set QAIb CSF IFO CSF 4-OH-IFO IgG index
3b* 26.7 88.47 5.96 0.51
27.3 103.47 5.94 0.5
26.1 124.14 5.67 0.51
244 100.11 5.62 0.53
4b 46 57.57 2.44 0.4
44 61.3 2.76 0.42
44.5 62.78 2.95 0.4
42.7 67.58 2.99 0.44
Sb* 6.1 85.06 4.1 0.47
5.8 98.28 4.04 0.5
5.6 100.61 3.96 0.5
5.6 92.59 3.88 0.5
6a* 35.8 176.73 36.03 0.41
32 179.29 35.98 0.47
29.7 180.94 33.1 0.48
28.2 179.38 32.86 0.48
Ta 16.1 65.34 3.63 0.78
14.4 65.82 4.95 0.74
11.7 71.08 4.84 0.76
10.4 74.15 4.41 0.65
10 8.6 105.12 Not detectable 0.51
6.5 118 0.48
6.1 121.69 0.5
6 156.79 0.51
5.6 201.79 0.55
11* 10.3 174.27 Not detectable 0.5
10.1 166.33 0.46
10.3 152.95 0.43
10.3 151.8 0.44
9.4 149.29 0.47
12* 6.6 78.57 Not detectable 0.47
6.5 78.25 0.47
6.4 95.58 0.45
6.4 86.86 0.48
6.4 94.58 0.45

QAIb albumin quotient, CSF cerebrospinal fluid, /FO ifosfamide,
4-OH-IFO 4-hydroxy-ifosfamide, /gG Index immunoglobulin G index

* Samples without intrathecal immunoglobulin G (IgG) synthesis. In
sample sets 6a and 11. IgG Index changed by 16—17% (bold) suggesting
a disturbed blood—CSF barrier permeability for IgG/albumin

disturbed BCB permeability and CSF turnover on the CSF
drug concentrations. In 3 of them IFO concentration was
increasing in the caudocranial direction (3b, 5b, and 12),
and in two, it was decreasing or stable (6a and 11). 4-OH-
IFO was detectable in 3 of these patients (3b, S5b, and 6a)
with decreasing craniocaudal concentration (Fig. 2).
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Sequential sample No.

In 2 patients without intrathecal IgG synthesis (No. 6a
and 11), the IgG Index changed by 16-17%, suggesting a
disturbed BCB permeability for IgG/albumin. In these
patients, IFO concentrations were 174.3 and 176.7 pmol/l,
when compared to 78.6—-88.5 pmol/l in the 3 patients with a
stable IgG Index; this difference was significant (¢ test,
P =0.006). 4-OH-IFO was detectable in only one of these
patients (6a), however, with a high CSF/serum ratio of
16.8.

In the 3 patients with a stable IgG Index, CSF IFO concen-
trations increased in the caudocranial direction. 4-OH-IFO
was detectable in one of these patients with an increasing
caudocranial gradient.

Discussion

With a median CSF/plasma quotient for IFO of 0.38, our
findings are in line with the results obtained by others.
Creaven et al. [13] found CSF IFO at levels of 23-49% of
the corresponding plasma levels 2-3 h following 45-min
infusions of 3.8-5 g/m? IFO in three patients. CSF/plasma
ratios of median 1.2 were determined by Yule et al. [14] in
four children receiving a 72-h continuous infusion of 9 g/m>
IFO. Another small study in children determined CSF/
plasma ratios for IFO of 0.5-1.7 [15]. Similar to the results
published by Yule and colleagues, we found a fourfold inter-
patient variability of CSF/plasma ratios. This may explain
differences in effectivity and toxicity among patients.

The failure to detect 4-OH-IFO in 35% of CSF sample
sets in our study remains without sufficient explanation.

Sequential sample No.

4-OH-IFO is extremely instable in blood necessitating an
immediate (“bedside”) spiking with trichloroacetate and
deep-freezing to obtain meaningful results. However,
4-OH-IFO has a greater stability in low-protein fluids with an
in vitro half-life without trichloroacetate in full blood of
27 min but of 220 min in CSF (data not shown). Thus, mea-
surement or sampling errors seem unlikely in our patients
with undetectable CSF 4-OH-IFO because the plasma
4-OH-IFO concentrations were within the expected range.
Interestingly, in samples with 4-OH-IFO detection, a high
median CSF/plasma ratio of 3.07 (with a higher interpatient
variability when compared to IFO) was found. An indepen-
dent IFO metabolism within the CSF seems unlikely
because activation by mixed function oxidases (mainly
CYP3A4) is known to occur only in the liver. The half-life
of 4-OH-IFO within the CSF compartment is longer,
presumably due to increased sulfhydryl-binding and
consecutively a greater instability in the blood. Additionally,
a “trapping” of more polar metabolites like isophospho-
ramide mustard within the CSF may contribute to this
phenomenon.

The drug concentration in the CSF is affected by the per-
meability of the BCB and the CSF turnover (bulk flow).
Both can be altered in malignant leptomeningeal disease.
Sequential CSF portions allow in the absence of intrathecal
IgG synthesis to use intraindividual changes in the IgG
index as parameter for a disturbed BCB permeability for
IgG/albumin and possibly for other substances and to use
intraindividual changes in the QAIlb as parameter of a
changing CSF turnover if the BCB permeability is stable.
The higher CSF IFO concentrations in 2 patients with IgG
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Index changes >10% when compared to 3 patients with a
stable IgG Index suggest that a disturbed BCB permeability
for IgG/albumin may also represent an increased BCB per-
meability for IFO. The caudocranial increase in the CSF
IFO concentrations despite decreasing QAlb values in the
latter 3 patients furthermore allows to assume that IFO
should have entered the upper spinal and/or cranial CSF
spaces more readily than the lumbar space, e.g., by an
increased BCB permeability or by active transport, and that
the caudally slowing CSF turnover may have little or no
influence on the CSF concentration of IFO. 4-OH-IFO was
detectable in one of these patients with a caudocranial con-
centration decrease possibly suggesting an influence of
CSF turnover. The validity of the assumptions, however, is
limited by the very small number of patients.

The conflicting data concerning penetration of IFO
metabolites into the CSF correspond to findings by other
investigators. Yule et al. [14] detected another active IFO
metabolite, isophosphoramide mustard, in 8 of 9 samples
with a median CSF/plasma ratio of 3.2 during 72-h continu-
ous IFO infusion. In another study, assessing alkylating
activity as a measure of drug activity in the CSF and plasma
of four children after bolus infusion of 3 g/mz, a mean CSF/
plasma ratio of 0.53 was found [16]. Kaijser etal. [15]
found CSF 4-OH-IFO concentrations slightly lower than in
the corresponding plasma in three samples and were unable
to detect 4-OH-IFO in either plasma or CSF in one sample
set from two children after a 24-h continuous IFO infusion.
Contrary to these findings, Creaven et al. [13] found negli-
gible amounts of alkylating activity in the CSF after a 45-
min IFO infusion. In rhesus monkeys receiving 1 g/m* IFO
as 30-min infusion, a 4-OH-IFO peak concentration of
2 uM was found corresponding to a CSF/plasma ratio for
40H-IFO of only 0.13 [17]. However, continuous sampling
from an Ommaya reservoir for up to 240 min following the
start of the infusion showed AUCs of 4-OH-IFO to be
400 pM*min, equaling those AUCs of 4-OH-cyclophos-
phamide known to be cytotoxic in vitro in cell lines of lym-
phoblastic leukemia, rhabdomyosarcoma, and breast cancer
[18]. In vitro ICs, for 4-OH-IFO has previously determined
to be 10.8 uM in breast cancer cell line MX1 after 4-h incu-
bation with additional cytotoxicity observed after longer
incubation [19]. Thus, it seems likely that the 4-OH-IFO
levels measured in our study were cytotoxic.

Dexamethasone is known to reduce the permeability of
normal cerebral blood vessels [20, 21]. In the study of Yule
et al. [14], the only patient with no detectable isophospho-
ramide mustard in CSF was on dexamethasone. In our sam-
ple series, however, we did not find significant differences
in the concentration of either IFO or 4-OH-IFO in the CSF
with respect to the concomitant use of corticosteroids.

In summary, our results indicate that both IFO and
4-OH-IFO can penetrate into the CSF, however, in contrast

@ Springer

to IFO, the penetration of 4-OH-IFO is not reliable with levels
ranging between undetectable and high (exceeding the
corresponding plasma level). This can contribute to inter-
patient differences in treatment response. Both CSF IFO
and 4-OH-IFO seem to be independent from the local CSF
turnover, but both substances might be influenced by
disturbed BCB permeability. These results should be veri-
fied in a larger series before definite conclusions concerning
4-OH-IFO penetration into the CNS and the utility of IFO
for treatment of CNS malignancies can be drawn.

Conflict of interest statement None.
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