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Abstract Purpose: To test the utility of [19F]-nuclear
magnetic resonance (NMR) spectroscopy for studying
the kinetics of local drug disposition after interstitial
application in vivo. Methods: Floxuridine at 30 lmol
(2.5% of the reported i.p. 50% lethal dose, LD50)
was injected into rats either intratumorally (Morris
hepatoma M3924A) or s.c. [19F]-NMR spectra were
obtained at the site of administration for up to 5 h after
injection using a 2-cm diameter surface coil at 2.0 T.
Signal-time data obtained for ¯oxuridine and the
metabolite 5-¯uorouracil were analyzed using linear
compartment models. Results: The lower limit for the
quantitation of drug remaining at the site of adminis-
tration was 1 lmol for tumors and 0.2 lmol for the s.c.
injection site. Local drug disposition was biexponential
in four of six tumors where the half-lives of the fast and
slow components of disposition ranged from 4 to 26 and
from 33 to 289 min, respectively. It was monoexponen-
tial in the remaining two tumors (half-lives 49 and 128
min) and in the s.c. injection experiments (n � 4, half-
life 6±9 min). 5-Fluorouracil could be quantitated in
three of six tumors; the estimated fraction of ¯oxuridine
converted intratumorally into 5-¯uorouracil was 11±
23%. a-Fluoro-b-alanine was detected in the sum spec-
tra of three of the six tumours. Conclusions: Local drug-

disposition kinetics after interstitial application can be
monitored noninvasively by in vivo [19F]-NMR spec-
troscopy. Disposition kinetics after local injection is
highly variable and has a slow component in this tumor,
whereas it is much less variable and relatively fast in
subcutaneous tissue. The results suggest that NMR
spectroscopy may be useful for in vivo studies of drug
release from depot preparations designed for interstitial
application.

Key words Floxuridine, FUDR á [19F]-NMR spectro-
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application

Introduction

Intratumoral administration of chemotherapeutic agents
has successfully been applied to a variety of malignant
tumors in experimental animals and in patients as a
means of maximizing the antitumor e�ect while mini-
mizing systemic exposure [12, 19, 24, 27±29, 35, 41, 47, 49,
50]. Intratumoral injection of ethanol into small, single
hepatocellular carcinoma nodules appears to be as e�ec-
tive as surgical treatment [6]. Controlled-release prepa-
rations have been therapeutically superior to solutions in
several of these applications [12, 27, 35, 47], suggesting
that local pharmacokinetics has a major impact.

The results of extensive studies of tumor physiology
indicate that pharmacokinetics at the tissue level is a
crucial problem in the pharmacotherapy of cancer; es-
pecially abnormal vascularization and a lack of trans-
port by convection limit the extent of intratumoral drug
distribution [21, 22]. To our knowledge, only one study
of the local pharmacokinetics of a model compound
upon intratumoral injection has been reported [46];
phenol red was injected into a tissue-isolated prepara-
tion of the Walker 256 carcinoma in rats and its con-
centration was monitored in venous out¯ow during
constant rate perfusion. The elimination kinetics of the
indicator from tumor was biphasic linear, which was
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interpreted as indicating both a well-vascularized and a
poorly vascularized compartment of drug distribution.

Nuclear magnetic resonance (NMR) spectroscopy
in vivo is a unique tool for the study of pharmacoki-
netics at the tissue level in that it allows one to monitor
concentration changes of drugs and metabolites nonin-
vasively without the need for radioactive labeling. Many
studies have demonstrated its applicability in monitor-
ing the pharmacokinetics of drugs in tissues in experi-
mental animals and in patients (for reviews see [4, 32, 33,
40]). 5-Fluorouracil (FU) has been investigated most
extensively in vivo [15], but the list of drugs monitored
in vivo by NMR spectroscopy includes the anticancer
agents gemcitabine [26], iproplatin [20], temozolomide
[2], ifosfamide [17, 43], glucosylifosfamide mustard
[17], and carboplatin [8] and the experimental antifolate
CB3988 [39] as well as ¯uorine-containing psychotropic
drugs [5], lithium [16, 25, 45], the ¯uorine-containing
anesthetic iso¯urane [30, 31], and the ¯uorine-containing
antibiotic ¯eroxacin [23]. Even selective [19F]-NMR
imaging of FU and its main catabolite a-¯uoro-b-ala-
nine (FBAL) [10] and dynamic imaging of the antifolate
CB3988 [34] and of FBAL [4] have been possible in vivo.

The purpose of the present work was to explore the
potential of in vivo [19F]-NMR spectroscopy in moni-
toring local drug-disposition kinetics after interstitial
application and to compare the disposition kinetics in
tumors with those in s.c. tissue. Fluorine-containing
compounds are particularly attractive for this purpose
because the sensitivity of 19F is almost as high as that of
1H (the maximal sensitivity attainable except for that of
3H) and because there is no background signal from
endogenous compounds. Floxuridine (5-¯uoro-2¢-deoxy-
uridine, FUDR) was chosen for study because this
highly water-soluble compound may be incorporated
into depot preparations at high concentrations and then
be used to study retarded-release e�ects by NMR
in vivo.

Materials and methods

Animals, tumors, and drug administration

Female ACI rats purchased from Harlan-Winkelmann (Borchen,
Germany) were kept at two per cage under climatized conditions
and were given standard food pellets (Altromin) and water ad
libitum. Animals were 15±21 weeks old and weighed 170±200 g
at the time of the NMR spectroscopy experiments.

Morris hepatoma 3924A cells stored in liquid nitrogen were
thawed and were passaged once i.p. Tumor cell ascites was then
transplanted s.c. by injection of ca. 5 ´ 106 cells (0.2±0.4 ml) on the
lateral side of the right lower leg. NMR spectroscopy experiments
were carried out at 3±7 weeks after s.c. tumor transplantation,
when tumors had a maximal diameter of approximately 2.5 cm and
weighed 4±6 g. Tumors dissected after the experiment were mac-
roscopically free of necroses.

Floxuridine was kindly supplied by Ho�mann-La Roche AG,
Basel, Switzerland. A 0.1-ml aliquot of a 300 mM solution in
pyrogen-free water for injection (Ampuwa) was injected within 3 s
either in the center of the tumor (n � 6) or s.c. in the center line of
the back of the neck immediately cranially of the scapulae (n � 4).

The injection needle was left in place for 30 s after the injection to
avoid re¯ux of the injected solution.

NMR measurements

[19F]-NMR experiments were performed at B0 � 2.0 T in a 31-cm-
diameter horizontal-bore spectrometer (SIS 85/310; VARIAN,
Palo Alto, USA). A home-built 2-cm-diameter planar surface coil
(tunable to 1H and 19F Larmor frequencies, 85.52 and 80.46 MHz,
respectively) was used in all experiments. The 19F spin-lattice re-
laxation time (T1) of ¯oxuridine was 3.5 � 0.1 s at 2.0 T and 23 °C
as measured in an inversion recovery experiment using 0.5 ml of a
100-mM model solution of ¯oxuridine in water.

Rats were anesthetized by inhalation of an N2O/O2 mixture (40/
60, v/v) with added 2% halothane, which was reduced to 0.7% for
maintenance. The surface coil was positioned either on the tumor
or, in the s.c. injection experiments, in the back of the neck. A 5-
mm NMR tube containing 13 lmol of the external standard 1,3-
di¯uoro-2-propanol [DFP, chemical shift (d) � )158.5 ppm] in a
volume of 5 ll was attached to the surface coil. This compound was
preferred over tri¯uoroacetic acid (TFA, d � 0), which resonates
near the halothane spectral region.

After shimming on the tissue 1H water resonance the drug was
injected and [19F]-NMR spectra were obtained using a one-pulse-
acquire sequence with a 15-ls hard pulse and an acquisition time of
10.4 ms matching the T�2 decay of the FID. A total of 1,664 com-
plex data points were accumulated over an 80-kHz spectral win-
dow. A large number of excitations (NEX) and a short repetition
time (TR) relative to T1 were used to optimize S/N per unit of time.
For animals 1±5 the ®rst n spectra (n between 32 and 152, de-
pending on the S/N) were obtained with NEX � 2,048, followed by
spectra recorded with NEX � 16,384; for animals 6±10,
NEX � 8,192 was used throughout. The repetition time was
TR � 22 ms for animals 1±3 and was changed to TR � 16.5 ms in
the other animals subsequent to a hardware upgrade.

All FIDs were zero-®lled to 8k data points and multiplied by an
exponential function for line-broadening (s)1 � 100 Hz) before
Fourier transformation and phase correction. After baseline cor-
rection the spectra were analyzed using a least-squares-®t routine
(VNMR, VARIAN) assuming Lorentzian line shapes of the reso-
nances. For kinetic analysis, every eight short spectra
(NEX � 2,048) of animals 1±5 were added. The temporal resolu-
tion of the ®nal signal-time data as used for kinetic analysis was 6.0
(animals 1±3), 4.5 (animals 4 and 5), and 2.25 min (animals 6±10),
respectively.

Kinetic analysis

A linear three-compartment model (Fig. 1) was used to describe the
¯oxuridine and FU signal-time data. It is assumed that a fraction
D á (1 ) sl) of drug input enters a rapidly eliminating compart-
ment, whereas the remainder (D á sl) enters a compartment with
slow elimination (D Dose, sl fraction of the dose going into the
slowly eliminating compartment). The measured ¯oxuridine signal
is assumed to be the sum of the signals from these two compart-
ments. FU, where measurable, is assumed to be formed from both
¯oxuridine compartments at the same rate (kx3) and to have a
uniform elimination rate constant (k30), independently of the site of
formation. The model equation for the ¯oxuridine signal versus
time is

S � D � sf � ��1ÿ sl� � eÿk1 �t � sl � eÿk2�t�; �1�
where S is the measured [19F]-NMR signal intensity, t is the time
after injection, sf is a scaling factor relating the extrapolated signal
intensity at t � 0 to the applied dose (unit: lmol)1), k1 is the sum of
the exit rate constants from the rapidly eliminating ¯oxuridine
compartment (k1 � k10 � kx3, where k10 describes the elimination of
¯oxuridine into the circulating blood), and k2 is the sum of the
corresponding exit rate constants, k20 and kx3, for the slowly
eliminating ¯oxuridine compartment; sl was ®xed to 1 for those
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tumors where ¯oxuridine disposition was monoexponential,
whereas it was ®xed to 0 for the s.c. injection experiments. The
model equation for the FU signal versus time can be derived by the
application of Laplace transformations and the partial fractions
theorem [9], the result being:

S � D � sf � 0:74 � kx3 � �1ÿ sl� � e
ÿk30 �t ÿ eÿk1�t

k1 ÿ k30
� sl � e

ÿk30 �t ÿ eÿk2�t

k2 ÿ k30

� �
:

�2�
The factor 0.74 is the ratio of the FU and ¯oxuridine signal in-
tensities recorded for equimolar amounts of both compounds (10-
mMmodel solution in HEPES bu�er at pH 7.4) as determined with
the NMR pulse sequence used in the in vivo experiments. In the
absence of experimental data it was assumed to be the same in vivo.

Residual variability was modeled according to

yobserved;i � ypredicted;i � yh
predicted;i � ei; �3�

where i � 1; . . . , the total number of measurements in each animal,
e is normally distributed with mean zero and variance r2, and h is a
``turning parameter'' describing the degree of heteroscedasticity; h
was set to 0.5 (increasing coe�cient of variation with decreasing
signal) for all experiments.

The mean residence time (MRT) of ¯oxuridine was calculated
using the equation:

MRT � 1

k
�4�

for monoexponential ®ts and

MRT � �1ÿ sl�
k1

� sl
k2

�5�

for biexponential ®ts. Note that Eq. 5 di�ers from the more com-
monly used expression MRT � R10 t � C � dt=

R1
0 C � dt

� �
[also de-

noted by AUMC/AUC (area under the ®rst moment curve/area
under the curve)]. The AUMC/AUC formula requires that drug
elimination be related to the observed concentration by the same
constant of proportionality at all times [44]. It is valid, for example,
for mammillary models where elimination occurs exclusively from
the central compartment [37]. In contrast, the model of Fig. 1 and
Eq. 1 implies the assumption that the observed signal is the sum of
the signals from two compartments with di�erent exit rates such that
the ratio of the observed signal and the rate of elimination from the
system varies with time. An expression analogous to Eq. 5 has been
used to de®ne the mean residence time of a metabolite formed after
peroral drug intake during and after the ®rst pass through the liver
[11].

The total amount of FU generated from ¯oxuridine is kx3 times
the amount of ¯oxuridine, integrated from t = 0 to t � 1:

Fig. 1 Linear three-compartment model for analysis of local
¯oxuridine disposition after intratumoral bolus injection. Part of
the injected drug (D á sl) enters a ``slow'' compartment, from which
it is eliminated unchanged at rate constant k20; the remainder
[D á (1 ) sl)] enters a fast compartment with an elimination rate
constant of k10. 5-Fluorouracil (FU) is formed from both
¯oxuridine compartments at the same rate, kx3; its own elimination
rate constant is k30. The measured ¯oxuridine signal is assumed to
be the sum of the signals from both ¯oxuridine compartments; kx3
is set to zero for experiments where FU signals are not present or
are too low for quantitation, and sl is set to 1 for tumors with
monoexponential disposition of ¯oxuridine and is set to zero for
s.c. injection experiments

Fig. 2 Representative in vivo [19F]-NMR spectrum obtained at 1 h
40 min after intratumoral injection of 30 lmol ¯oxuridine (animal
5). The measurement time was 4.5 min (TR � 16.5 ms,
NEX � 16384). Assignments of resonances, from left to right,
include tri¯uoroacetic acid (TFA, metabolite of the anesthetic,
d � 0 ppm), halothane (inhalation anesthetic, )7 ppm), ¯oxuridine
()90 ppm), 5-¯uorouracil ()94 ppm), and 1,3-di¯uoro-2-propanol
(DFP, standard, )158 ppm). Possible peaks outside the range from
)89 to )126 ppm, other than those of TFA, halothane, and DFP,
were not consistently observed and cannot be attributed to known
metabolites of ¯oxuridine or FU [4]
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AFU ; total �
Z1
0

kx3 � D � ��1ÿ sl� � eÿk1�t � sl � eÿk2�t� � dt

� kx3 � D � 1ÿ sl
k1
� sl

k2

� �
;

which, upon substitution of Eq. 5, becomes

AFU ; total � kx3 � D �MRT : �6�
The program system NONMEM, version IV [7], was used for
model ®tting, and the program system S-Plus [48] was used for
graphic and statistical analysis.

Results

A representative [19F]-NMR spectrum obtained in vivo
is shown in Fig. 2. The signals in the center (d = )90
and )94 ppm, respectively) are from the injected drug
¯oxuridine and its metabolite FU; the stronger signals
on the far left and far right are from the inhalation an-
esthetic halothane and the standard DFP, respectively.
The line widths of ¯oxuridine and the standard DFP
were 65 and 165 Hz, respectively. Sum spectra were
obtained at 3±4 h after injection to check for the pres-
ence of FU nucleotide signals; an example is shown in
Fig. 3.

A weak FU resonance at d = )94.3 ppm appeared in
four of six tumors at about 5 min after injection. The
FU signal-to-noise ratio (S/N) was generally close to the
quantitation limit of S/N = 3. The sum of all spectra
with NEX = 16,384 in three of six tumors (tumors 1, 3,
and 4) exhibited a weak and broad resonance at
d = )112.7, assigned to a-¯uoro-b-alanine (FBAL). No
FU nucleotide signal was resolved in any of the spectra,

including sum spectra obtained at 3±4 h after injection
(Fig. 3).

The signal-time data for ¯oxuridine could be satis-
factorily described by the model depicted in Fig. 1 with
either one or two distribution compartments. Coe�-
cients of variation (CV) of parameter estimates were less
than 10%, except for k2 in experiment 3 and k30 in ex-
periments 1 and 4, where the CV ranged between 10%
and 20%.

The disposition of ¯oxuridine was biexponential in
four of six tumors (Fig. 4, tumors 1, 3, 4, and 6). The
half-lives of the fast and slow components of disposition
ranged from 4 to 26 min and from 33 to 289 min, re-

Fig. 3 In vivo [19F]-NMR spectrum (sum of ten 6-min spectra)
obtained at 3±4 h after the intratumoral injection of 30 lmol
¯oxuridine (animal 3), showing ¯oxuridine (d = )90 ppm) and FU
(d = )94 ppm) resonances

Fig. 4 In vivo [19F]-NMR signal intensity (logarithmic scale)
plotted versus time after the injection of 30 lmol ¯oxuridine, by
experiment (Black symbols Floxuridine, white symbols FU, right
ordinate estimated amount [lmol] of the parent drug remaining at
the injection site)

c

Table 1 Parameters of ¯oxuridine local disposition kinetics after
intratumoral and s.c. injection (i.t. Intratumoral injection; s.c.
subcutaneous injection; sf scaling factor; sl fraction of the dose
going into the slowly eliminating compartment; t1/2.1, t1/2,2 elim-
ination half-lives of the fast and slow compartments, respectively;
FU/D fraction of ¯oxuridine converted into 5-FU; t1/2,FU elimina-
tion half-life of 5-FU)

Animal Route of
admin.

sf
(lmol)1)

sl t1/2,1
(min)

t1/2,2
(min)

FU/D t1/2,FU
(min)

1 i.t. 2.54 22% 17 190 14% 307
2 i.t. 4.04 49
3 i.t. 2.67 22% 26 289
4 i.t. 2.31 44% 8.0 126 11% 188
5 i.t. 3.56 128 23% 103
6 i.t. 2.84 19% 3.9 33
7 s.c. 17.2 9.1
8 s.c. 23.3 6.0
9 s.c. 12.9 8.2
10 s.c. 14.5 7.7
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spectively (Table 1). The slow component accounted for
14±40% of the total area under the signal-time curve.
One tumor showed monoexponential drug disposition
with a half-life of 128 min (Fig. 4, tumor 5). Drug dis-
position also appeared to be monoexponential with
t1/2 = 49 min in another tumor (Fig. 4, tumor 2) where
NMRmonitoring, due to technical problems, was limited
to 2 h after injection. FU was detectable in four tumors
(tumors 1, 3, 4, and 5), and its kinetics was evaluable in
three cases (tumors 1, 4, and 5; Fig. 4); the estimated
fraction of the dose of ¯oxuridine converted into FU
ranged from 11% to 23%, and the estimated half-life of
FU elimination ranged from 103 to 307 min (Table 1).

Local drug disposition was monoexponential after
s.c. injection with half-lives ranging from 6 to 9 min
(Fig. 4, Table 1). The scale parameters relating the sig-
nal intensity to the local amount of drug were almost 1
order of magnitude higher for the s.c. injection site as
compared with the tumor (Table 1), resulting in a lower
limit of quantitation of 0.2 lmol (Fig. 4, right y-scales).
No ¯oxuridine metabolite was detected in the experi-
ments involving s.c. injection.

The estimated MRT of drug at the site of measure-
ment was generally much longer in tumors than in s.c.
tissue (Fig. 5). The coe�cient of interindividual varia-
tion of the MRT was 62% for tumor versus 17% for s.c.
tissue.

A downward ``blip'' of the ¯oxuridine signal was
consistently observed in the s.c. injection experiments
within 15±30 min of injection (Fig. 4). A plot of resid-
uals from the ®tted monoexponential disposition curve
(observed ± predicted signal intensity) versus the time
after injection (Fig. 6) reveals an oscillation of observed
signal intensity about the predicted disposition curve,
which could be an indication of lateral drug movement
in loose s.c. connective tissue through regions of higher
and lower sensitivity of the surface coil.

Discussion

The results of this study show highly variable drug dis-
position from tumors after local administration as
opposed to rapid drug clearance with low variability from
the s.c. injection site. The majority of tumors exhibited
two-compartmental kinetics for ¯oxuridine; at least a
fraction of the dose (³20%) left the tumor slowly, i.e.,
with a local half-life in excess of 0.5 h (up to 6 h) The
signal intensity for a given amount of drug was about 1
order of magnitude lower for tumors than for the s.c.
injection site.

The kinetic model used in this study (Fig. 1) is a
descriptive, highly simpli®ed model that was employed
mainly to allow calculation of the MRT of the parent
drug at the site of administration and the fraction con-
verted intratumorally to FU. This model neglects ¯ox-
uridine in the circulation as well as FU formed elsewhere
in the body (e.g., in the liver) because upon systemic
administration, ¯oxuridine is quickly converted to FU

[52], whereas FU is cleared from the blood so rapidly
(half-life 15 min [3]) that it is unlikely that, at any time,
appreciable amounts of ¯oxuridine or FU would build
up in the circulation from ¯oxuridine gradually leaking
from the intratumoral administration site. The model
also does not distinguish between the extracellular and
intracellular ¯uid spaces in the tumor because the signal-
time data recorded for ¯oxuridine indicate at most two
kinetic compartments with clearly di�erent scale and

Fig. 5 Estimated mean residence time (MRT) of ¯oxuridine at the
site of injection, all experiments (Bars Median MRT)

Fig. 6 In vivo [19F]-NMR signal of ¯oxuridine after s.c. injection
of 30 lmol ¯oxuridine: residuals from a ®tted monoexponential
disposition curve versus time after injection (Iobs Observed signal
intensity, Ipred signal intensity as predicted by the monoexponential
disposition model)
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exit rate parameters, whereas only one compartment can
be identi®ed for FU (Fig. 4.) It would be plausible, then,
to assume that the observed ¯oxuridine compartments
re¯ect well-vascularized and poorly vascularized tumor
regions [21, 22], although no distinction between di�er-
ent FU compartments can be made on the basis of these
data. Experiments involving a higher intratumoral dose
of ¯oxuridine, producing larger amounts of FU, might
reveal more details about intratumoral FU kinetics. The
model also relies on the assumption that the ratio of the
signals from equimolar amounts of ¯oxuridine and FU
is the same in vivo as that determined in vitro, which
would have to be veri®ed by additional animal experi-
ments if an unbiased estimate of the fraction of the dose
converted to FU is needed.

The long local half-life of FU (Table 1) indicates
intratumoral ``trapping'' [53]. Intratumoral catabolism
of FU must have been slow since the major catabolite,
a-¯uoro-b-alanine (FBAL), was found only in late sum
spectra obtained from three of six tumors. (Even this
small amount of FBAL might have been formed from
FU in the liver and then entered the tumor from the
circulation.) This is in line with the known low activity
of pyrimidine catabolism in the M3924A tumor, which is
one of the more rapidly growing Morris hepatomas [51].
No signi®cant FU nucleotide signal was found in any of
the spectra, including sum spectra obtained at 3±4 h
after injection (Fig. 3), which suggests that anabolism of
¯oxuridine or FU was either slow or absent. As to the
anabolism of FU, this can be explained by the obser-
vation that the FU concentration was low at all times;
the total amount of FU present in the tumor never ex-
ceeded 2 lmol (Fig. 4). The formation of minor
amounts of ¯uorinated nucleotides from ¯oxuridine or
FU cannot be ruled out, however, because ¯oxuridine
and FU nucleotide signals would have been di�cult to
resolve in the NMR spectra (Fig. 3); ¯oxuridine:
d = )90.0 ppm; FU nucleotides: d = )89.1 to
)89.2 ppm [1]. Analyses of tissue extracts would prob-
ably provide a more de®nite answer to the question as to
whether this tumor anabolizes ¯oxuridine or FU; they
could also show anabolites that might be incorporated
into RNA or DNA or be bound to thymidylate syn-
thase.

Linear two-compartment models have been used to
describe the disposition of phenol red from the tissue-
isolated rat Walker 256 carcinoma after intratumoral
injection [46], the residence time distribution of deute-
rated water (D2O) in the tissue-isolated rat mammary
adenocarcinoma R3230AC after intraarterial injection
[14], and the intratumoral concentration-time course of
the NMR contrast agent gadopentetate in human
mammary carcinomas and ®broadenomas after i.v.
injection [42]. This heterogeneity of intratumoral phar-
macokinetics has been attributed to the existence of well-
perfused and poorly perfused regions within solid
malignant tumors [13, 18, 22]. The fast and slow dis-
position rate constants in our tumors with biexponential
drug disposition (Table 1, tumors 1, 3, 4, and 6) di�ered

by about 1 order of magnitude; the same di�erence has
been observed between the fast and slow exit rate con-
stants of D2O in the rat mammary adenocarcinoma
R3230AC [14]. All of these data suggest that many solid
malignant tumors contain regions where drug exchange
between blood and tissue is rather slow.

This study shows that NMR spectroscopy in vivo can
be a highly e�ective tool in studying the local disposition
kinetics of a ¯uorine-containing drug after intratumoral
or s.c. injection. The notorious sensitivity problem of
in vivo NMR is greatly alleviated in this application; with
¯oxuridine an injected dose of only 2.5% of the reported
i.p. 50% lethal dose (LD50, 1,600 mg/kg [38]) is su�cient
for a satisfactory characterization of local kinetics with
both modes of administration. There is one report of a
study where the release of FU from a gel injected into
basal-cell carcinomas was monitored in a patient by
[19F]-NMR [54]. Subcutaneous injection experiments
could be particularly useful for systematic in vivo
investigations of drug release from depot preparations
because, with drug solution the MRT at the site of
application is short and variability is low (Fig. 5).
Measurement of retardation e�ects upon intratumoral
injection can be expected to be more di�cult because in
the tumors used in this study the local MRT after int-
ratumoral administration of the drug solution was highly
variable and lasted for up to several hours (Fig. 5).

Poor vascularization in parts of solid tumors can be an
advantage when a drug is injected intratumorally because
it will keep the drug right at the supposed site of action for
a long period. The same situation is a problem when a
drug is given systemically because distribution into the
poorly vascularized tumor regions may not be completed
before the drug concentration in the circulation falls be-
low an e�ective level. Thus, there are pharmacokinetic
reasons to expect that intratumoral administration of
cytostatics could be a useful supplement to systemic drug
administration. Successful treatments of small hepato-
cellular carcinomas by local ethanol injection (for a
review see [6]) and of basal-cell carcinomas by local
injection of an FU-containing gel [36] show that
intratumoral drug application can be e�ective.
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