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ABSTRACT

The pharmacokinetics of the new fluoropyrimidine 5'-deoxy-
5-fluorouridine (5'-dFUrd) was investigated in twelve patients.

The kinetics of the main metabolite 5-fluorouracil (5-FUra) was
studied in eight patients and those of 5,6-dihydro-5-fluorouracil
(5-FUraH2) in five patients.

The patients participated in a Phase II study performed to
investigate the response rate of 5'-dFUrd in advanced ovarian

cancer. The pharmacokinetic data were compared with the clin
ical effects of the drug. The parent drug and 5-FUra were

measured in both plasma and urine by high performance liquid
chromatography. 5-FUraH2 concentrations in plasma were de

termined by capillary gas chromatography using electron capture
detection and nitrogen-phosphorus specific detection. Several
pharmacokinetic parameters such as elimination half-life, mean

residence time, and steady state volumes of distribution are
presented for 5'-dFUrd, 5-FUra, and 5-FUraH2.

Two patients showed a partial response, four had stable
disease, and five had progressive disease; one patient died due
to myelotoxicity. The severity of the side effects correlated with
the mean residence times of 5'-dFUrd and 5-FUra. Low pretreat

ment serum creatinine clearance (due to renal impairment) cor
related with low renal excretion of 5'-dFUrd and a long mean
residence time of 5'-dFUrd with the sum of observed toxicity.

However, the extent of degradation of 5-FUra to 5-FUraH2 may
also be related to the severity of the toxicity of 5'-dFUrd.

INTRODUCTION

The new fluoropyrimidine 5'-dFUrd2 is a prodrug of 5-FUra

that is selectively converted into the active antimetabolite (1, 2)
by tumor pyrimidine phosphorylases since tumor cells appear to
have greater activity with these enzymes than do non-malignant
cells (3). From the development of the first generation of fluoro-
pyrimidines 5'-dFUrd appeared to be the most promising ana

logue; several authors have shown the advantage of this drug
over conventional fluorinated pyrimidines such as 5-FUra and 5-
fluoro-2'-deoxyfluorouridine (1, 2, 4-6).

The pharmacokinetics of 5'-dFUrd determined in four patients

treated with different dosages has been reported. In these pa
tients 5-FUra and 5-FUraH2 were identified as the main plasma
metabolites (7). In addition the plasma concentrations of 5-FUra
represented approximately 6% of 5'-dFUrd concentrations, and

this percentage was essentially constant in the period after drug

1To whom requests for reprints should be addressed.
2The abbreviations used are: 5'-dFUrd, 5'-deoxy-5-tluorouridine; 5-FUra, 5-

fluorouracil; 5-FUraH2, 5,6 dihydro-5-fluorouracil; MRT, mean residence time; tv,f,
elimination half-life; AUG. area under the curve.
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administration (7). This was also found in an animal study (8). In
our opinion this ratio should be regarded as relatively high if it is
taken into consideration that the 5-FUra plasma concentration is

dependent on leakage of the antimetabolite from tumor cells into
the central compartment. However, because the data were
based on investigations in only four patients receiving different
doses we studied the pharmacokinetics and metabolism of 5'-

dFUrd measured as the plasma and urine concentrations of the
compounds of interest in 12 patients receiving a fixed dosage of
the drug.

Besides the standard pharmacokinetic parameters (9) the
MRT, a parameter derived from the statistical moment theory,
was determined as the mean time for the passage of intact
molecules through the body (10). This includes a composite of
all kinetic processes. Furthermore correlation between all param
eters obtained from concentration-time profiles and clinical pa

rameters was assessed.

MATERIALS AND METHODS

Patients and Treatment

Twelve patients of a group of 38 treated in a Phase II study for ovarian
cancer were entered for this pharmacokinetic study. 5'-dFUrd was

administered i.v. at a constant rate for 10 min at a dose of 3000 mg/m2/

day on 5 consecutive days. All patients were treated for the first time
with 5'-dFUrd. Previous chemotherapy consisted of combined therapy

with cyclophosphamide, hexamethylmelamine, doxorubicin, and cisplatin
but the patients had not received chemotherapy and/or radiotherapy
during the 6 weeks prior to the treatment with 5'-dFUrd. Normal WBC

and platelet counts were required. Antitumor effects and toxicity were
graded according to the WHO criteria (11) and for each patient the sum
of the grades varying from 0-4 for each toxicity was calculated. The

evaluated toxicities were leukopenia, thrombocytopenia, nausea, gas
trointestinal toxicity, neurotoxicity, and mucositis.

Drugs and Chemicals

5'-dFUrd, 5-FUra, and 5-FUraH2 were kindly supplied by Hoffmann-La

Roche (Mijdrecht, The Netherlands). Diphenylsuccinimide was synthe
sized by Chemische Industrie Katwijk (Katwijk, The Netherlands) and
purified by recrystallization from tetrahydrofuran before use. 5-Chloro-
uracil was purchased from Calbiochem (Los Angeles, CA). 2-Thiouracil

was obtained from Merck (Darmstadt, Federal Republic of Germany). All
solvents were of analytical grade and used as received from Baker
Chemicals (Deventer, The Netherlands). 5'-dFUrd was supplied in steri

lized flasks each containing 1 g lyophilized drug, which was dissolved in
sterile water to a maximum final concentration of 100 mg/ml.

Blood Sampling

Venous blood was collected through an indwelling heparinized cath
eter filled with heparin into heparinized plastic tubes at specified times
(0.16, 0.32, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, and 6.0 h) over a period of
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6 h starting at the end of the infusion. Before 5'-dFL)rd infusion was

started a blood sample was taken for use as a blank in the analytical
assay for each patient. After centrifugation of the blood for 5 min at 3000
x g the plasma was removed and stored at -20Â°C until analysis. All

urine was collected at various intervals (see Chart 4) during the same
period as when the blood samples were taken.

Analytical Methods

Plasma and urine concentrations of the unchanged 5'-dFUrd and its

main metabolite 5-FUra were determined with high performance liquid
chromatography; 5-FUraH2 was determined with gas chromatography.
The amount of plasma available for the determination of both 5'-dFUrd

and 5-FUra with high performance liquid chromatography was limited for

patients 8,9,11, and 12 due to the amount required for the determination
of 5-FUraH2. For these particular patients all attention was focused on
the determination of 5'-dFUrd with high performance liquid chromatog

raphy and of 5-FUraH2 with gas chromatography.
High Performance Liquid Chromatographie Assays of 5'-dFUrd

and 5-FUra. After addition of the internal standard 2-thiouracil to 500 ^l

plasma the mixture was adjusted to pH 6 with 5 rtiM Tris buffer and
extracted with 7 ml ethyl acetate. Precipitation of proteins appeared to
be superfluous. The evaporation of the organic phase occurred at room
temperature under a gentle stream of nitrogen. The remaining solid
fraction was dissolved in 200 ^\ 0.05 M Tris buffer (pH 8) after which 20
Â¿j|was injected onto a 100-mm MOS-Hypersil 5-,um column of a Shi-

madzu liquid Chromatograph (LC4A) equipped with a variable wavelength
detector (SPD 2 AS) fixed at 269 nm and a Chromatograph terminal (BD
8/CFI IB). Elution was carried out isocratically at 2 ml/min with water-
0.05 mw Tris-0.005 mw Cetrimide. The retention times of 5-FUra, 2-
thiouracil, and 5'-dFUrd were 4.1, 6.5, and 24.3 min, respectively.

The limits of determination based on a signal-to-noise ratio of 3:1 were
50 ng/ml for 5'-dFUrd and 10 ng/ml for 5-FUra, the coefficient of variation

for three successive determinations was 3%, and the recovery of both
compounds extracted from plasma was 70 and 75%, respectively. The
method showed good linearity in plasma and urine concentration ranges
from 50 ng/ml up to at least 10 mg/ml for both 5'-dFUrd and 5-FUra.
Except for sample pretreatment the determination of 5'-dFUrd and 5-

FUra in urine was carried out as that for plasma analysis. After the
addition of the internal standard to 1 ml urine the mixture was diluted 10
times with water and 200 n\ of the diluted urine was introduced onto the
column of the high performance liquid Chromatographie system without
pretreatment. The linearity and precision of this assay are of the order
of those of the plasma assay.

Gas Chromatographie Assay of 5-FUraH2. Gas Chromatographie
determination of 5-FUraH2 was carried out on support-coated open
tubular columns (12, 13). Before plasma pretreatment started 5-chloro-

uracil was added as internal standard; 200 n\ plasma was extracted first
with chloroform and then with ethyl acetate. The ethyl acetate layer was
removed and dried under a gentle stream of nitrogen. Diphenylsuccini-

mide dissolved in 200 n\ ethyl acetate was added to the residue as the
external standard for the gas Chromatographie conditions. A Packard
Becker gas Chromatograph (420, Packard Becker, Delft, The Nether
lands) combined with a Hewlett Packard nitrogen-phosphorus specific
detection (Hewlett-Packard, Avondale, PA) and/or a Hewlett-Packard
electron capture detection was used for plasma measurements. A ball-

valve solid sample injector was applied and the inlet and detector
temperature were set at 245Â°C and 300Â°C, respectively; the oven
temperature was 195Â°C. Helium was used for both carrier (12 ml/min)

and makeup gas (30 ml/min). The limits of detection for 5-FUra and 5-

FUraH2 were 1.0 and 0.5 ng, respectively. This gave limits of determi
nation of 100 ng/ml for 5-FUra and 70 ng/ml for 5-FUraH2 when nitrogen-

phosphorus specific detection was applied. Limits of detection and
determination were calculated as described for the high performance
liquid Chromatographie assay. When use was made of the electron
capture detection, the most sensitive detector available at present, the

limits of detection and determination decreased 4-fold (measurable con
centrations of 5-FUra, 25 ng/ml, and 5-FUraH2, 20 ng/ml, in plasma).

The coefficient of variation for the assay ranged from 6.6% at a level
of 100 ng/ml to 1.0% at 5 /Â¿g/ml(n = 3). The recovery of 5-FUraH2
extracted from plasma amounted to about 60%, that of 5-FUra to about
70%; the assay showed good linearity in the concentration ranges of 5-
FUraH2 and 5-FUra expected to occur in patients.

Pharrnacokinetic Analysis

The fv4,zof both the parent drug and the two metabolites under study
was calculated by linear regression analysis of the terminal parts of the
log plasma concentration versus time curves (9); for all curves the
concentration 30 min after drug administration was taken as the start of
the terminal part. The ADC was calculated by the trapezoidal rule with
extrapolation to infinity. Total plasma clearance was calculated by dose/
AUC and the renal clearance by Xu,o-6/AUC0-6 in which Xu,M represents
the amount of compound excreted in the urine during the 6 h following
the start of the infusion.

The MRT for 5'-dFUrd and related compounds was determined ac

cording to equation 8 in Ref. 10. For calculation of the steady state
volume of distribution the MRT was used according to equation 6 in Ref.
14 in which T represents the time of drug infusion.

RESULTS

The dosage forms of 5'-dFUrd proved to be free of contami

nation of 5-FUra and 5-FUraH2, as appeared from high perform

ance liquid chromatography and gas chromatography. Chemical
disposition of 5'-dFUrd during administration and analysis could

be excluded even at elevated temperatures as described by
Sommadossi ef al. (15). However, testing by incubation in fresh
blood for 20 min at 37Â°C revealed a slight conversion of 5'-

dFUrd into 5-FUra, as can be seen Â¡nthe chromatograms in
Chart 1. Testing by incubations in urine for 0.5-24 h at 37Â°Cin
a pH range of 5-8 proved that 5'-dFUrd was stable Â¡nthis body

fluid.
Since contamination of 5'-dFUrd by 5-FUra and 5-FUraH2 was

excluded the 5-FUra and 5-FUraH2 concentrations determined

could only be explained by in vivo metabolism.
5'-dFUrd Pharmacokinetics. A representative plasma con

centration-time curve for 5'-dFUrd after i.v. infusion of 4500 mg
is shown in Chart 2. 5'-dFUrd plasma concentrations declined

rapidly within the first 0.5 h after drug administration. The sub-

A2Â«

OD2j

10 t (min) 10 t (min)

Chart 1 Chromatograms of blood incubated with 5'-dFUrd (100 iÂ¡g/m\)at t â€¢â€¢
0.5 min (a)and f = 20 min (Ã>).Bars, units of absorption.
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Table 1
Pharmacokinetic parameters of 5'-dFUrd determined in twelve patients

Patient 1 was excluded for calculation of the mean AUC Â±SD because of a
different dose.

0 60 120 180 240 360
t (min)

Chart 2. Plasma concentration-time curves of 5'-dFL)rd (â€¢)and 5-FUra (O) after
i.v. infusion of 4500 mg 5'-dFUrd (patient 5).

1000-

60 120 360180
t(min)

Charts. Characteristic convex plasma concentration-time curves of 5'-dFUro
(â€¢),5-FUrd (O), and 5-FUraH2 (D) after the i.v. infusion of 4500 mg (3000 mg/m2)
5'-dFUrd (patient 10).

sequent plasma-concentration decay could be fitted to a straight

line on a semilogarithmic scale. Five patients showed a more
convex type of the plasma concentration-time course; Chart 3

gives the example of this divergent pattern. In general this
characteristic plasma concentration-time curve was observed

between 30 and 120 min after the end of the infusion.
Table 1 shows the pharmacokinetic parameters for 5'-dFUrd

in twelve patients, among whom patient 1 received a 50% dose
because of severe side effects observed during previous chem
otherapy. The kinetic parameters varied moderately, e.g., clear
ance from 16.2 to 36.0 mg/liter/h, the fvÂ».zfrom 18.8 to 50.8 min,
and the MRT from 25.8 to 56.4 min.

A cumulative urinary excretion versus time curve of 5'-dFUrd
is presented in Chart 4. During the first 30 min after the 5'-dFUrd

administration 1570 mg of the parent drug was excreted in the

AUCAge
(mg/Patient

(yr)liter/h)1

672
603
634
645
576
547
548
689

6910
5411
6112
43X

60SD
8..

150inoâ€¢o^*1087.7154.8125.0195.5267.4150.9135.6278.3212.6211.1172.9190.3190.450.0-Clearance(liter/h)23.932.336.025.620.231.833.216.221.119.926.023.025.86.2Â«.-

- .Â»Steady

statevol
ofty,f
distribution(h)

(liter)0.39

9.80.39
13.80.31
13.90.56
12.20.85
17.30.41
17.10.33
11.50.53
7.70.38
10.50.45
11.30.35
10.10.53
14.80.45

12.50.15
3.0-*[oTÂ°r-Â°.

â€”?â€”rÂ°-.â€”92250Jini0.-ncQ.450MRT(h)0.450.530.470.560.940.620.430.560.580.650.470.710.580.14

0 4 8 12
t( h )

Chart 4. Cumulative urinary excretion curves of 5'-dFUrd (â€¢)and 5-FUra (O) in
a patient treated with 4500 mg 5'-dFUrd which was administered as an i.v. infusion.

Table 2
Renal clearance and percentages oÃthe dose of 5 ' -dFUrd eliminated by urinary

excretion as 5'-dFUrd and 5-FUra

Patient12345671011XSD%
ofdoseas
5'-dFUrd35.721.534.816.017.442.233.618.614.926.110.4Creatinineclearance(liinol/lfcr)588174644711610943647326Renalclearanceof5

'-dFUrd(ml/min)1401152086858225187626512567%ofdoseas
5-FUra0.230.370.380.160.280.510.300.320.11

urine, about 35% of the administered dose. The amounts of 5'-

dFUrd and the percentages of the doses eliminated by urinary
excretion together with the renal clearance and the creatinine
clearances are given in Table 2, from which it is evident that this
route of excretion plays an important role in the elimination of
5'-dFUrd, particularly during the first few hours after the infusion.
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Table 3
Pharmacokineticparameters of 5-FUradetermined in eight patients

Patient 1 was excluded for calculation of the AUC Â±SD because of a different
dose.

Patient123456710XSDAUC(mg/liter/h)2.45.16.07.014.76.25.520.99.36.1fvÂ«(h)0.310.680.500.601.080.450.310.750.590.26MRT(h)0.470.680.580.651.550.760.470.700.730.35

Table 4
Relationshipbetweenpharmacokinetic parameters of 5'-dFUrd and 5-FUraand
betweenpharmacokineticparameters of 5'-dFUrd and 5-FUrawith the sum of

toxicity score, as determined by linear regression analysis
Parametersof 5'-dFUrd and 5-FUra(n = 8;

AUC

Urinary
recovery

MRT (n = 7)

Correlation
coefficient

0.95 0.83 0.98 0.63

Pharmacokineticparameters of 5'-dFUrd and toxicity score (n = 12)

Steady state Renal
vol of distri- clearance

Clearance bution) (n = 9)

Correlation
coefficient

-0.41 0.84 0.60 0.94 -0.55

Pharmacokineticparameters of 5-FUraand toxicity score (n = 8)

AUC

Correlation
coefficient

0.92 0.92 0.91

5-FUra Pharmacokinetics. As Charts 2 and 3 show the 5-
FUra plasma concentration-time curves follow the shape of the
5'-dFUrd plasma concentration-time curves. The data of the

elimination part of the plasma concentration time curve could be
fitted well to a straight line on a semilogarithmic scale. The
pharmacokinetic data of 5-FUra determined in eight patients are
summarized in Table 3. Similar to the pharmacokinetic parame
ters of 5'-dFUrd, the values for 5-FUra varied moderately. The

AUC ranged from 2.4 to 20.9 mg/liter/h, the fv,.zfrom 0.31 to
1.08 h, and the MRT from 0.47 to 1.55 h. These data are in
agreement with those for 5'-dFUrd and Table 4 shows the
correlations between the kinetics of 5'-dFUrd and 5-FUra.These

findings mean that patients with high or low values for the
depicted pharmacokinetic parameters of 5'-dFUrd will show
corresponding values for the parameters of 5-FUra.

A representative cumulative urinary excretion curve for 5-FUra
is presented in Chart 4. Like 5'-dFUrd the highest percentage of

the total amount excreted in the urine was found within the first
30 min after the start of the infusion of 5'-dFUrd. However, the

percentage of the administered dose of the parent drug excreted
as 5-FUra was negligible (0.16-0.51%) (Table 2).

5-FUraH2 Pharmacokinetics. In five patients, two of whom
showed the characteristic convex curves for the parent drug, 5-
FUraH2concentrations were monitored. A representative convex
plasma concentration-time curve of 5'-dFUrd together with those
of 5-FUra and 5-FUraH2for one patient is shown in Chart 3.

Tables
Pharmacokineticparametersof 5-FUraHÂ¡for five patients

'Â»iPatient
(h)8

1.19
1.010
1.611
0.712
1.3X

1.1SD
0.315*

108>â€¢â€¢|20v(AUC(mg/liter/h)6.75.28.74.410.27.02.4-_)Lagtime(h)1.00.50.20.30.20.40.3D

DaOHD(0.5Maximalconcen

tration(MQ/ml)2.22.23.61.75.73.11.6Q0b.

. . i.1.0Time

ofmaximalconcen

tration(h)1.00.751.01.01.51.10.3MRT(h)1.41.42.31.21.91.60.5

mean residence time(h)
Chart 5. The relationship between the MRT of 5'-dFUrd and the sum of the

observed side effects, scored according to WHO criteria. Correlation coefficient,
0.93; slope, 18.58; intercept, -5.376.

The pharmacokinetic data of 5-FUraH2 determined in five
patients are presented in Table 5.

AntitumorEffect and Side Effects. Two ofthetwelvepatients
achieved a partial response, four had stable disease, five were
progressive, and one patient died due to septicemia.

Thrombocytopenia, neurological toxicity, and mucositis were
observed, whereas moderate leukopenia and nausea were the
most common side effects. The latter findings corresponded with
those observed in a series of 38 patients (16).

Correlations between Pharmacokinetics and Toxicity. All
individual pharmacokinetic parameters of 5'-dFUrd and 5-FUra

were plotted against the most frequent types of toxicity as well
as against the sum of these parameters. The coefficients of
correlation are summarized in Table 4; Chart 5 shows the most
striking correlation, i.e., the MRT versus the sum of the observed
toxicities.

DISCUSSION

Studies on the clinical pharmacology of 5'-dFUrd in a sufficient

number of patients have not been reported before; only in a
limited number of patients have several metabolites been identi
fied by the use of gas chromatography-mass spectrometry and
fluorine-19 nuclear magnetic resonance spectrometry (7, 17).
The high performance liquid and gas Chromatographieassays
developed in our laboratory allow routinely applicable simulta
neous determination of 5'-dFUrd, 5-FUra, and 5-FUraH2in bio-
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logical specimens.
The capacity of blood to convert 5'-dFUrd into 5-FUra indicates

that immediate separation of plasma from the blood deserves
preference over the determination of 5'-dFUrd in blood. The

results of the present study clearly indicate correlation between
the creatinine clearance, some of the pharmacokinetic parame
ters of 5'-dFUrd and 5-FUra, and the observed side effects. The

patients with low creatinine clearance especially showed severe
toxicity, probably due to the blockade of an important elimination
pathway of 5'-dFUrd, i.e., renal excretion. This can be reflected
in long MRTs for 5'-dFUrd and 5-FUra in the blood. It seems

very probable that patients with renal impairment due to previous
chemotherapy constitute a high risk population with respect to
subsequent 5'-dFUrd treatment. This renal impairment has been

observed repeatedly after cisplatin chemotherapy (18). Several
convex plasma concentration-time curves for 5'-dFUrd were
found (Chart 3). The relatively high dose of 5'-dFUrd may result
in precipitation of 5'-dFUrd in the blood or renal tubules, causing

the nonexponential decline in plasma levels between 30 and 120
min after starting treatment.

The 5-FUra plasma concentration-time curves show the same
shape as those of 5'-dFUrd. Relatively high 5-FUra plasma

concentrations persisted for several hours. A high proportion of
this metabolite has to be eliminated by saturable liver enzymes.
In all patients 5-FUra could be monitored from the end of the

infusion of the parent drug to 6 h after the infusion. The concen
trations determined 10 min after the infusion suggest a high level
of conversion of 5'-dFUrd into 5-FUra. Liver, brain, and intestinal

tissue from female WAG/Rij rats provided evidence of rapid
conversion of 5'-dFUrd into 5-FUra; especially rat liver tissue
converted 5'-dFUrd into 5-FUra in relatively large amounts, sug

gesting metabolic conversions of the parent drug similar to that
of ftorafur (19). 5-FUra was rapidly formed by liver and gastroin

testinal tissue and formation was followed by immediate release
to the blood. This would lead to the systemic toxicity commonly
accompanying 5-FUra treatment. Since 5'-dFUrd exhibits a less

polar character than 5-FUra on the applied MOS-Hypersil col
umns, the former might pass through the blood-brain barrier
more easily. Conversion of 5'-dFUrd into 5-FUra would then lead

to an accumulation of 5-FUra owing to the inability of 5-FUra to

reenter the general circulation, which in turn would lead to central
nervous system toxicity. Extensive conversion of 5'-dFUrd into

5-FUra by nonmalignant tissue might be avoided in two ways,
low-dose continuous administration, resulting in low plasma con
centrations of 5'-dFUrd and 5-FUra and modification of the dose

for patients with impaired renal function.
The MRT correlated well with the sum of toxicities of both 5'-

dFUrd and 5-FUra. This is not surprising because this mean
exposure time representing the body's reaction to the stimulus

of drug administration probably has more preponderance over
the observed effects than the commonly used pharmacokinetic
parameters.

From the present results it can be concluded that with the
relation between the toxic side effects and the MRT in mind 5'-

dFUrd should not be given in high doses to patients with abnor
mal renal function. Long-term infusion and other modes of admin

istration such as p.o. or regional are warranted to enhance the

therapeuticindexof this interestingnewfluoropyrimidine.
Monitoring of 5'-dFUrd, 5-FUra, and 5-FUraH2 during and after

the administration of 5'-dFUrd would be useful to obtain more
insight into the effectiveness of 5'-dFUrd. With respect to the
metabolism of 5'-dFUrd we obtained strong indications from

animal studies for 5-FUra formation by liver tissue and that this
results in high 5-FUra plasma concentrations which are undoubt

edly responsible for myelotoxicity and gastrointestinal toxicity,
whereas the neurological toxicity could be explained by the
passage of large amounts of 5'-dFUrd through the blood-brain

barrier; therefore important information would be obtained by
the determination of parent drug metabolism in the spinal fluid
which we are now investigating in animals.
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