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The nitrosourea, fotemustine, was given intravenously in 1 h constant-rate infusion to 66 patients in a
multicentric study to assess both fotemustine pharmacokineti¢ behaviour and the pharmacokinetic-
pharmacodynamic relationships. Depending on the tumour type treated, two administration and
sampling protocols were used: 100 mg/m?/week as a conventional dose (six samples, 44 patients) and
300-500 mg/m?*/day as a high dose (10 samples, 22 patients). The 91 time-concentration curves were
best described by either a one-(55) or a two-compartment (36) model, and their mean clearance values
did not differ significantly (85.3 £ 6.5 and 101.3 £ 9.5 U/h, respectively, P = 0.1727). Fotemustine
pharmacokinetics were not influenced by repeated treatment (time-independence) nor by dose level
(dose-independence). The pharmacodynamic effect observed on white blood cell count was expressed
by a logit regression model involving the area under the curve mainly and the total administered dose.
White blood cell toxicity could be predicted as a function of the dose for a given patient with a known
fotemustine clearance value.
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INTRODUCTION
FoTEMUSTINE, a member of the chloroethylnitrosourea

against disseminated malignant melanoma and primary brain
tumours. On the basis of the phase I study [5], a specific

(CENU) class of alkylating agents, is characterised by the
addition of an aminophosphonate, a bioisostere of alanine, on
to the nitrosourea radical. This confers to the molecule a
higher permeability through cell membranes and the blood—
brain barrier [1, 2]. Its pharmacological activity, screened
according to the guidelines of the National Cancer Institute,
is of interest against P388 and L.1210 leukaemia, colon 26
carcinoma, Lewis lung carcinoma, M5076 sarcoma and B16
melanoma {3, 4].

In the clinical setting, fotemustine has been proven active
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schedule was recommended: a 100 mg/m? intravenous (i.v.)
infusion over 1 h every week for 3 consecutive weeks. After a
4-5 week rest period, maintenance therapy was undertaken
with 100 mg/m? every 3 weeks, in stabilised or responding pat-
ients.

In malignant melanoma patients, an objective response rate
of 24.2% has been obtained with fotemustine alone [6] and
33.3% when combined with dacarbazine [7]. The median
duration of response was 22 weeks (range 7-80). Reponses on
visceral, non-visceral and cerebral metastatic sites, together
with good tolerance to the treatment, make fotemustine a
widely used drug for this indication. In patients with recur-
rence of a primary brain tumour, an objective response rate of
22% and stabilisation of 44.4% was observed [8].
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As for other nitrosoureas, the dose limiting toxicity of
fotemustine appears as a delayed and reversible myelosup-
pression [9]. Although haematotoxicity is dose-related, there
is a large variability in the severity of this side-effect. Interpati-
ent variability has been observed in the pharmacokinetic (PK)
parameters of fotemustine, especially concerning total body
clearance [10]. Such marked variability has already been
described for other anticancer agents with a more or less
complex relationship between toxicity grade and concen-
tration—time exposure [11, 12]. For instance, interesting cor-
relations were found in clinical trials with methotrexate, 5-
fluorouracil [13, 14] or carboplatin [15, 16]. Conversely, the
link between pharmacokinetic (PK) variabiity and pharmaco-
dynamics (PDs) has not been explored for the nitrosoureas.
We present original data concerning fotemustine which cover
different pharmacological aspects including descriptive PKs,
the evaluation of time- and dose-dependence, and the PK-
PD relationship.

PATIENTS AND METHODS
Panents

Between February 1990 and July 1992, 66 cancer patients
(45 men, 21 women) were entered into a multicentric PK
prospective study during both phase I and phase II ongoing
trials with fotemustine. Written informed consent from each
patient and ethics committee approval were obtained before
the beginning of treatments. Eligibility criteria included per-
formance status (Karnofsky scale) greater than 60%, objec-
tively measurable disease, neutrophil count > 2 x 103/mm?,
platelet count > 10°/mm?, serum creatinine < 120 mmol/l
and bilirubin, ASAT, ALAT, alkaline phosphatase < 1.25
normal value.

For these patients, age, body weight and body surface area
varied between 21 and 76 years, 46 and 95 kg, and 1.45 and
2 m?, with median values of 51.5 years, 65 kg and 1.76
m?, respectively.

Treatment protocols

Fotemustine, a diethyl-1-[3-(2-chloroethyl)-3-nitrosoure-
ido] ethyl phosphonate, was supplied by Laboratoires Servier,
France. Based on patient body surface area, the total fotemus-
tine dose to be administered was diluted in a 5% glucose
solution and intravenously infused as a 1 h constant-rate
infusion. During reconstitution and administration, the
infusion vial and tubing were kept protected from light.

Two different protocols were used, depending on the
tumour type treated:

(1) Conventional dose fotemustine protocol (CDF proto-
col, phase II). Fotemustine was administered as 100
mg/m?/week for 3 weeks to 44 patients with different tumour
types: malignant melanoma (z=16), colon carcinoma
(n=14), hepatocarcinoma (n=2), renal cell carcinoma
(n = 6) and recurrent malignant glioma (n = 6).

(2) High dose fotemustine protocol (HDF protocol, phase
I). Fotemustine was administered at D1 and D2 at doses
ranging from 300 to 500 mg/m?/day with five steps of dose
increments of 50 mg/m?/day. At least 3 patients per dose level
were sampled at D1 and D2. This protocol was used in 22
patients with recurrent malignant glioma. For all the patients
receiving this protocol, an autologous bone marrow rescue
was performed 72 h after fotemustine treatment to reduce the
side-effects, i.e. severe neutropenia and leucopenia associated
with these very high doses.
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Collection of samples

From the arm not receiving the infusion, 5 ml of heparinised
venous blood was collected at predetermined time points:
immediately before infusion (z,), during, and after the end of
infusion. Two types of sampling protocols were used: (1) in
CDF protocol: six samples at 0.25, 1, 1.25,1.5,1.75and 2 h
after 1,3 (2) in HDF protocol: 10 samples at 0.25, 0.75, 1,
1.17, 1.25, 1.5, 1.75, 2, 2.5 and 3 h after z,. Samples were
immediately cooled on ice, centrifuged at 2000g at 4°C for 5
min in a refrigerated centrifuge, and plasma was quickly
frozen in liquid nitrogen. Plasma was then stored at —20°C
until analysis.

Analysis of samples

Intact fotemustine was assayed according to a specific pro-
cedure previously described by Gordon and associates [17],
using high performance liquid chromatography on a C18
column after solid phase extraction. The UV detection was
performed at 230 nm. All operations were conducted under
light protection conditions. Fotemustine was measured with
an overall precision of £ 5.6% and accuracy of 3.6% down to
20 ng/ml (minimum level of quantitation). Within-day vari-
ation ranged between + 10.7% at the lowest concentration
investigated (0.1 pg/ml) and + 2.0% at 50 pg/ml. The accu-
racy of measurement was 108.9 and 97.6% at 0.1 and 50.0
pg/ml respectively and the response was linear up to 50 pg/ml.

An interlaboratory validation of the three different analytical
centres involved in this study had previously been performed
with fotemustine-spiked human plasmas, allowing all the data
generated by these centres to be gathered for description of
the behaviour of the compound in plasma. Coefficient of
variation (CVs) for precision and accuracy were always less
than 15% over the range of 50 ng/ml to 50 pug/ml; they
were 15 and 19%, respectively, at the 20 ng/ml level (limit
of quantitation).

Ninety-one PK profiles were obtained (66 at the first and
25 during subsequent administrations) from a total of 702
plasma samples.

Pharmacokinetics

Individual  compartmental  analysis.  Compartmental
modelling was undertaken to assess fotemustine PKs. The 91
time—concentration curves were described by either a one- or
a two-compartment model using the APIS software [18]; the
F-test [19] was used to select the adequate model. Clearance
(CL in 1/h), terminal half-life (z,,, in min) and volume of
distribution at steady state (V4 in 1) were the estimated
parameters. Area under the curve (AUC in mg/l/h) was com-
puted as the ratio of the administered dose over the estimated
individual CL.

Statistics. To compare estimated PK parameters and assess
time- and dose-dependence, we performed appropriate stat-
istical non-parametric tests (level of significance, P, of 0.05)
with the BMDP statistical package [20]. The partitioning of
one- and two-compartment kinetics within the CDF and
HDF protocols was studied by a two-way frequency table on
the basis of the Yates corrected x? test. The PK parameters
obtained with a one- or two-compartment model were com-
pared by the Mann-Whitney test. Time-dependence was
tested by the Wilcoxon matched-pair test and dose-depen-
dence by the Kruskal-Wallis test.
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Pharmacodynamics

Haematological data [haemoglobin (HEM), white blood
cell count (WBC), neutrophil count (NC) and platelet count
(PL)] were recorded in 34 patients (12 in the CDF and 22 in
the HDF protocol) before fotemustine administration and
then weekly until their respective nadir day, which usually
occurred at the third week after the last course. Because of
missing values in this post-treatment follow up, changes in
HEM, WBC, NC and PL were recorded only on the day at
which nadir occurred in 32, 32, 29 and 30 cases, respectively;
they were expressed as relative values, y:

(pretreatment value — nadir value)
B pretreatment value

ey

Hence, y equals O if the haematological status is not altered by
the fotemustine treatment (minimal toxicity) and equals 1
when the nadir value of the haematological parameter is zero
(maximal toxicity). Because of the range of y values (between
0 and 1), the sigmoidal, or logit model was proposed as a
PD meodel to express the variation of each haematological
parameter as a function of the total given dose (Q in mg) and
the total fotemustine exposure (total AUC in mg/l/h over all
courses, calculated as the ratio of Q over the estimated indivi-
dual CL). This model predicts vy, the PD variable, according
to the formula:

ez
1+e*

Im = )

where the argument z links yy and the PK characteristics, Q
and AUC. In particular, the second-order polynomial:

2= Ko,G + C, + C,Q + C,AUC + C,Q?
+ C,AUC? + C;QAUC

3

was used to form a flexible link between y,, and, Q and AUC.
In the previous expression, G is an indicator variable assigning
a given patient to the CDF- or HDF-protocol group (G equal
to —1 or +1, respectively). K,, and C, to C; are the seven
coefficients to be estimated by fitting the PD model (equations
(2) and (3)) on the real data (equation (1)). This regression
was done using the AR programme of the BMDP package.
The significance of the coefficients in the regression model
was investigated by means of the square root of mean squared
error (RMSE in %) between observed and predicted y values.
For each side-effect indicator (HEM, WBC, NC, PL), the
model with minimal RMSE was retained. The number of
significant coefficients was thus variable from a PD model to
another. The squared multiple correlation coefficient (R?)
expressed the part of variability explained by the model.
Global performances were assessed through an analysis of
residuals, defined as differences between observations, y, and
model predictions, yy: lack of fit, outliers and cases with
unusual influence in the model were detected on diagnostic
plots.

RESULTS
Indvvidual compartmental analysis
Among the 91 PK profiles analysed, 55 were best described
by a one-compartment model and 36 by a two-compartment
model. The Yates statistics rejected the hypothesis that one-
and two-compartment kinetics were equally shared between
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CDF and HDF protocols (P< 107%): 34 of the 36 two-
compartment Kkinetics resulted from patients in the HDF
group. The appearance of a first very rapid decline phase
(half-life a: 5.03 + 0.9 min) within a few minutes after the end
of infusion was a direct consequence of the sampling schedule
used in this specific protocol (sampling times very close to one
another at the end of infusion). This very short phase was
hidden when CDF protocol was used because sampling times
were distant from the end of infusion.

When comparing the PK parameters between the two
groups (one- versus two-compartment), we noted a significant
difference (P < 0.05) for t,,, and V,, (Table 1). Mean CL
values were similar between the two groups (85.3 and 101.3
I/h, one- versus two-compartment, P=0.1727) because this
short first decay phase is of little importance in the contri-
bution to AUC. The overall mean CL was 91.7 l/h.

Time- and dose-dependence

Among the 25 available profiles, we selected only the 19 for
which the same model was applicable for two consecutive
courses, because 7, and V,, depend on the number of
compartments of the model. Wilcoxon’s test did not reject
the hypothesis of time-independence. Hence, for further PK
investigations, only 61 D1 profiles were kept in order to avoid
duplication of values for patients who had a second course
of treatment.

The effect of the dose on CL values was assessed in the 28
patients with recurrent malignant glioma, who were the only
patients having received the CDF (6 patients) and the HDF
protocols (22 patients). For the six different dose levels ana-
lysed (100, 300, 350, 400, 450 and 500 mg/m?), no significant
difference in the CL was observed, indicating its dose-inde-
pendence.

Pharmacokinetic—pharmacodynamic relationship

For the CDF and HDF protocols, Table 2 shows the
median and the interquartile values of HEM, WBC, NC
and PL distributions. The interquartile value gives a non-
parametric measure of the dispersion in the data. Medians
were shifted towards lower values after treatment as compared
with before-treatment values. Moreover, the haematological
toxicities induced by the HDF-protocol were more severe
than those due to the CDF-protocol, as could be expected.
For instance, in the case of WBC, the median of distribution
decreased from 7.6 x 103/mm?> before treatment to 2.4 x
10%/mm? after the treatment, and from 8.05 x 10*/mm? to 0.6
x 10%*/mm?, respectively for CDF- and HDF-protocols. The
interquartile range was also reduced by the fotemustine treat-
ment, indicating that haematological toxicities were severe for
all the patients.

Performances of PD modelling were assessed by regression
R?, RMSE (Table 3) and residual plots. Figure 1 shows the
dispersion of residuals versus the predicted toxicity for HEM,
WBC, NC and PL. For both the CDF and HDF protocols,
residuals of predicted PL toxicity were not randomly scattered
around the zero level, indicating the presence of potentially
influential observations. Similarly, the model of NC did not
work in the HDF protocol because it always predicts the
maximum toxicity (yy = 1). The models (NC and PL) were
therefore no longer considered. Conversely, plots for HEM
and WBC showed residuals randomly scattered around the
zero level (RMSE equal to 8.18% and 9.59%, respectively).
Only the WBC model was further investigated for two reasons:
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Table 1. Mean and standard deviation of the fotemustine PK parameters:
comparison between one- and two-compartment models (Mann—Whitney

test)
One-compartment Two-compartment P-value
n=55 n=36
CL (Vh) 85.3+£6.5 101.3+£9.5 0.1727
— 5.03+0.9 —

2,2{(min)
17.8+0.8 29.5%+2.3 <107
Vi 33.7+2.1 27.0+2.4 0.0172

1,0, rapid decline phase; t,,,B, slow elimination phase.

Table 2. Median and interquarnle range values on haematological parameters
(HEM, WBC, NC and PL) for the CDF and HDF protocols. Q, and Q5 are the
first and third quartiles, respectively, of the data distribution

CDF-protocol

HDF-protocol

Before After Before After
HEM Median 13.50 10.80 12.80 7.80
(g %) Qs -0 3.32 1.40 2.50 1.14
WBC Median 7.60 2.40 8.05 0.60
(10> mm™) Q- 0y 4.78 2.00 4.50 0.64
NC Median 5.20 1.40 5.65 0.17
(10> mm™) (Qs— Q) 4.80 1.26 4.42 0.20
PL Median 239.50 73.50 278.50 16.50
(10° mm™) (0, -0 198.00 147.24 142.24 19.50

Table 3. Minimal PD regression models (minimal RMSE). R? expresses the part of the
explained variability. For each toxicity, n is the number of cases and P the number of
model parameters. Regression parameters are ordered in a descending way according to

their significance in the model

n P Regression coefficients R? RMSE (%)
HEM 32 3 Cos C1, Cs 0.595 8.18
WBC 32 4 Co, Ky, Cy, Cs 0.662 9.59
NC 29 5 Cos Ky, C,, Cs, C, 0.686 9.65
PL 30 6 Cp, Cy, Cs, Ky, Cyy Cs 0.634 11.2

The general model is: 2= K,G + C, + C,Q + C,AUC + C,0? + C,AUC? + C;QAUC where
G is a treatment indicator variable (CDF, —1; HDF, +1) and Q, the dose.

first, it is more interesting clinically because of the wide range
of y predicted toxicities (0.6 up to 1 for WBC against 0.1 up
to 0.4 for HEM), and second, it better fits the observed data
(66.2% of the total variability explained by the WBC model
against 59.5% explained by the HEM model).

The significant regression coefficients of the WBC model
were the intercept C,, and the coefficients K, C, and Cs
associated, respectively, with the distinction of CDF- and
HDF-protocol groups, the total exposure AUC and its pro-
duct by the dose, Q. Overall, WBC toxicity was mainly due to
AUC. It is also interesting to note that, for all the models, the
toxicity due to the fotemustine treatment depends on the
initial haematological status, as described by equation (1).

When CL is known, one can derive AUC for a given dose
Q and use the PD relationship to predict the toxicity over the

range of the admissible Q values. In Figure 2, predicted WBC
toxicity was simulated as a function of Q for patients from the
HDF-protocol group, with median and extreme CL. values.
From these simulations, it appears that a high CL induces
moderate toxicities, as for patient 9 (CL = 115.4 Vh, toxicity
increased from 86 to 92% for a total dose ranging from 900
up to 1800 mg). Monitoring WBC toxicity is more interesting
for lower CL values, since toxicity may increase from 90 up
to 100%, as for patients 23 and 34 (CL = 56.4 and 82.9
I/h, respectively).

DISCUSSION
Among anticancer drugs, nitrosoureas have been the least
explored for their clinical PKs [11, 21, 22]. This is probably
due to their relative instability in plasma, where they are
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Figure 2. Predictions of WBC toxicities as a function of admin-

istered doses for patients receiving the HDF-protocol: ----,

Patient 23, CL = 56.43 /h; ——, Patient 34, CL =82.93 l/h; ...... )
Patient 9, CL. = 115.4 I/h.

rapidly decomposed into reactive species. This chemical insta-
bility is also a drawback when one analyses the unchanged
drug in biological fluids. Despite these intrinsic difficulties,
the PKs and the PDs of the nitrosourea fotemustine were
investigated in depth in the present study. Two different
protocols were used: one with conventional dose therapy and
the other with high doses. We found that ¢,,, and V,,, were
modified according to the type of schedule, probably because
of the different blood sampling protocols. However, CL, the
most clinically relevant PK parameter, remained unchanged
by the protocol used. The mean total CL (91.7 Vh, 1.e. 22
ml/min/kg for 70 kg) was much lower than that reported by
Levin and associates [23] for BCNU, a structurally related
molecule, which averaged 77 ml/min/kg. For a drug like
nitrosourea, submitted to extensive biotransformation in the
body, it was necessary to check both the stability of the PK
parameters during consecutive courses and the effect of the
dose increase. The data presented herein indicate that fotemu-
stine CL remained stable during repeated cycles and with
doses between 162 and 900 mg. These characteristics are
clinically relevant, especially when the hypothesis of pro-
portionality between AUC and dose must be fulfilled in phase
1 trials so as to apply the pharmacokinetically guided concepts
(24, 25].

We thought it of interest to discuss the model of Collins
and colleagues [26] in the light of the data available for
fotemustine. Previous investigations have shown that, in mice,
the LD, is 50 mg/kg (150 mg/m?) and AUC at the LD, is 9.6
mg/l/h [27], and that mean human AUC at MTD is 3.0
mg/l/h. The same mean AUC was obtained in this study, with
a mean CL value of 91.7 Vh. Thus, it clearly appears that, for
fotemustine, a discrepancy exists between the AUC at MTD
in man and the AUC at LD, in the mouse, since the ratio
[AUCMTD)/AUC(LD,5)] is 0.3. Moreover, fotemustine
doses at 1D,y in mice and MTD in humans were identical
(150 mg/m?), showing a better species correlation between
doses than between AUCs in the case of fotemustine. Similar
discrepancies between AUC at MTD in humans and at Lb,,
in mice have been reported by other authors [28], suggesting
caution with this theory.

Leucopenia is the limiting toxicity of the nitrosoureas [29].
General studies have provided evidence that systemic
exposure to cytotoxic agents is linked to their toxicity, but
without a strong relationship between the administered dose
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and the toxicity. To our knowledge, no data have been pub-
lished on the clinical PK-PD relationship of nitrosoureas.
Using a quadratic form of the logit regression model to express
the PD observations, we have shown that both dose and
AUC are useful variables for predicting the intensity of a
haematological toxicity, especially in the case of WBC.

The prospective evaluation of the PD model developed here
is currently ongoing in new patients entering fotemustine
trials. In fact, the analytical method is routinely applicable and
sufficiently quick (extraction and detection procedures no
longer than 3 h) to obtain PK evaluation and then perform
PK-PD modelling in real time. In the same way, the clinical
response to the treatment will be recorded and analysed in a
large number of patients: this will make it possible to monitor
both the toxicity and activity of the compound by using the
PK-PD model. If this PK-PD approach proves to be efficient
in selecting the optimal individual dosage regimen, one could
routinely apply it in the following way: (1) assessment of PK
parameters of each individual patient at the first fotemustine
administration (CL is thus known), (2) after definition of
the maximum haematological toxicity desired for the entire
treatment, prediction of the corresponding maximum toler-
ated AUC using the PD model, and (3) based on the latter
and knowing the patient CL, calculation of the maximum
dose to be administered during subsequent courses.

Finally, from an ethical and practical point of view, since
the PK identification for each patient is mandatory for dosage
individualisation, a limited sampling procedure including
Bayesian estimation for individual PK identification should be
developed [30]. This is also presently being investigated in
order to help clinicians in selecting the appropriate fotemus-
tine dosage regimen on the basis of the known PK character-
istics of fotemustine.
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