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Abstract Purpose: The stability of 5-fluorouracil (FU)
Roche solutions in a portable infusion pump under
prolonged ‘““in-use” conditions (32 °C, in the dark) was
studied, especially with respect to the formation of the
cardiotoxic compounds fluoroacetaldehyde (Facet) and
fluoromalonic acid semialdehyde (FMASAId). Methods:
The solutions, prepared according to three protocols
frequently used at the Anticancer Centre in Toulouse,
were analysed by '’F NMR immediately after prepara-
tion (Ty) and after 2, 3 or 10 days (Tg) in the pump.
Results: The commercial solution already contained 64
fluorinated “impurities”, among them fluoride ion (F7),
FMASAId and Facet. The concentration of FU did not
change significantly between T, and T, whatever the
protocol. The levels of F~ had not increased significantly
after 2 or 3 days, but had increased by about 50% after
10 days. The increases in FMASAId levels were low (12—
28%) albeit significant in the three protocols. The levels
of Facet had increased by a factor of about 2 after 2 or
3 days, and by a factor of >3 after 10 days. The levels
of the other fluorinated compounds were constant dur-
ing the first 2 or 3 days, but had increased by about
30% after 10 days. FU Dakota lyophilizates, analysed
immediately after reconstitution, contained neither
FMASAId nor Facet. After 2 days at 25 °C, low levels
of FMASAId were present but Facet could still not be
detected. Conclusion: This study showed that special
attention must be paid to the risk of increasing con-
centrations of highly toxic FMASAId and Facet when
FU is administered via a pump for long periods of time.
It would be preferable not to exceed 3 days of treatment
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when patients receive FU from a portable infusion
pump. This underlines the interest in using a lyophilized
formulation of FU in clinical practice.
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Introduction

Over the last decade, there have been a number of
reports of increased cardiotoxicity in patients receiving
high doses of 5-fluorouracil (FU) (see reference 4 and
references cited therein). Mechanisms involved in FU-
associated cardiotoxicity and their multiple interactions
have not yet been identified exactly. Among several
hypotheses, we have suggested that toxic degradation
products in commercially available FU preparations
could be involved in the pathogenesis of FU cardio-
toxicity. Indeed, using fluorine-19 nuclear magnetic
resonance ('’F NMR) spectroscopy, we have found that
commercial vials of FU contain cardiotoxic fluorinated
“impurities” [7, 8]. They are not true impurities but
degradation compounds of FU, resulting from the
storage of the drug in the alkaline conditions required
for its dissolution.

When the vehicle is Tris buffer (Trometamol), two
main degradation compounds are formed. These are the
oxazolidine adducts of Trometamol with fluoroacetal-
dehyde (Facet-Tris) and fluoromalonic acid semialde-
hyde (FMASAId-Tris) as Tris is known to react with
aldehydes. However, when the vehicle is sodium hy-
droxide (NaOH), "’F NMR analysis of commercial vials
of various brands and batches from different countries
has revealed 50-100 fluorinated “‘impurities” resulting
from the hydrolysis of FU in this alkaline medium.
Facet and FMASAId are also found in these solutions
but as free forms since there is no Tris in the vials [8].

Facet and FMASAId are highly cardiotoxic in the
isolated perfused rabbit heart model [7, 8]. Indeed,
Facet-Tris at doses of 0.56 pmol/kg body weight
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(0.09 mg/kg) and 2.36 umol/kg (0.39 mg/kg) leads to
ventricular arrest at 222 + 15 and 140 £+ 15 min,
respectively. Similarly, FMASAId-Tris at doses of
2.36 pmol/kg body weight (0.49 mg/kg) and 14 pmol/kg
(2.9 mg/kg) shows the same effect at 132 + 21 and
84 + 22 min, respectively. Free FMASAId is even more
cardiotoxic: injected at a dose of 14 umol/kg body
weight (1.5 mg/kg), the ventricular arrest occurs at
30 £ 4 min. Moreover, cardiotoxic fluoroacetate and
2-fluoro-3-hydroxypropionic acid, from Facet and
FMASAId metabolism, respectively, are found in the
urine of patients treated with FU [6, 9].

Continuous slow infusions of FU are very common
as they result in an increased antitumor effect and less
toxicity. However, the manufacturer’s instructions state
that dilute solutions of FU are stable for only 8 h after
preparation. The aim of this study was to investigate
using '’F NMR the stability of commercial solutions of
FU, especially with respect to Facet and FMASAId
levels, in ambulatory pumps in three protocols currently
used at the Anticancer Centre in Toulouse. The stability
of new FU lyophilizates was also studied.

Materials and methods

Materials

FU used in the experiments with the pump was the Roche com-
mercial solution (batch FO32Y; Produits Roche, Neuilly, France)
containing 1 g FU in 20 ml NaOH, pH 9.1. The study was com-
pleted 1.5 years before the withdrawal date of the drug. This batch
was quite representative for FMASAId and Facet of the eight FU
NaOH solutions from various brands and batches we had previ-
ously analysed (Table 1). The ambulatory pump was a model 5100
HF CADD-1 (series number 104716, production number 605150,
capacity 100 ml; Pharmacia Deltec, St Paul, Minn.). The Dakota
lyophilized formulations of FU, which will soon be available
commercially as the manufacturer has recently received the
authorization, contained 0.25, 0.5 or 1 g of FU.

Protocols and preparation of FU solutions

The three protocols chosen were those used daily at the Anticancer
Centre in Toulouse, and are as follows. Patients received FU Roche
at a dose of (a) 1 g/m? per day for 4 days with the pump refilled on
day 2, (b) 0.75 g/m® per day for 5 days with the pump refilled on
day 3, (c) 0.3 g/day for 21 days with the pump refilled on day 10.

Table 1 Amounts (umol/ml, means + SD) of FU, F~, FMASAId,
Facet and other fluorinated degradation compounds in the
commercial Roche solution used in this study and after storage for
1 month at —80 °C, and in FU solutions of various brands and

To prepare the solutions of FU Roche, the average body sur-
face area was considered to be 1.6 m?. For each protocol, 105 ml
FU solution was prepared, and 100 ml was placed in the pump
reservoir and the remaining 5 ml immediately frozen and stored at
—80 °C pending '"°F NMR analysis which was carried out within
7 days. This sample was the initial time (Ty) sample. The pump
reservoir was placed in a waterbath at 32 °C in the dark to mimic
the conditions of prolonged infusion of a drug via a pump kept
beneath the patient’s clothing. The liquid running out continuously
from the pump was collected in a beaker and discarded. After 2, 3
or 10 days of pump functioning, the remaining FU solution in the
pump reservoir was removed and immediately analysed or frozen
at —80 °C until analysis, which was carried out within 7 days. This
sample was the final time (Tg) sample.

For the first protocol, 86.2 ml of the commercial solution of FU
was mixed with 18.8 ml 5% dextrose (to give a theoretical initial
FU concentration of 41 mg/ml, i.e. 315.4 pmol/ml) and the flow
rate of the pump was set at 39 ml/day. For the second protocol,
84.0 ml of the commercial solution of FU was mixed with 21.0 ml
5% dextrose (theoretical initial FU concentration of 40 mg/ml, i.e.
307.7 pmol/ml) and the flow rate of the pump was set at 30 ml/day.
For the third protocol, 79.0 ml of the commercial solution of FU
was mixed with 26.0 ml 5% dextrose (theoretical initial FU con-
centration of 37.5 mg/ml, i.e. 288.5 pmol/ml) and the flow rate of
the pump was set at 6-8 ml/day. Three experiments were carried
out for the first and second protocols and four for the third.

We checked that there were no evolutionary changes in the
samples during storage at —80 °C. We stored three vials of FU
Roche commercial solution (batch FO32Y) for 1 month at —80 °C.
The data from the '°’F NMR analysis are presented in Table 1.

The Dakota lyophilized formulations of FU were reconstituted
immediately before '"’F NMR analysis in 5, 10 or 20 ml sterile
water for injection, giving a theoretical initial FU concentration of
50 mg/ml (384.6 pmol/ml). The 'F NMR spectra were recorded
immediately after reconstitution (Ty) and after 2 days at 25 °C in
the dark (Tg). The conditions of this study were different as the
pharmaceutical company was not interested in the evolution of the
lyophilizates in an ambulatory pump. The possible interactions
with the container were therefore not taken into account.

The pH of the T, samples was measured immediately after
preparation, and the pH of the T samples was measured after their
recovery.

YF NMR analysis

Spectra were recorded at 282.4 MHz with '"H-decoupling on a
Bruker WB-AM 300 spectrometer under the following conditions:
probe temperature, 25 °C; sweep width, 41,667 Hz; 32,768 data
points zero-filled to 65,536; pulse width, 7 us (flip angle about 40°);
pulse interval, 3.4 s; no exponential multiplication. The chemical
shifts (0) are expressed in parts per million relative to the resonance
peak of trifluoroacetic acid (5% w/v aqueous solution) as external
chemical shift reference. The concentrations of the fluorinated
compounds were measured by comparing the expanded areas of

from various batches. The number of experiments corresponds to
the measurements of the commercial Roche solution and the
different T, samples of the solutions prepared, considering a
theoretical concentration of 50 mg FU/ml (i.e. 384.6 umol/ml)

FU F~ FMASAId Facet Sum of other
fluorinated impurities
Batch F032Y (n = 11) 382 + 23 0.72 + 0.06 0.054 £+ 0.006 0.025 £ 0.003 1.50 + 0.11
Batch F032Y after 1 month storage 395 £ 24 0.69 £+ 0.06 0.056 £ 0.003 0.025 £ 0.003 1.43 + 0.04
at =80 °C (n = 3)
Mean of eight FU solutions (50 mg/ml) 407 + 29 25 + 1.7* 0.058 £ 0.012 0.039 £ 0.012 4.1 £ 2.0*

of various brands and batches

#The amounts of fluoride ion and other fluorinated impurities were highly different in the various brands and batches



their respective NMR signals with that of the external standard for
quantification placed in a coaxial capillary, namely a solution of
sodium parafluorobenzoate (FBEN) in D,O doped at saturation
with chromium (III) acetylacetonate (Cr(acac);) to shorten the
longitudinal relaxation time (T;) of FBEN. The apparent concen-
tration of the FBEN peak was previously calibrated. Cr(acac);
(about 2.5 mg) was also added to the samples. With the NMR
recording conditions used, fully relaxed spectra were obtained and
peak areas were therefore directly proportional to concentrations.
The areas were determined after the different signals were cut out
and weighed.

Statistics
All results are expressed as means £ SD. Statistical significance

was determined by the use of Student’s z-test. A P-value of <0.05
was considered statistically significant.

Results

F NMR spectra of the FU Roche vial (Fig. 1) and the
T, samples of the three protocols showed the signals of
FU (6 = -93.1 ppm) and 64 fluorinated ‘“‘impurities”,

Fig. 1 '’F NMR spectrum of the FU Roche commercial solution
(batch FO32Y) immediately after opening the vial (Ref reference,
F~ fluoride ion, FU fluorouracil, FMASAId fluoromalonic acid
semialdehyde, Facet fluoroacetaldehyde)

503

which are degradation compounds of FU formed over
time in the basic medium necessary to dissolve the drug.
The three identified were fluoride ion (F~, 0=
—43.6 ppm) and the two cardiotoxic compounds, Facet
(0 = —=155.1 ppm) and FMASAId (6 = —126.5 ppm). In
the commercial FU solution (batch FO32Y), F~ which
comprised 0.72 £ 0.06 umol/ml of the FU solution was
the main “impurity”. FMASAId and Facet comprised
0.054 + 0.006 and 0.025 £ 0.003 pmol/ml, and the
other fluorinated ‘‘impurities” 1.5 £ 0.1 pmol/ml
(Table 1).

The pH did not change significantly whatever the
protocol (Table 2). The concentration of FU was not
significantly different between the T, and T samples
(Table 2). The variations measured were in the range of
the accuracy of the method (5-10% depending on the
concentration [10]). The level of F~ had not increased
significantly after 2 or 3 days, but had increased by
about 50% after 10 days. The increase in FMASAId
levels were low (12-28%) albeit significant in the three
protocols. The levels of Facet had increased by a factor
of about 2 after 2 or 3 days, and by a factor of >3 after
10 days. The levels of the other fluorinated compounds
were constant during the first 2 or 3 days, but had
increased by about 30% after 10 days.

Even if the experimental conditions were quite dif-
ferent, it might be interesting to compare the data with

FU
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Table 2 pH of commercial Roche solutions, and their contents (umol/ml, means = SD) of FU, F~, FMASAId, Facet and other
fluorinated degradation compounds, diluted as described in Materials and methods before (T() and after 2, 3 or 10 days (Tg) in a pump at

32 °C (NS not significant, S significant)

pH FU F~ FMASAId Facet Sum of other
fluorinated impurities
2 days (n = 3) To + 0.05 3246 + 0.61 £ 0.05 0.043 £ 0.006 0.019 £ 0.003 1.17 £ 0.08
Tk 11 £ 0.02 312.5 + 23. 0.64 £ 0.01 0.055 £ 0.007 0.041 £ 0.005 1.15 £ 0.13
Student’s z-test NS NS S S NS
3 days (n = 3) To 9.11 £ 0.04 299.0 + 30.7 0.56 + 0.04 0.041 £ 0.002 0.021 £ 0.001 1.16 £ 0.04
T 9.12 £ 0.03 2799 £ 9.3 0.61 £ 0.02 0.050 £ 0.003  0.037 £ 0.004 1.19 £ 0.02
Student’s -test NS NS S S NS
10 days (n = 4) To 9.20 + 0.06 287.2 £ 10.0  0.54 £ 0.05 0.041 £ 0.004 0.018 £ 0.002 1.19 £ 0.09
T 9.09 £ 0.09 295.1 £ 12.6  0.79 £ 0.17 0.046 £ 0.003  0.061 £ 0.002 1.52 £+ 0.08
Student’s #-test NS S S S S

Table 3 pH of reconstituted lyophilized formulations of FU Dakota (50 mg/ml, 384.6 pmol/ml), and their contents (umol/ml) of FU, F~,
FMASAId, Facet and other fluorinated degradation compounds, before (Ty) and after 2 days (Tg) at 25 °C

pH FU F* FMASAId Facet Sum of other fluorinated compounds
Ty 8.75 £ 0.02 3921 £ 124 0.03 £+ 0.02 0 0 0
Tr 8.76 £ 0.05 380.4 £ 15.7 0.06 = 0.03 0.0095 £ 0.0015 0 0.024 £ 0.001

#The values of the SD are high since the initial and final levels of F~ differed by a factor of 2.3-3 in the three lyophilized formulations of

FU analysed

those obtained for the degradation of FU Dakota ly-
ophilizates at 25 °C for 2 days. The 'F NMR spectra of
the T,y samples showed the presence only of FU and F~,
the level of F~ being 25-fold less than in the commercial
Roche solution (Table 3). After 2 days at 25 °C, three
degradation compounds were found, FMASAId (6 =
—126.5 ppm) and two unknown fluorinated products at
0 =-122.8 and 6 = —133.1 ppm (Fig. 2). Facet was not
formed. The amounts of F~, FMASAId and the sum of
other fluorinated compounds were respectively 12-, 6-
and 62-fold less than in the commercial Roche solution
(Table 3).

Discussion

Stability studies of FU solutions in infusion-pump res-
ervoirs (cassettes, syringes or bags) are numerous [2, 3, 5,
11, 13-15, 17, 19-22]. Most of them have shown that FU
is stable over time periods of 3 to 28 days at tempera-
tures ranging from 4 °C (storage conditions) to 30—
37 °C (ambulatory “in-use” conditions) [3, 5, 11, 13-15,
17, 20-22] and even 8 weeks at 37 °C in an implantable
medication pump [19]. Barberi-Heyob et al. [2] have
shown that the stability of FU commercial solutions
dosed at 50 mg/ml is good in cassettes and syringes after
7 days of storage at 21 °C or 37 °C in darkness (less
than 3% and 6% of FU loss, respectively). However,
even in darkness, the diminution of the active compo-
nent reaches 8—15% and 12-20% after 15 and 30 days of
storage, respectively.

HPLC with UV detection is a reliable method for FU
determination with coefficients of variation for assay

reproducibility ranging between 0.4% and 10% [2, 3, 5,
11-15, 17, 20-22, 24]. However, it is not an appropriate
method for detecting and quantifying the degradation
compounds from the alkaline hydrolysis of FU, namely
urea, F~, and aldehydes (fluorinated or not) [7, 8, 18,
23], all compounds which are non-UV-assayable. De-
spite a notable decrease in FU peak height in the sta-
bility study of Barberi-Heyob et al. [2] and in a study of
forced degradation by heat and addition of concentrated
HCl or NaOH solution [17], no degradation peak
appeared on HPLC chromatograms.

It therefore seems evident that a better knowledge of
FU stability will be gained by assaying its degradation
compounds. Urea analysis can be performed using TLC
[3] or an enzymatic assay [17]. The mean urea content in
recently arrived FU vials has been estimated at 1.2—
1.3% [3, 12]. However, some of the urea formed reacts
further giving ammonia and carbon dioxide [18]. The
level of urea is not therefore an accurate measurement of
FU degradation. On the other hand, the determination
of all the fluorinated hydrolysis compounds of FU
would allow the determination of the true level of
degradation, the measurement of F~ being an indicator
of the level of nonfluorinated degradation compounds.

F NMR is the method of choice for this kind of
study. It makes possible a direct study of any solution
without prior treatment, avoiding the problems en-
countered in extraction recovery and chemical derivati-
zation. Moreover, all fluorine-containing compounds
can be detected simultaneously and quantified in a single
run. The detection threshold of 'F NMR ranges
between 1 and 5 pM, depending on the spectrometer
magnetic field [1]. Even with a sensitivity limit of 5 pM,
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Fig. 2 ’"F NMR spectrum of a reconstituted FU Dakota
lyophilizate after 48 h at 25 °C (Ref reference, F~ fluoride ion,
FU fluorouracil, FMASAIld fluoromalonic acid semialdehyde,
? unknown compounds)

all the fluorinated degradation compounds of FU pre-
sent in the commercial vials dosed at 50 or 25 mg/ml
representing at least 0.001% or 0.002% of initial FU
respectively can be detected.

A stable drug is defined as a drug retaining 90-95%
of its nominal concentration [3, 20, 22, 24], or a con-
centration 90-115% of the theoretical concentration [17]
(or 90-105% for the French Regulating Agency for drug
and drug-related products [12]). If we consider these
definitions, this study showed that the concentration of
FU was unaffected by 2, 3 or 10 days in a pump at 32 °C
(Table 2). These data are in agreement with those
already reported by all the authors cited above [2, 3, 5,
11, 13-15, 17, 19-22].

The new findings of this study concern the evolution
of the cardiotoxic FU degradation compounds, namely
FMASAId and Facet. These compounds are already
present in the commercial FU solution, FMASAId at
0.014% relative to FU concentration and Facet at
0.007% (Fig. 1, Table 1). These concentrations are close

—
-94
PPH

-llll ) -lrl -llZI ~1I55 -1" .<ll‘iﬂ '-'llGI
to those already reported for FU-NaOH solutions at a
pH of about 9.2: from 0.010 to 0.018% for FMASAId
and 0.006 to 0.016% for Facet, depending on brands
and the batches analysed, and most probably on the
time between manufacture and analysis [8]. This repre-
sents significant progress with respect to the old for-
mulation of FU in Tris. In this case, the stable “depot”
forms FMASAId-Tris and Facet-Tris represented 0.65—
1.57% and 0.12-0.61%, respectively [7, 8]. The most
noteworthy progress would be the use of lyophilized
formulations of FU as they contained neither FMASAId
nor Facet (Table 3).

This study showed that the variations in the levels
of F~ and the sum of fluorinated impurities, except
FMASAId and Facet, are only significant after 10 days
of storage of a FU solution in a portable-pump reservoir
at 32 °C. On the other hand, even if the concentrations
of cardiotoxic FMASAId and Facet were low in the FU
Roche solution, they showed significant increases after
2, 3 and 10 days (Table 2). The increase was particularly
noticeable for Facet after 10 days. It would thus be
preferable not to exceed 3 days of treatment when pa-
tients receive FU from a portable infusion pump. In FU
lyophilizates after 2 days at 25°C, low levels of

FMASAId were also found but Facet could still not be
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detected (Table 3). This underlines again the interest in
using a lyophilized formulation of FU in clinical practice
even if there are disadvantages in terms of safe handling
and dose accuracy resulting from the need to reconsti-
tute a dried powder before use. A solution to these
problems (degradation of FU in the commercial solu-
tions, reconstitution of the lyophilizates) might be the
use of oral preparations of FU. Oral chemotherapy has
numerous pitfalls. However, oral FU prodrugs such as
capecitabine, UFT and S-1 are currently in clinical trials
and seem to provide a more favourable toxicity profile
and equivalent antitumor efficacy compared with stan-
dard regimens [16].

The presence of cardiotoxic compounds in com-
mercial FU solutions is one of the several hypotheses
proposed to explain the cardiotoxicity of this drug (see
reference 4 and references cited therein). It must be un-
derlined that there is no clinical demonstration that
Facet and FMASAId are involved in FU-related car-
diotoxicity as there are no commercially available
preparations of FU devoid of “impurities”. Moreover,
we have previously demonstrated that FU itself is me-
tabolized into cardiotoxic fluoroacetate and 2-fluoro-3-
hydroxypropionic acid [1]. However, special attention
must be paid to the risk of increasing concentrations of
highly toxic FMASAId and Facet when FU is admin-
istered in a pump for long periods of time.
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