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Since 5-tluorouracil (5-FU) was synthesized in the late
1950s it has become an important component of many
anticancer treatment regimens. The increasing volume of
literature accumulating about this drug is evidence that
the optimal administration schedule and its combination
with modulators has yet to be determined. Much of the
investigation of 5-FU, particularly in the clinical setting,
has been in the development of administration schedules
based on plasma pharmacokinetic data. Particularly with
the development of modulators of 5-FU, investigators are
looking more closely at its intracellular tissue pharma-
cology and metabolism. To study the tissue metabolism
of 5-FU (and other drugs), patients often have to be
willing to undergo invasive procedures, sometimes with
significant discomfort, usually with little direct benefit to
their management. The abllity to conduct an investigation
of the cellular effects of a drug in both tumor and normal
tissue non-invasively will not only be more acceptable to
patients, resulting In better compliance to protocols, but
wlll give information about the in situ tissue which is not
subject to the problems of invasive sampling techniques.
Magnetic resonance spectroscopy is a non-invasive tech-
nique that has recently started to show potential in the
area of investigating 5-FU metabolism and its impact on
tumor and patient outcome. Further development of this
method may ultimately have an impact on the investiga-
tion of any new anticancer agent.

Key words: Cancer, 5-fluorouracil, in vivo '°F magnetic
resonance spectroscopy.

introduction

Nuclear magnetic resonance (NMR) was first de-
monstrated in 1937 by Lazarew and Schubnikow;
however, it was not until 1966, with the develop-
ment of Fourier transform NMR by Ernst and An-
derson,! that the technique became available to
biochemists. Further development of magnet tech-
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nology led to NMR of intact biological tissues, which
then progressed independently to imaging and
spectroscopy. The first whole body image was de-
monstrated in 1977 while the first clinical demon-
stration of in vivo spectroscopy occurred in 1981.%
Since then the development of imaging and spec-
troscopy have converged with the intention of a
wider application of these two similar techni-
ques. Following the introduction of NMR into the
clinic the nomenclature was modified slightly to
remove the word ‘nuclear’ and thus any connota-
tions of radioactivity. Thus much of the basic phy-
sics and in vitro biological literature refers to NMR
while clinical reference to this technique is to MRS
(MR spectroscopy) or MRI (MR imaging).

MRS is possible with a variety of nuclei that ex-
hibit magnetic properties, one of which is fluorine-
19 (*F). When this is substituted for a hydrogen
atom in the pyrimidine ring of uracil, it forms 5-
fluorouracil (5- FU), which exerts a cytotoxic anti-
metabolite effect in cells. 5-FU has now been widely
used in cancer chemotherapy for over 30 years, yet
its metabolism and mechanisms of action on target
tissues are incompletely understood, thus further
refinement of administration strategies is still desir-
able. The plasma pharmacokinetics of 5-FU gener-
ally do not accurately predict its antitumor effects,?
whilst analysis of tumor biopsies for 5-FU is often
not clinically feasible nor representative in a large
heterogeneous tumor mass. '°F MRS, however, is
able to identify 5-FU and its metabolites in both
tumors and normal tissues in situ, non-invasively
obtaining kinetic and metabolic information in real
time. Positron emission tomography (PET), another
technique with considerable potential for monitor-
ing the tissue distribution of drugs, can provide
more sensitive detection of the short half-life
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(110 min) positron emitting '°F isotope when ad-
ministered as a component of 5-FU. However in
contrast to '’F MRS, 'F PET cannot separate 5-FU
from its metabolites. The short half-life of '°F further
limits studies of long-term infusional metabolism.
This article will review the in vivo '°F MRS litera-
ture after providing the reader with a basic intro-
duction to the principles of NMR and a review of the
relevant 5-FU pharmacology. The use of 'F MRS for
investigating the normal tissue and tumor metabo-
lism of 5-FU, and its modulation will be discussed
both from a preclinical and clinical perspective.

Basic principles of NMR

The aim of this discussion is to provide the reader
with sufficient insight into the principles of NMR to
enable an understanding of its biological applica-
tions. The discussion is not designed to be compre-
hensive as there are several excellent reviews
elsewhere.*® All nuclei are positively charged but
only those with an odd number of neutrons or pro-
tons demonstrate a net spin. The combination of
charge and spin results in a magnetic moment
which is specific to that nucleus. The spin of a
nucleus is a vector composed of the sum of the
spins of the individual neutrons and protons com-
prising the nucleus. In the absence of an external
magnetic field, the magnetic moments of these nu-
clei in a sample will have random orientations and
thus have no resultant net magnetic moment. How-
ever, if the sample is placed in a magnetic field, the
magnetic moments will tend to align themselves
with or against the direction of the magnetic
field. The nuclei used widely in biological NMR,
'H, 3'P, 13C and '°F, have a net spin of 1, such that
the magnetic moment of the nuclei will be oriented
either in the direction (spin up) or opposite the
direction (spin down) of the external field. The
spin up and spin down states represent two energy
levels of the nucleus, low (with the field direction)
or high (opposite the field direction), and a transi-
tion between the two states can be induced by
radiofrequency signals at the Larmor frequency,
having an energy equal to the difference between
these two energy levels. This energy is small and
proportional to the strength of the external magnetic
field. The net sample magnetization is the very small
difference between the populations of the spin up
and spin down states. For this reason magnetic
resonance is a weak phenomenon, utilizing the
signal only from some three in every million nuclei.

To begin to illustrate the behavior of magnetic
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nuclei in an external field the example of a single
proton will be used. Initially the net magnetic mo-
ment (m) of this proton is oriented in the same
direction as the external magnetic field (Bo), which
by convention is labeled as the z (or vertical) axis
and is represented by an arrow in Figure 1. If an
oscillating magnetic field of appropriate frequency
is applied perpendicular to this vertically oriented
magnetic moment then there will be precession
about the equilibrium position. Precession can be
illustrated by imagining the arrow representing the
magnetic moment tipping away from the vertical
and describing an ever increasing angle, while con-
tinuing to rotate—effectively spiralling down into
the xy plane around the z axis. For the sake of
clarity, Figure 1 omits the rotational motion—de-
scribing behavior as viewed by an observer rotating
at the Larmor precession frequency. The net result is
that the arrow tips downwards towards the horizon-
tal plane. The horizontal component of the magnet-
ic moment will continue to increase until it equals
m, thus at that time there will be no magnetic mo-
ment in the vertical or z axis direction (the direction
of Bo). The angle at which the moment is tipped
away from the vertical depends on the amplitude
and duration of the horizontally applied oscillating
magnetic field. As the frequencies of these oscillat-
ing fields are in the radiofrequency region of the
spectrum (10° cycles/s or MHz), they are referred to
as RF pulses. When the RF pulse is switched off the
magnetic moment will gradually return to the ori-
ginal equilibrium position along the zdirection. The
horizontal component of the magnetic moment will
induce a current in a receiving coil providing the
NMR signal which is the basis of the NMR experi-
ment.

At this point it is convenient to consider a collec-
tion of identical nuclei in an external magnetic field
(Bo). The sum of the magnetic moments of these
nuclei will give a net moment, M, in the z axis. As
with a single proton, if a suitable RF pulse tips this
moment into the horizontal (xy) plane, the net mo-
ment will precess in that plane. In practice, how-
ever, the individual nuclei contributing to the
summed moment, M, will not precess at the same
frequency for two reasons. Firstly, the external mag-
netic field is not perfectly homogeneous throughout
the sample resulting in minor variations in its
strength. Secondly, many molecules, particularly
dipolar water molecules, exhibit a weak magnetic
field. The z component of this field will fluctuate in
strength affecting neighboring nuclei. Both these
factors will alter the Larmor frequency of individual
nuclei, eventually resulting in the direction of the
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Flgure 1. The sequence of events illustrating the effects of a 90° RF pulse at the Larmor frequency, on the magnetization M
of a sample in an external magnetic field Bo, parallel to the z axis. The RF pulse tips M away from the z axis while
continuing to rotate around it, thus describing a spiralling course down until M is completely in the xy plane. As the
NMR signal is derived from the xy component of M, the FID signal will be of maximum amplitude at this point. Because
M is a collection of individual nuclear components (m), which are subject to slight variations in Bo and to the effects of
surrounding molecular fields, these components will all rotate in the xy plane at different rates, ultimately dephasing and
cancelling the net moment Mxy to zero. This results in an exponential reduction in the envelope of the FID signal, the rate
being governed by T, decay and by additional dephasing due to sample susceptibility. During this decay process in the xy
plane the sample magnetisation M simultaneously returns to the equilibrium position in the z axis due to the continuing
effect of Bo. The time taken to return to this equilibrium, known as the T, time, is longer than the T time. Figure reproduced

with permission.’

individual nuclear moments being completely de-
phased and evenly distributed. As a result the hor-
izontal component of M returns to zero.
Remembering that the measured NMR signal results
from the horizontal component of M, following an
RF pulse, the envelope of the signal will show an
exponential reduction as the horizontal compo-
nents of M dephase and gradually cancel each
other out. The signal is known as the free induction
decay (FID). The exponential decay of this signal is
a result of both T, relaxation processes and addi-
tional dephasing due to magnetic field inhomogene-
ities. As the name implies the FID signal is the result
of progressive phase incoherence (in the horizontal
plane), in the absence of the RF pulse, with resultant
decay in the signal. The vertical component of M,
after initially dropping to zero following the 90° RF
pulse, will also return to equilibrium (i.e. with M
aligned with Bo). This return to equilibrium is slow-
er than the development of complete phase inco-
herence of the horizontal components. Again this
decay is exponential characterised by a constant T,
(or T, relaxation).

Different elements or isotopes have characteristic
Larmor precession frequencies, determined by their
gyromagnetic ratio and the magnetic field strength.
At 1.5 Tesla, the field strength commonly used for in
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vivo clinical spectroscopy, the resonant frequencies
of 'H, 3'P and !°F are about 64, 26 and 59 MHz,
respectively. Different molecular forms of a
particular isotope have characteristic small ‘chemi-
cal shifts’ in frequency compared with a reference
frequency. This chemical shift is a result of the
molecular electron cloud generating a small in-
duced screening field that modifies the magnetic
field experienced by the nucleus. By measuring
the different frequencies excited by the NMR experi-
ment, the different molecular forms of an isotope
can be distinguished and monitored.

The FID signal observed in an NMR measurement
is a variation in signal amplitude with time. Whilst
the signal may be comprised of different frequen-
cies these cannot be readily distinguished; however,
the mathematical operation, known as a Fourier
transform, converts this time signal to a frequency
spectrum. In order to standardize the observed re-
sonant frequencies of various nuclei at different
external magnetic field strengths a calculation is
performed using the formula:

chemical shift =

10° [frequency of molecule — reference frequency]
[reference frequency]




Because the difference in the numerator will be in
Hz and the denominator is MHz the standardized
frequency will have no unit but is expressed as parts
per million (p.p.m.) because of the convention to
multiply the value by 10° to obtain a sensible num-
ber. This value is referred to as the chemical shift.
The example spectra included in this review are
drawn from published work where authors have
used different reference frequencies, depending
upon the equipment and experiment. Therefore,
although the relative separation of peaks (in
p.-p-m. is constant, the absolute frequencies are ar-
bitrary. The most easily detected signal is that from
'H in NMR. The NMR sensitivity of the other nuclei
can be expressed relative to the 'H sensitivity. The
NMR sensitivity of '°F is 0.83, nearly that of 'H (1.0),
and greater than >'P (0.066) and '>C (0.016). Where
the natural isotopic abundance is less than 100% the
sensitivity is further reduced. 'F is the naturally
abundant form of fluorine and the NMR visible
levels of fluorine in the body are very low. This
makes MRS an attractive method for monitoring
injected '’F-compounds such as the anticancer
fluoropyrimidines.

Anticancer fluoropyrimidines

With its synthesis by Heidelberger and colleagues’
in the 1950s, 5-FU became the first rationally
designed anticancer drug to have a role in the
clinic. Since then it has become the most widely
used cytotoxic agent with significant roles in the
treatment of most gastrointestinal malignancies,
squamous tumors of the head and neck, and
adenocarcinoma of the breast. Because it remains
the only drug with significant activity in colorectal
adenocarcinoma, much of the investigational work
done with 5-FU has been in patients with this tumor
type. Despite over three decades of experience,
however, there is still much to be learnt about its
mechanism of action and optimal delivery. 5-FU is
derived from the naturally occurring pyrimidine
uracil, by substituting the hydrogen at the 5-carbon
position in the pyrimidine ring, with a fluorine atom.
It is this fluorine substitution that has made 5-FU and
its deoxyribonucleoside derivative 5-fluorodeoxy-
uridine (FdUrd), of interest to investigators in the
field of MRS. The pharmacology and metabolism of
5-FU and its modulators are briefly reviewed as a
background to the later discussion of the MRS ex-
perience. For further information the reader is re-
ferred to other reviews on this specific topic.®”’
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Metabolism of 5-FU

The activation or anabolism of 5-FU can occur via
two main pathways to form either ribonucleotides
or deoxyribonucleotides (see Figure 2). Formation
of ribonucleotides can occur by two different path-
ways. The first is by conversion of 5-FU to fluoro-
uridine monophosphate (FUMP) after addition of a
ribose phosphate [donated by phosphoribosylpyr-
ophosphate (PRPP)] which is catalyzed by orotic
acid phosphoribosyltransferase (OPRTase). The
other is by conversion via a two-step path, initially
to fluorouridine (FUrd) via uridine phosphorylase
and then by uridine kinase to form FUMP. Although
allopurinol inhibition of OPRTase reduces toxicity
to bone marrow and gastrointestinal mucosa,'® sug-
gesting that this pathway is important in the normal
tissue effects of 5-FU, there is no clear evidence that
one or the other pathway is specific for antitumor
activity. FUMP is further metabolized into fluorour-
idine diphosphate (FUDP) and triphosphate (FUTP)
by uridine monophosphate (UMP) kinase and uri-
dine diphosphate (UDP) kinase, respectively. Ulti-
mately FUTP is misincorporated into RNA by RNA
polymerase.

The second main activating pathway for 5-FU is
the formation of deoxyribonucleotides. 5-FU is con-
verted to FdUrd by thymidine phosphorylase after
which thymidine kinase (TK) converts it to fluoro-
deoxyuridine monophosphate (FAUMP). FdUMP
can also be formed from FUDP in the RNA directed
pathway which, after conversion to FAUDP by ribo-
nucleotide reductase, is dephosphorylated. From
FAUMP is produced FAUDP and FAUTP by pyrimi-
dine monophosphate and triphosphate kinases, re-
spectively. FAUTP is then misincorporated into DNA
by DNA polymerase. The more important effect of
the deoxyribonucleotide pathway, however, is the
effect of FAUMP on thymidylate (thymidine mono-
phosphate) synthase (TS). The fluorine substitution
enables binding to TS but the reaction does not
proceed to the formation of thymidine mono-
phosphate, thus a stable binary complex is
formed, effectively blocking the enzyme. This com-
plex becomes even more stable in the presence of
excess 5,10-methylene tetrahydrofolate (CH,THF)
thus forming a ternary complex. Much of the cur-
rent research into 5-FU cytotoxicity is directed at
altering its schedule of administration and its com-
bination with various modulators to optimize one or
more of these different mechanisms of action.

Although catabolism of 5-FU occurs in a variety of
tissues as a result of the enzyme dihydropyrimidine
dehydrogenase (DHPD), the most important site of
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Figure 2. 5-FU metabolism. The various routes by which 5-FU is metabolized: (i) by catabolism to non-cytotoxic compo-
nents DHFU, FUPA, FBAL and F; (ii) anabolism to FUMP with eventual incorporation into RNA; (iii) anabolism to FQUMP
with inhibitory effects on enzyme TS; and (iv) incorporation into DNA. Abbreviations: DHFU, dihydrofluorouracil; FUPA
fluoro-ureido propionic acid; FBAL, fluoro-B-alanine; DHPD, dihydropyrimidine dehydrogenase; ThdPase, thymidine phos-
phosylase; UrdPase, uridine phosphosylase; TK, thymidine kinase; UrdK, uridine kinase; OPRTase, orotate phosphoribo-
syltransferase; FUMP, fluorouridine monophosphate; FUDP, fluorouridine diphosphate; FUTP, fiuorouridine triphosphate;
FAUMP, fluorodeoxyuridine monophosphate; FAUDP, fluorodeoxyuridine diphosphate; FAUTP, fluorodeoxyuridine tripho-
sphate; dUMP, deoxyuridine monophosphate; TS, thymidylate synthase; CH,THF, methylene tetrahydrofolate; dTMP,
deoxythymidine monophosphate; dTMPK, dTMP kinase; dTDP, deoxythymidine diphosphate; dTTP, deoxythymidine tri-

phosphate.

inactivation is in the liver. This enzyme, which be-
comes saturated above 5-FU concentrations of
50 uM, catalyzes formation of dihydrofluorouracil
(DHFU).” Further catabolism results in the forma-
tion of fluoroureidopropionic acid (FUPA) which in
turn forms fluoro-#-alanine (FBAL) then carboxy-
fluoro-B-alanine (CFBAL) and ultimately fluoride
(F)

'F MRS appearances of 5-FU
metabolites

In NMR terms '°F has a wide chemical shift range,
which means that different molecular forms will
have resonant frequencies covering a wide range
relative to its natural frequency. Despite this wide
chemical shift there are still problems with specifi-
city. MRS studies can be performed in a variety of
samples ex vivo (or in vitro) and in living systems in
vivo. The quality of the spectrum obtained from ex
vivo analysis of an extracted biological sample is
superior to similar analysis of non-extracted plas-
ma, urine or other tissues (see Figure 3; showing in
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vivo and non-extracted ex vivo spectra). The reason
for this is that the extraction technique removes
most of the proteins and their associated electron
clouds, reducing the effect which they have on the
local homogeneity of Bo. This results in a signal
with a narrow peak width which is more easily
separable from peaks with closely similar peak fre-
quencies. MRS of plasma and non-extracted tissues
is associated with an increased line width, although
urine is generally free of a significant protein con-
tent, so peaks are usually well defined and narrow
(see Figure 4). Animal and patient studies are fur-
ther complicated by the need for a magnet bore
large enough to accommodate the subject. The in-
creased bore is associated with greater variations in
the achievable external magnetic field homogeneity
even before the subject is introduced. This, in ad-
dition to the local inhomogeneities of Bo induced
by the electron cloud variations in the subject, leads
to further widening of the peaks. Although the aim
is to use this technique in vivo, because of these
increases in magnetic field inhomogeneities, speci-
ficity is reduced. Figure 5 shows the position of the
frequencies of the 5-FU metabolites that have been
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Figure 3. Examples of '°F MRS studies of experimental
tumors following FdUrd (FUDR) administration: (a) ex vivo
at 11.7 T study of an excised tumor at 11.7 T; (b) in vivo
study of a tumor in the hind leg of a Wistar rat at 7 T.”®
Absolute frequencies are arbitrary. Reproduced with per-
mission.

FBAL

FUPA

F~ SFT \5FU DHFU

Figure 4. '°F MRS examination (11.7 Tesla magnetic field)
of a sample of urine from a patient receiving 5-FU as a
continuous i.v. infusion (300 mg/m?/day). The urine was
spiked with a known quantity of 5-fluorotryptophan (5-
FT), to enable quantitation of the metabolites. Absolute
frequencies are arbitrary. Analysis performed by R Max-
well and P McSheehy.

detected using in vitro '°F MRS in this case with 5-
FU as the reference frequency at 0 p.p.m."!

The catabolites are readily distinguished from
5-FU with chemical shifts as follows; FUPA,
—17.2 p.p.m,; FBAL, -19 p.p.m; FUH2,
—32.5 p.p.m,; and F~, +50 p.p.m. compared with
5-FU. The anabolites are more difficult to distin-
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Figure 5. The chemical shifts of the fluoropyrimidines and
their metabolites at pH 7, expressed as parts per million
(p.p.m.), using the 5-FU frequency as the reference va-
lue. (Modified after McSheehy and Griffiths'' with permis-
sion.)

guish from each other as they give signals in only
two distinct chemical shift regions: the ribose and
2’-deoxyribose analogs of 5-FU give signals at
3.8 p.p.m. (referred to as Fnucs) and all the phos-
phorylated ribose and deoxyribose analogs (FUMP,
FUDP, FUTP, FAUMP, FdUDP and FAUTP) have !°F
resonances at about 5 p.p.m. from 5-FU (referred as
Fnuct) i.e. in vivo '°F NMR cannot distinguish be-
tween the two cytotoxic metabolites, FAUMP and
FUTP.'? As the distinction between Fnuc and Fnuct
is frequently not made by some investigators they
are referred to here collectively as Fnuc.

A measure of the amount of ternary complex
formed between FAUMP and TS in relation to the
amount of free TS may provide a true indicator of
the cell’s response to FAUMP. This ternary complex,
studied by in vitro NMR, was shown to have a
chemical shift 12.4 p.p.m. upfield from FAUMP '3
and so can be resolved from the Fnuc and 5-FU
peaks. A broad peak was observed in a human
pancreatic cell line following incubation of the cells
with high concentrations of 5'FdUrd by Malet-Mar-
tino et al.'* The detection of a peak that may cor-
respond to ternary complex formation, indicates
that the complex may be present in sufficiently
large quantities to be identified with MRS; how-
ever, this peak has not been reported by other work-
ers and may only occur in that particular cell line.
Other workers have reported levels of TS in the nM
range'>'® whereas the amount of FAUMP-TS com-
plex found by Malet-Martino et al. '* must have
been at least 0.1-1.0 mM.

Ribonucleotides are generally present in cells in
concentrations about two orders of magnitude high-
er than their deoxyribonucleotide counterparts.'’
This would suggest that the majority of any NMR
detectable Fnuc #n vivo, would consist of FUMP,
FUDP and FUTP. McSheehy et al'? found in the
Walker carcinosarcoma model that 50% of the Fnuc

Anti-Cancer Drugs - Vol 5 - 1994 265



In vivo monitoring of fluoropyrimidine metabolites

signal was due to FUTP. The significance of these
results is that NMR is most likely to be able to assess
the extent of tumor toxicity mediated through FUTP.

Cellular transport

5-FU appears to use the same transport system as
uracil; however, as there is no evidence of tempera-
ture or energy dependence, it does not appear to be
an active process. Despite this, 5-FU will accumu-
late in human tumors at up to 10 times the plasma 5-
FU level between 4 and 48 h after i.v. bolus admin-
istration.'® This accumulation may be related to the
pH-dependent transmembrane passage of the ion-
ized form of 5-FU (the pK of 5-FU is 8.0).'” FdUrd,
unlike 5-FU, uses the nucleoside transport system.
This step is rapid and not rate-limiting, with intra-
cellular phosphorylation the critical step in further
nucleotide formation.?

Pharmacology

5-FU has been administered using a variety of
routes—oral, intravenous (systemic and portal),
intra-arterial and intraperitoneal. Oral administra-
tion results in peak plasma concentrations within
1 h; however, bioavailability can be erratic and de-
pendent on the dose administered, suggesting sa-
turable first pass liver metabolism.?! This is reflected
in the inferior antitumor activity seen in studies
comparing this to the intravenous route.*? For this
reason the oral route is no longer used while the
intravenous route is favored. Following intravenous
bolus injection of 5-FU at conventional doses (400-
600 mg/m?) the primary elimination half-life shows
interpatient variability in the range of 10-20
min.**** The clearance of 5-FU reduces with in-
creasing dose of administration suggesting satura-
tion of anabolic or catabolic metabolism.**

An estimated 90% of 5-FU elimination is through
metabolism while less than 5% is excreted via the
kidney.?> However, only 50% of metabolism occurs
in the liver while metabolism at extrahepatic sites
such as kidney and lung have been reported.*® The
initial step in the catabolism of 5-FU—reduction of
the pyrimidine ring by DHPD to form 5',6’-dihydro-
fluorouracil (DHFU), which is saturable above
50 uM—may explain the dose-dependent pharma-
cokinetics of 5-FU.”

There is an increasing interest in altering the sche-
dule of i.v. administration of 5-FU from bolus to
short- or long-term infusions. Cell line studies have
shown greater inhibition of colony formation with

266 Anti-Cancer Drugs - Vol 5 - 1994

prolonged exposure to 5-FU."" Clinical studies have
shown less myelosuppression despite the develop-
ment of equivalent mucositis in patients treated with
5-FU at 1100 mg/m?*/day for 4 days when compared
with a bolus schedule.®' Seifert et al % randomized
patients with colorectal cancer to either 5-FU
(450 mg/m? days 1-5 q 28 days) or 5-FU
1100 mg/m?/day, day 1-5 infusion. The tumor re-
sponse rate (44 versus 22%) and patient survival (8
versus 2 months) favored infusional 5-FU. Another
clinical trial in patients with advanced colorectal
cancers compared the IV bolus 5-FU (450 mg/m?
days 1-5) schedule to iv. protracted infusion
(300 mg/m?/day).?” The results show less myelo-
suppression and stomatitis but increased erythro-
derma of the hands and feet in the infusion arm.
Moreover, the tumor response rate was higher in the
infusion arm (30 versus 7%). These studies suggest
the mechanisms of 5-FU induced toxicity may differ
in different normal tissues and that schedule mod-
ifications may improve anti-tumor activity.
Hepatic arterial infusions of 5-FU and FdUrd have
been used in an attempt to enhance delivery of drug
to tumors while minimizing systemic exposure.
Available data suggest that rapid i.a. infusion of
5-FU (1g/m?%/day) results in 20-60% hepatic extrac-
tion and high systemic availability while slower
rates of infusion (780 mg/m?*/day) result in hepatic
extraction of 90% and low systemic availability **2°
The concept of regional i.a. treatment which also
allows therapeutic systemic exposure is attractive;
however, to date the results of randomised studies
are mixed.” Intrahepatic infusions using the portal
vein have been used as adjuvant treatment for colon
cancer. The assumption is that early and small vo-
lume metastases to the liver will derive blood sup-
ply via this route as opposed to larger lesions which
will be supplied from the hepatic artery supply.
Again the benefit of this manoeuver is yet to be
consistently demonstrated. Intraperitoneal infu-
sions of 5-FU have the advantage of high drug ex-
posure to the peritoneum and liver (via the portal
vein) relative to systemic exposure. A 2-3 log dif-
ference between peritoneal and systemic plasma 5-
FU concentrations has been documented; however,
when the dose of i.p. 5-FU was escalated, clearance
decreased and systemic exposure rose.!

Modulation of 5-FU metabolism

A variety of agents, referred to here as modulators,
have been used in conjunction with 5-FU with the
intention of either enhancing tumor cytotoxicity or



reducing normal tissue effects of 5-FU. Some of
these modulators, those that have been studied
using 9F MRS, will be discussed here; however
more comprehensive reviews of 5-FU pharmacolo-
gy and modulation are found elsewhere ?*

Leucovorin. Maintaining high intracellular levels of
reduced folates will minimize their dissociation
from the ternary complex and thus maximize the
TS directed effects of 5-FU. Folinic acid (leucovorin;
NS-formyltetrahydrofolate; CHO-FHy), following
intravenous injection, is rapidly metabolized to 5-
methyl-FH4 (CH3-FHy), transported into the cell by
the reduced folate carrier and subsequently poly-
glutamated by folylpolyglutamyl synthase. Ulti-
mately, 5,10-methylene tetrahydrofolate (CH,-
FHy), the cofactor for TS, is formed. There is now
a large volume of clinical data regarding this mod-
ulator, particularly in colorectal cancer. This com-
bination appears to show greater antitumor activity
than 5-FU alone, however, the impact on survival in
colorectal cancer patients is less clear.’?

Methotrexate. Methotrexate has been combined
with 5-FU in various schedules in an attempt to
enhance cytotoxicity. When methotrexate is given
prior to 5-FU it increases formation of FUTP by
expanding the intracellular pool of PRPP thus en-
hancing conversion of 5-FU to FUMP by OPRTase.>’
However, through its inhibition of dihydrofolate
reductase (DHFR), methotrexate prevents the con-
version of dihydrofolate (FH;) to CH,-FHy, required
for TS-FAUMP stability. In addition the resultant
increased intracellular dUMP competes with
FAUMP for TS.>* The reduction in reduced fo-
lates, however, is not thought to be complete and
so these negative effects are outweighed by the
enhancement of FUTP formation. Reversal of the
sequence such that 5-FU is given before methotrex-
ate results in an initial inhibition of thymidylate
synthesis by FAUMP. The impact of the methotrex-
ate induced block in the conversion of FH, to FHy,
which inhibits de novo purine synthesis, is then
reduced because the 5-FU induced inhibition of
thymidylate synthesis coincidentally results in a
reduction in FH, levels.>*

Interferon (IFN)-a. Despite a recent increase in
interest in the use of IFN-a to modulate 5-FU me-
tabolism, as yet no well defined mechanism has
been agreed. Current evidence suggests IFN may:
increase intracellular FAUMP levels,®®> perhaps by
favoring its formation or interfering with its catabo-
lism; impair thymidine transport and thymidine ki-
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nase activity;*® prevent 5-FU induced upregulation

of T$;*” enhance incorporation of FAUTP into
DNA.?® Alterations in 5-FU pharmacokinetics with
IFN-a have been documented although this may be
schedule dependent.**~*' Phase II studies suggest
increased antitumor activity and reversal of 5-FU
resistance;">"*> however, preliminary reports of
phase III studies reveal no significant impact on
5-FU activity.*®

Thymidine. Thymidine, after being metabolized by
thymidine phosphorylase to thymine, competes
with 5-FU for the catabolic enzyme DHPD. This
results in decreased 5-FU breakdown and clearance,
thus increasing 5-FU toxicity. In addition, thymidine
replenishes the thymidylate pools, bypassing the
block in production induced by FAUMP. This and
the negative feedback of dTTP on ribonucleotide
reductase diminishing FAdUMP formation from
FUDP, effectively shifts the metabolism of 5-FU
to the RNA directed pathway.*’*® Clinical studies
have to date confirmed a significant increase in 5-FU
induced patient toxicity with thymidine addition.*®

Allopurinol. Allopurinol, by inducing a rise in orotic
acid levels, blocks conversion of 5-FU to FUMP by
competing for the enzyme OPRTase. Preclinical
models have found normal tissues but not tumor
tissues dependent on this step for 5-FU induced
effects. The rationale for clinical investigation was
that blockade of 5-FU conversion to FUMP via OPR-
Tase would save patient toxicity but the tumor
would still be able to convert 5-FU, initially via
uridine phosphorylase to FUrd then uridine kinase
to FUMP. Clinical studies have reported mixed
results with some showing an increase in tolerable
S-FU dose with allopurinol,®® while others found
increased neurotoxicity and an alteration in 5-FU
half- life.?' With no conclusive evidence of a main-
tained antitumor activity in patients when allopur-
inol is added to 5-FU systemically, the focus of this
drug’s use is as a mouthwash to minimize oral
stomatitis thus reducing systemic exposure.’? This
particular example of 5-FU modulation is ideally
suited to further investigation with in vivo '°F
MRS, both to examine the intra-tumoral effects and
to study normal tissue effects, e.g. in the brain.

Uridine. The use of uridine to rescue the RNA di-
rected effects of 5-FU is based on a rationale that
there are differences in its uptake and activation in
normal tissues as compared with tumor. The ex-
panded UTP pool induced by uridine has been
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associated with increased clearance of 5-FU from
RNA and DNA in both normal and tumor cells.
Because of a short half-life, uridine has been admi-
nistered as an i.v. infusion and by mouth, showing
evidence of reversal of 5-FU induced toxicity.**>* A
recent clinical study in upper gastrointestinal tu-
mors found uridine rescue enabled a 60% increase
in the tolerated dose of 5-FU (modulated by metho-
trexate).>® The initial protocol started the uracil 2 h
after the 5-FU; however, no tumor responses were
seen in the first 12 patients. Subsequently the 5-FU-
uridine interval was increased to 24 h and re-
sponses were then seen without any reduction in
normal tissue protection. This is an example of the
type of clinical investigation where 'F MRS could
have more accurately defined the uridine salvage in
tumor and normal tissue before formally testing the
dose-intensity hypothesis.

Monitoring 5-FU in normal tissues
with 'F MRS

"F MRS can increase the understanding of fluoro-
pyrimidine tissue metabolism, its kinetics and the
distribution of metabolites in patients. Ultimately
this may assist in developing new scheduling stra-
tegies, in optimizing the use of modulators and
individualizing treatment for a particular patient.
The majority of current studies in this field have
focused on monitoring the tumor metabolism of
5-FU. Most available normal tissue metabolism
data, both preclinically and clinically, relate to the
liver because of its primary role in fluoropyrimidine
metabolism. There is, however, the potential to use
this technique to examine tissues subject to specific
5-FU toxicities with the aim of identifying the of-
fending metabolite and subsequently countering its
action with a new strategy. Examples of this include
the 5-FU related cerebellar toxicity which is the
dose-limiting adverse effect in some 5-FU sche-
dules and possibly the differentiation of coinciden-
tal ischemic heart disease from 5-FU cardiac effects
which seldom respond to anything other than drug
discontinuation.

Preclinical studies of fluoropyrimidine
metabolism and kinetics

In 1984 Stevens et al.’® published the results of a
series of experiments examining 5-FU metabolism
in the C57 mouse using in vivo '°F MRS (Figure 6).

268 Anti-Cancer Drugs - Vol 5 - 1994

After placement of a surface coil directly on the
liver, an i.v. injection of 5-FU (30 mg/kg) was given
and its metabolism monitored. A signal from FBAL
was observed along with a second peak (initially
reported as probably being FUH; but later identified
as FUPA) appearing at 22 min and decaying over the
subsequent 3 h. No 5-FU signal was seen at this
dose but after injection of 180 mg/kg 5-FU, a 5-FU
signal was seen initially and decayed thereafter. At
the higher dose of 5-FU, signals from FBAL and
FUPA were both seen to increase during the same
time period that the 5-FU signal was reducing. No
active anabolic metabolites of 5-FU (Fnuct, Fnucs)
were seen in either experiment. Prior et al”’ asses-
sed liver metabolism in Wistar rats with 'F MRS
following i.v. bolus injections of 5-FU, 2'FdUrd,
and two 5-FU prodrugs 5'FdUrd and R, $-1-(tetra-
hydro-2-furyl)-5-fluorouracil ~ (Ftorafur)  which
work by first being converted to 5-FU. Following
injection of 5-FU, signals from both 5-FU and FBAL
were seen; however, after 2'FdUrd injection,
2'FdUrd was not visible after the first 2 min acqui-
sition, although FBAL was observed. Injection of the
prodrug 5'FdUrd produced signals corresponding
to 5-FU and FBAL. While injection of Ftorafur re-
sulted in an FBAL signal, no data was presented
suggesting the signals from 5-FU or Ftorafur were
visible. An activity time course was plotted using the
natural log of the peak areas with time and from this
a first order rate constant for elimination was cal-
culated, enabling a drug half-life in the liver to be
obtained. At a dose of 0.46 mmol/kg (60 mg/kg) 5-
FU, the t,, = 4.7 £ 0.6 min while at a dose of
0.92 mmol/kg (120 mg/kg) 5-FU the 1t,,=
9.5 * 1.6 min, consistent with saturable kinetics.
Following a 0.46 mmol/kg dose of 5'FdUrd its
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Figure 6. The first published example of a '>F MR spec-
trum obtained in vivo.® Using a C57 mouse with a
surface coil placed over the liver, the spectrum was col-
lected 54 min after injection of 5-FU (30 mg/kg) with thymi-
dine (180 mg/kg). Peak assignment as follows: (a) Fnuc,
(b) 5-FU, (c) FUPA and (d) FBAL. Absolute frequencies
are arbitrary. Figure reproduced with permission.

1

-70

—40



ti,2 was 15.520.8 min which was significantly long-
er than the molar equivalent 5-FU dose. The FBAL
production rate from 5-FU and 2'FdUrd appeared
similar while that from 5'FdUrd was moderately
delayed and that from Ftorafur was sustained for
at least 500 min. These results suggested that the
metabolism of 5'FdUrd and Ftorafur was limited by
the rate of conversion to 5-FU, the resultant con-
centration of which was small as no 5-FU signal was
seen. In addition to the metabolic observations, this
study demonstrated that 'F MRS can also provide
kinetic data non-invasively.

Sijens et al.”® studied C3H mice after i.p. injection
of 5-FU. Using three different doses of 5-FU (65, 130
and 260 mg/kg), they demonstrated half-lives in
liverof 23 *+ 4,28 * 2and 59 £ 7 min, respective-
ly. At the two higher dose levels Fnuc were seen to
accumulate for up to 205 min from the time of in-
jection. FUPA also accumulated over 205 min at the
highest dose, however; at the 130 and 65 mg/kg
doses, it peaked after 65 and 45 min, respective-
ly. The 5-FU kinetic data again demonstrated satur-
able kinetics with the rate limiting step of 5-FU
metabolism to FUPA being the conversion of 5-FU
to DHFU by DHPD, as there was no DHFU seen in
any experiment. Similarly the efficiency of FUPA
catabolism to FBAL increased with the smaller do-
ses of 5-FU. An interesting observation in this study
was of a small but significant reduction in liver pH
(0.04-0.08 pH units) during the period of exposure
to 5-FU. This was calculated from the observed
reduction in the chemical shift difference between
5-FU and Fnuc based on a previously determined
equation.’® Although it has been previously shown
in vitro that the chemical shift differences (relative
to 5-FU) of many of the Fnuc signals obtained from
5-FU-substituted tRNA are smaller at lower pH,* the
implications of this observation are still unclear.
Determination of the differences between intracel-
lular and extracellular pH changes in this setting
would be helpful. These investigators®® and oth-
ers®!, have also examined tumor pH and its effect
on 5-FU signal characteristics, with multi-nuclear
MRS (see later section).

5-FU induced cardiac toxicity has been investiga-
ted by Lemaire et al % using isolated perfused rab-
bit hearts. The previously postulated toxicity
mediated by fluoroacetate (FAC) formed by meta-
bolism of FBAL was tested. The findings, however,
suggested that FAC was formed, not from FBAL
which was present in significant quantity in the
heart, but from an impurity in the perfused 5-FU
solution, and that the FAC was associated with in-
creased cardiac effects. Urine collected in a parallel
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clinical study of 5-FU cardiac toxicity®® revealed
FAC was present both in patients with and without
cardiac symptoms. Although modification of the 5-
FU preparation protocol will reduce the presence of
FAC, the observation that the urinary FAC excretion
increased over the period of the 4-5 day 5-FU in-
fusion suggests a possible schedule dependent var-
jation in production. Discovery of an association
between cardiac effects and the presence of FAC
(or other metabolites), in any 5-FU schedule, could
lead to the development of an in vivo method for
monitoring this.

Preclinical studies of modulation of
fluoropyrimidine metabolism in normal
tissues

As mentioned in the earlier section on the biochem-
istry of fluoropyrimidines, their metabolism can be
altered by agents to either enhance anti tumor ac-
tivity or protect normal tissues. By studying fluoro-
pyrimidine metabolism in the liver while under the
influence of any of these modulating agents, '°F
MRS may be able to investigate the kinetics of the
process. To date, however, few studies have set out
to specifically look at the effects of modulation on
normal tissue—particularly liver. Stevens et al., 6 in
their original report on in vivo '°F MRS, were able to
demonstrate that the addition of thymidine
(180 mg/kg i.v.) to 5-FU (30 mg/kg i.v.) produced
signals in the liver compatible with an increase in
both 5-FU and Fnuc (Figure 6). Although the higher
dose of 5-FU (180 mg/kg) alone does produce a
larger 5-FU signal than 30 mg/kg 5-FU plus thymi-
dine, it does not produce Fnuc (thymidine was not
added to the higher 5-FU dose). In a more recent
study,®* the metabolism of 5-FU was examined in
C3H mouse liver after i.p. injection of 5-
FU * thymidine. After 5-FU (65 and 130 mg/kg)
administration, signals from 5-FU, FBAL and FUPA
were detected, with Fnuc seen only at the higher
dose. Pretreatment with thymidine (500 mg/kg i.p.)
was associated with additional signals of Fnuct and
Fnucs, but no FBAL. Thymidine pretreatment in-
creases the 5-FU half-life in liver from 24 * 2 to
126 * 46 min at 65 mg/kg 5-FU dose and 28 * 2
to 95 * 22 min at 120 mg/kg 5-FU dose. Both these
studies are consistent with a thymidine induced
inhibition of 5-FU catabolism and enhancement of
RNA directed anabolism (reviewed earlier). Using
Wistar Kyoto rats, Harada et al®® found pretreat-
ment with uracil (200 mg/kg i.p.) followed by i.v. 5-
FU (100 mg/kg) resulted in a larger 5-FU signal
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which had delayed clearance, reduced accumula-
tion of FBAL and more Fnuc formation in liver, when
compared to animals treated with 5-FU alone. From
this data the uracil effect appears to be due to in-
hibition of 5-FU catabolism. Investigation of the
effects of new and established modulators on the
metabolism of 5-FU in liver using 'F MRS will con-
tinue to improve the understanding of these inter-
actions at the tissue level. Further application to the
study of tissues that are known to suffer toxicity
from 5-FU, e.g. the brain and heart, may enable
investigation of intervention strategies that may
ultimately enable further dose escalation.

Clinical studies of fluoropyrimidine
metabolism and kinetics in normal
tissue

5-FU metabolism was first observed in vivo in the
liver of patients by Wolf et al.°® from the University
of Southern California in Los Angeles. Aftera 1.5 g
short i.v. infusion (10-15 min), using a 15 ¢m diam-
eter surface coil placed on the abdomen over the
liver while the patient lay in a 1.5 T MR system, a 5-
FU signal was seen initially which subsequently
decayed while an FBAL signal increased (see Fig-
ure 7). Several reports from other institutions fol-
lowed this study.67_69 From Heidelberg in Germany,
Semmler et al *® studied eight patients who received
a bolus of 5-FU into the gastroduodenal artery to
treat tumors of the liver. Using a 15 ¢m surface coil,
signal was detected from the underlying liver. Both
5-FU and FBAL signals were seen in these patients,
while in one an additional signal was seen at a
frequency consistent with Fnucs and Fnuct. At that
time, however, no spatial localization method was
available so the signal detected came from both
normal liver and tumor.

From the same group, Port et al”® monitoring
using patients with liver metastases receiving short
i.a. 5-FU infusions (10 min), applied resultant '°F
MRS data to a kinetic model. Without knowing the
exact tissue being examined (i.e. normal liver or
tumor or both) because of localization limita-
tions, a liver 5-FU catabolism model was used. The
5-FU spectra and total catabolite (FBAL plus FUPA)
spectra were found to fit a non-linear three com-
partment model. This method can provide absolute
values for param-eters such as half-life and maximal
velocity of metabolic conversion; however, because
'°F MRS only provides relative tissue concentrations
(tissue concentration is proportional to peak area)
other pharmacokinetic parameters are not absolute.
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Figure 7. The first published example of a '°F MR spec-
trum obtained from a patient in vivo.5® Using a 1.5 Tesla
MRI system and a surface coil placed over the patient’s
liver, a series of spectra were collected at intervals follow-
ing i.v. injection of 5-FU and displayed as a three-dimen-
sional stack-plot. Absolute frequencies are arbitrary.
Reprinted from Magnetic Resonance Imaging (1987) with
kind permission from Elsevier Science Ltd.

Further application of modeling to other infusion
schedules will further increase the strength of the
'F MRS data, particularly with improvements in
localization.

Early work from our unit®” was directed at exam-
ining the tissue pharmacokinetics of 5-FU in liver
using '"F MRS. Patients given i.v. 5-FU developed a
corresponding signal in liver which in some cases
decayed over 60 min. In contrast, intraperitoneal
administration resulted in a delayed 5-FU signal
which was still increasing at 60 min. The catabolite
FBAL was seen to appear by 20 min after either
route of administration. Because of the presence
of 5-FU within the peritoneal cavity and its poten-
tial to lie between the 17 cm surface coil and the
liver surface, contamination of the spectra was pos-
sible. For this reason a patient having i.p. 5-FU was
studied using the ‘fast rotating gradient selection’
(FROGS) sequence’’ adapted for use with fluorine.
This technique effectively suppressed signal from
superficial areas (abdominal wall and 5-FU contain-
ing peritoneal space (see Figure 8). The results of
this manipulation revealed that, in one case, intra-
peritoneal 5-FU was contaminating the detected
liver signal. This was not a problem with the FBAL
signal because its metabolism from 5-FU occurred
only within the liver and not in the peritoneal cavity.

More recently our group has been investigating
the monitoring of continuous ambulatory 5-FU in-
fusions with '°F MRS. We have studied 19 patients
with normal livers every 2 weeks from the begin-
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Flyure 8. An example demonstrating the contamination of
a "°F MR spectrum by 5-FU lying within the intraperitoneal
cavity, between the liver and the surface coil placed on the
overlying abdominal wall (b). The FROGS technique used
to collect data in (a) shows that 5-FU contamination can be
suppressed. Figure reproduced with permission.5” Abso-
lute frequencies are arbitrary.

ning of a 5-FU infusion (300 mg/m?/day) until che-
motherapy related toxicity intervened. FBAL was
repeatedly detectable in normal liver over the first
8 weeks of treatment. While there was significant
interpatient variation there was an apparent plateau
of FBAL signal intensity during this period. 5-FU was
less frequently detected in liver than FBAL. No
Fnuct or Fnucs have been seen in normal liver on
this protocol. Preliminary data suggest that there is a
relationship between liver 5-FU signal and 5-FU
toxicity.

Honenberger et a studied 25 patients with
colorectal liver metastases who received either
i.v. or hepatic artery i.a. bolus or 16-24 h infusion
of 5-FU, prior to surgical resection of these lesions.
At the time of surgery normal liver tissue was ex-
cised and stored for ex vivo analysis in an 11.7 T
system. In patients having continuous i.v. infusion
5-FU (550-700 mg/m?®) the only signal from the liver
was of catabolites, similarly following i.a. infusion
5-FU (1 g/m?) the catabolic signal accounted for
almost all the metabolites; however, anabolites
were seen in one patient. Following i.v. bolus
5-FU (550-700 mg/m?), signals from 5-FU and
metabolites were found to be 5- to 10-fold higher
in liver tissue than in metastases, with two of 11
patients showing anabolites in liver as well. Bolus
5-FU (1 g/m?) given i.a., resulted in anabolic signal
in eight of nine liver samples representing over 75%
of the total F signal. While comparisons of i.v. and
i.a. routes are complicated by different administered
doses of 5-FU, these results demonstrate a lower
likelihood of developing 5-FU or Fnuc signals with
infusions than with bolus treatment.
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"F-MRS has been used to examine blood and
urine samples from patients during a 6 h infusion
of 5'FdUrd.”? Using this technique it was possible to
identify the presence of FUPA, FBAL and F~, estab-
lishing a catabolic fate similar to that of 5-FU. In
addition, unlike 5- FU and 2'FdUrd, this study found
35-48% of 5'FdUrd was excreted unchanged in the
urine. As the major toxicity of this drug is on the
central nervous system, the investigators were able
to examine the cerebrospinal fluid of six patients
with this complication. Unfortunately, however,
these studies revealed no signal.

There is, to date, no published clinical data on
in vivo monitoring of alterations in normal tissue
metabolism of 5-FU in response to modulators. Hull
et al’? have examined the effects of methotrexate
on 5-FU metabolism in patient plasma and urine
samples, using ex vivo 'F MRS. 5-FU catabolic
products DHFU, FUPA, FBAL and F~ were all ob-
served in plasma and urine. The methotrexate trea-
ted patients all had urinary alkalinization, under
which conditions CFBAL was detected. There
were, however, no differences in 5-FU catabolism
detected in plasma or urine with methotrexate ad-
ministration, nor was there any difference in cata-
bolism between patients with responding tumors or
unresponsive disease. The established mechanisms
of methotrexate modulation, however, are intracel-
lular and not known to affect plasma pharmacoki-
netics. In vivo study of the liver 5-FU-methotrexate
interaction would be of interest. We have studied 10
patients with normal liver who, when refractory to a
5-FU infusion (300 mg/m?/day), had IFN-a added to
the 5-FU. Of these patients, three were seen to
develop a 5-FU signal within 1 week of this, al-
though no particular catabolite signal changes
were noted.

Monitoring 5-FU metabolism in
tumors with '°F MRS

Until recently the only means of monitoring 5-FU
(and other drug) metabolism in the tumors of pa-
tients has been by invasively obtaining tumor tissue
for ex vivo analysis or by comparing plasma drug
data to ultimate tumor outcome. Similarly, in order
to have confidence that non-invasively obtained
MRS observations are biologically relevant it is im-
portant to compare them to the effect of treatment
on the tumor. This section will review both the pre
clinical and clinical experience using in vivo '°F
MRS to monitor tumor metabolism of 5-FU.
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Preclinical evaluation of tumor 5-FU
metabolism

Evaluation of 5-FU metabolism in wvivo using
"F MRS has been conducted in a variety of pre-
clinical animal models. Stevens et al>® implanted
Lewis lung carcinomas subcutaneously in the
sacral region of C57Bl/Cbi mice then studied the
metabolism of 5-FU using a surface coil positioned
over the tumors. 5-FU was injected intravenously at
two doses (30 and 180 mg/kg) and spectra were
acquired over 120 min. At the lower dose of
5-FU, a 5-FU signal was seen initially which
decayed almost completely after 120 min; how-
ever, no catabolites were seen. This is in contrast
to the liver metabolism studies (already discussed)
where only catabolites were observed. At the higher
dose of 5-FU, the tumor showed a significantly
larger and prolonged 5-FU signal and at 112 min
an Fnuc signal was also seen. Again, in comparison
to liver, the tumor had more 5-FU signal, exclusively
had Fnuc, but had no catabolites.

A subsequent study from the same group,'? this
time using Wistar rats with the Walker 256 carcino-
sarcoma subcutaneously implanted in one flank,
compared the in vivo findings with in vitro '°F MRS
and HPLC studies of the freeze-clamped tumors. In
addition, tumor regression was evaluated and cor-
related with these findings. Tumor regression was
noted at a 5-FU dose of 50 mg/kg; however, weight
loss was seen. No tumor reduction, but a reduced
animal weight gain, was seen at 25 mg/kg dose. The
spectroscopy studies used three dose levels of 5-FU
(25, 50 and 120 mg/kg). In vivo evaluation was
followed immediately by excision and freeze clamp-
ing of the tumors. Following i.v. injection of 25 mg/
kg 5-FU (the dose producing no tumor reduction)
very little Fnuc was seen, while after 50 mg/kg (the
tumor reducing dose) and 120 mg/kg (a dose too
toxic to the animal to have been tested for anti-
tumor activity), increased Fnuc levels were ob-
served. In vitro analysis of the tumor samples con-
firmed the presence of Fnuc and 5-FU. In addition it
revealed an FBAL signal which was below the level
of in vivo sensitivity. Analysis of the components of
the Fnuc peak, performed by HPLC, showed that
approximately 50% of this signal was due to FUTP.
The results of this study show that the cytotoxicity of
5-FU is related to the level of the Fnuc in the tumor,
and that this can be quantitated and characterized
by in vitro analyses. In these experiments using 5-
FU alone (5-FU plus allopurinol discussed in next
section), the level of 5-FU signal in tumor also cor-
related with the cytotoxic effect.
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Wolf et al.,”* using VX2 tumors in New Zealand
White rabbits, studied the 5-FU tumor retention
times and compared them with an area of normal
skin and subcutaneous tissue in a similar place in
the non-tumor-bearing animals. They found that the
half-life of free 5-FU in the tumors was approximate-
ly 1.05-1.22 h while the 5-FU half-life in an equiva-
lent non-tumor-bearing region was 6.5-9 min,
similar to that of the plasma half- life. Neither FBAL
or Fnuc signals were detected in vivo, however, in
vitro studies did reveal small anabolic signals. This
model system has been extrapolated to the predic-
tion of tumor response in patients (see later).

A study investigating the relative effects of equi-
molar doses of 5-FU and 2'FdUrd on the SG pro-
lactinoma in Wistar-Furth rats produced several
interesting results.>” Growth inhibition studies
showed 5-FU and 2'FdUrd had similar activity in
this tumor. Intravenous bolus administration of 5-
FU and 2'FdUrd (0.92 mmol/kg) gave similar levels
of Fnuc while neither had any detectable FBAL. In
contrast, when the same doses of both drugs were
administered as an i.v. infusion over 4 h, the 5-FU
gave signals of Fnuc, 5-FU and FBAL, while 2'FdUrd
gave 5-FU and FBAL only. In an additional experi-
ment a dose of i.v. FBAL, estimated to be equivalent
to that produced from the 5-FU infusion, was in-
fused and found to give a corresponding signal in
the tumor. This suggests that FBAL may not be pri-
marily produced in tumor but the tumor can take up
FBAL which is produced in liver and released into
the circulation.

In a study already discussed in the section on MRS
of normal tissues, Sijens et al.”>® also studied C3H
mice with RIF-1 tumors grown subcutaneously in
the flank. At the two doses of i.p. 5-FU used
(130 and 260 mg/kg) tumor shrinkage of 24 and
48%, respectively, was observed. Spectra were col-
lected for 2 h following 5-FU injection. The 5-FU
and Fnuc signals were larger after the higher dose
injection; however, there was no significant differ-
ence between the two groups in their catabolite
signals. The catabolites, FUPA and FBAL, were seen
but were not completely resolved from each other
so were measured collectively. Using linear regres-
sion analysis, a positive correlation between tumor
shrinkage and tumor Fnuc levels was detected. In
addition, a significant negative correlation between
liver catabolite levels and tumor Fnuc was seen.
Because there was no significant change in the total
F signal over time, a closed system was assumed,
thus the investigators were able to postulate a com-
petition of 5-FU inactivation to FBAL in liver with 5-
FU activation to Fnuc in tumor. This observation, if



translated to the clinic, may enable the investigator
to predict the intratumoral Fnuc levels in micro-
scopic tumor metastases by measuring the level
of 5-FU catabolism in the liver. This model, how-
ever, is based on 5-FU doses higher than those used
in patients and may therefore not be applicable.

Using multi-nuclear MRS with 2'P and '’F in the
same tumor model system, these investigators have
also examined the relationship between tumor re-
sponse, Fnuc levels and phosphate (Py) levels, fol-
lowing i.p. 5-FU (260 mg/kg) injection.’® They
found correlations with: Fnuc and response; pre-
treatment P; and Fnuc; and pretreatment P; and
response. They also noted a correlation between
the pretreatment tumor pH, derived from the >'P
MR spectra, and the difference in the chemical shift
between 5-FU and Fnuc—the lower the pH, the
smaller the 5-FU-Fnuc chemical shift difference.
Another study, using *'P and '"’F MRS in Wistar
rats with a fibrosarcoma implanted in the thigh,61
found that by acidifying the tumor with glucose, the
5-FU tumor retention time was increased. Further
study of these observations is needed to determine
whether the intracellular or extracellular pH, or the
actual pH gradient, is the significant factor, as 5-FU
is thought to be transportable in or out of the cell
in its non-ionized form, in which it exists below
pH 8.1

Locoregional administration of 2'FdUrd has been
investigated in Wistar rats with Novikoff hepatoma
implanted in the thigh (75). At three doses of
2'FdUrd (12, 19 and 30 mg/kg) via the femoral
artery, four different rates of infusion were given
(bolus, 1, 5 and 24 h). The 30 mg/kg dose induced
most tumor regression at all infusion rates; however,
the 5 h infusion was the most active. Subsequently
animals were treated at 15, 30 and 60 mg/kg i.a. for
the same infusion times, then tumors were excised
and studied in vitro with '°F MRS. The total amount
of F detected in tumor tissue increased with dose
and decreased with infusion time. Fnuc levels cor-
related well, while FBAL levels correlated poorly,
with the overall F signal in the tumors—the latter
suggesting that the tumor FBAL may have recircu-
lated from liver. An extension of this approach from
the same group’® examined the effects of systemic
and locoregional 5-FU on both its tumor and liver
metabolism. Using Sprague-Dawley rats with DS
sarcomas transplanted i.m. into the thigh, 5-FU was
administered at the same dose rates (bolus, 1, 5 and
24 h) at three doses (25, 50 and 100 mg/kg) either
i.a. (iliac artery) or i.v. (iliolumbal vein). Subse-
quently excised tumor and liver samples were
studied using in vitro 'F MRS. The findings con-
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firmed a linear correlation between total NMR visi-
ble F signal and Fnuc levels in tumor, but in liver
there was an exponential correlation. The catabolic
signal in liver had a linear correlation with total F
signal; however, no clear correlation between tumor
catabolites and total F signal was observed. Drug
uptake was enhanced with the i.a. route, particu-
larly at lower dose rates, when compared to the i.v.
route. Despite the increased tumor uptake no ap-
parent difference in liver drug uptake was noted
between the i.a. and i.v. route, although the small
sample size in some of the experiments may ac-
count for this. Tumor growth studies performed
using five daily doses found i.a. 5-FU 25 mg/kg
over 5 or 24 h were the most active and non-toxic
schedules. These schedules resulted in the highest
Fnuc to total F ratios in the tumors. The clinical
experience with regional administration of 5-FU
has found that the inadequate systemic drug expo-
sure has resulted in tumor relapse outside the region
treated. Further use of regional treatment should
address this problem by either combining systemic
and regional administration or by giving regional
chemotherapy such that cytotoxic systemic drug
levels are also achieved. Continued development
of animal models using '"F MRS may potentially
play a significant role in the ultimate incorporation
of regional 5-FU schedules into standard clinical
practice.

Preclinical evaluation of 5-FU modulation
in tumor

The resurgence in the use of 5-FU in recent years
stems from the development of a variety of mod-
ulators of its metabolism. While '°F MRS is not spe-
cific or sensitive enough to detect every metabolic
component of 5-FU and thus accurately chart the
drug’s modulation, the real-time monitoring of the
broad metabolite groups may reveal useful informa-
tion. McSheehy et al.'? studied the Walker carcino-
sarcoma in Wistar rats using both in vivoand in vitro
'F MRS. In addition to treating rats with 5-FU
(discussed in previous section), they pretreated
with allopurinol at molar equivalent doses. Growth
studies showed that allopurinol prevented the
weight loss induced by 50 mg/kg 5-FU but also
gave less tumor shrinkage from 5-FU alone. 'F
MRS experiments performed using 5-FU at 50 and
120 mg/kg doses with or without allopurinol
showed that allopurinol reduced the amount of
Fnuc and increased the amount of 5-FU signal at
both dose levels. Further in vitro evaluation using
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HPLC revealed the percentage of FUTP in the Fnuc
signal was significantly reduced by allopurinol, con-
sistent with the known mechanism of 5-FU-allopur-
inol interaction pharmacology
section).

These results illustrate the value of in vivo
'”F MRS in determining the effect of rescue or pro-
tection agents like allopurinol on both normal and
tumor tissue. Conducting a clinical study using '°F
MRS, with the objective of documenting the tissue
metabolism of 5-FU, would help clarify whether
allopurinol gives any undesirable protection of the
effects of 5-FU on tumor. This result would be ob-
tained with less patient resource and more direct
biochemical data than a clinical trial examining
classic endpoints (toxicity, tumor response, patient
survival).

The effect of methotrexate on 5-FU metabolism
has been studied in CD8F1 mice with transplanted
mammary tumors implanted in their flank.”” 5-FU
(150 mg/kg) was injected iv. with or without
methotrexate (300 mg/kg i.p.) administered
205 min earlier. The in vivo findings showed that
methotrexate had no significant effect on 5-FU sig-
nal decay; however, it did significantly increase the
Fnuc signal which peaked later than the same signal
from 5-FU alone. HPLC analysis measuring FUMP in
tissue extract showed that methotrexate pretreat-
ment increased the total amount of 5-FU ribonucleo-
tide per mg of protein. Subsequent experiments
using 5-FU i.p. gave similar results although the
magnitude of the Fnuc enhancement with metho-
trexate was smaller than in the i.v. experiments. This
is likely to be due to the first pass effect of 5-FU liver
uptake which would reduce the amount of drug
available to the tumor.

El-Tahtawy and Wolf’® studied the effect of meth-
otrexate pretreatment (40 mg/kg either 5 or 22 h
before 5-FU) in Sprague-Dawley rats bearing the
Walker 256 adenocarcinoma, treated with
150 mg/kg 5-FU. Pretreatment with methotrexate
induced a faster formation of Fnuc with a more
rapid decline in 5-FU. This was estimated using a
two compartment model. The formation of Fnuct
and Fnucs was significantly greater with the
methotrexate pretreatment although there was no
detectable difference between the 5 and 22 h meth-
otrexate pretreatment. Validation of the MRS find-
ings by evaluating the RNA 5-FU content confirmed
a similar increase in conversion of Fniuc into RNA
with both methotrexate pretreatments although nei-
ther was superior.

McSheehy et al.,”® using a Walker carcinosarcoma
rat model, examined 5-FU modulation by metho-

(discussed in
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trexate with the intention of obtaining information
on dose schedules more comparable to the clinical
setting. Administration of methotrexate (20 or
50 mg/kg), 3, 6, 12 or 24h prior to 5-FU
(50 mg/kg), did not measurably alter the 5-FU sig-
nal decay; however it did significantly increase the
formation of Fnuc. No differences in the rate of Fnuc
formation or tumor inhibition were detected be-
tween the various intervals of methotrexate pre-
treatment. Increased cytotoxicity was, however,
noted when the order of drug administration was
reversed, with the 5-FU-methotrexate sequence
less active than the methotrexate—5-FU schedule.
No '°F signal was seen at 3-24 h after 5-FU admin-
istration regardless of subsequent addition of meth-
otrexate. They suggest that the reason no difference
between the various pretreatment intervals was
seen is that this tumor may significantly polygluta-
mate the methotrexate, maintaining an intracellular
effect regardless of the pretreatment interval.

These studies clearly demonstrate the modulatory
effect of methotrexate on 5-FU with '’F MRS with
additional in vitro validation, although to date there
is no evidence suggesting an optimal pretreatment
interval. The ability to apply compartmental models
demonstrated by El-Tahtaway and Wolf will further
increase the understanding of the tissue metabolism
of this drug.

Li and Jin investigated the use of hydralazine to
modulate 5-FU metabolism.** Using RIF-1 tumors
implanted in C3H/Km mice, an i.v. bolus of 5-FU
(150 mg/kg) was administered and its metabolism
studied in vivo. After 90 min all the signal was from
Fnuc. At this stage hydralazine (5 mg/kg i.p.) was
added which resulted in a reduction of the Fnuc
signal and increased 5-FU signal after a further
60 min and by 4.5 h almost complete reconversion
to 5-FU. Control animals showed no change in the
Fnuc levels over that time. The investigators postu-
late that the hydralazine induced reduction in tumor
energy levels favors the conversion of Fnuc to 5-FU.

Seymour and colleagues®' have investigated the
effect of [FN-a on 5-FU metabolism. Because IFN-o
is known to increase cytotoxicity in the HT29
human colon cell line and is also thought to alter
the pharmacokinetics of 5-FU in humans, they used
nude mice with HT29 cells injected in the flank. The
intention was to delete the potential pharmacoki-
netic effect by using human IFN in the mouse. Mice
received pretreatment with IFN-a (50000 IU i.p.)
either 24—-30 h or 1-4 h before spectroscopy. 5-FU
(200 mg/kg) was injected i.p. and its metabolism
monitored. Using data fitted to a pharmacokinetic
model, absorption and elimination constraints were



generated. No difference in absorption in liver was
noted with IFN-a, however in tumor, the elimination
half-life doubled from 22 to 44 min with the use of
IFN-a. The Fnuc and F catabolites did not conform
to the model; however, no major differences in
these were noted with IFN-a. These findings sug-
gested that IFN-a alters the retention of 5-FU in
HT29 cells without obviously enhancing the Fnuc
conversion. This could be achieved by reduction of
intratumoral catabolism (although not obvious from
this experiment) or by altering 5-FU efflux from the
cell. Further clinical studies of IFN-a modulation,
performed in our institution, are referred to in the
next section. The use of nude mice with a human
cell line model in this MRS experiment is a positive
step towards developing these preclinical studies as
models of clinical conditions.

Clinical studies of intratumoral 5-FU
metabolism

In 1990 Wolf et al.”* published a report on the use of
'F MRS to monitor 5-FU metabolism in patients and
rabbits. Six patients with tumors at a variety of sites,
receiving 5-FU based chemotherapy (5-FU and leu-
covorin; 5-FU, cyclophosphamide and methotrex-
ate; 5-FU, cyclophosphamide and the anthra-
cycline menogaril) were studied after the bolus of
5-FU. Four patients had visible 5-FU signal in tumor
while two did not. All four with visible 5-FU signal
had a tumor response as did one without this signal
(this patient received combination chemotherapy
and may have responded to the other drugs regard-
less of the 5-FU sensitivity). The one patient with
progressive tumor did not have a 5-FU signal. This
evaluation has been extended and presented as a
comparison between tumor 5-FU ‘trapping’ and
subsequent response.?? Trapping of 5-FU was de-
fined as a tumor 5-FU half-life greater than the plas-
ma half-life. Eleven patients with a variety of tumors
were studied, 10 were evaluable for response. Five
patients’ tumors trapped 5-FU and went on to re-
spond while four who did not trap 5-FU, did not
respond. One patient (from the earlier data) did not
trap 5-FU but did respond to a combination of drugs
including 5-FU. A further update of this work in-
cluded 32 patients, 16 of whom were treated with 5-
FU 600 mg/m? i.v. with leucovorin 500 mg/m?. In
this subgroup a highly statistically significant asso-
ciation between 5-FU trapping and subsequent re-
sponse was noted, while in those having
combination chemotherapy the association was
less impressive.83 Our own experience monitoring
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22 patients on i.v. infusional 5-FU (300 mg/m?/day)
for colorectal cancer liver metastases reaches simi-
lar conclusions.®* The presence of a 5-FU signal in
tumor at any stage during the first 8 weeks of che-
motherapy predicts tumor response. No Fnuc sig-
nals were seen during the 5-FU infusion; however,
significant catabolic signals were observed in some
tumors. Because of the tumors’ size and their proxi-
mity to the surface coil, signal contamination from
surrounding normal liver tissue was minimal so we
regarded recirculation of catabolites from liver and
their subsequent accumulation in the tumor as the
most valid explanation for the findings. This has
some support from preclinical observations discus-
sed earlier.>” Continued investigation of the optimal
scheduling of 5-FU for clinical use can be potentially
facilitated by '9F MRS: however, further refinement
of the technology is required.

Clinical studies of intratumoral 5-FU
modulation

To date there is little published clinical experience
in monitoring the metabolic consequences of add-
ing a modulator to 5-FU. We have been investigating
the use of IFN-a to modulate 5-FU given as an
infusion. In 15 patients who had become refractory
to infusional 5-FU (300 mg/m®/day), IFN-a was
added.®* Metabolic changes observed included the
appearance of new 5-FU signals (seven patients)
and in three cases Fnuc signals were seen (Figure
9). A significant correlation between the 5-FU signal
and subsequent tumor responsiveness was docu-
mented; however, too few cases of Fnuc signal
were seen to confirm any significant correlation
with response. These observations are consistent
with the preclinical findings of Seymour et al®!
More recently, preliminary results from two South
Western Oncology Group studies have been presen-
ted.®’ Six patients with gastrointestinal malignancies
were treated with i.v. 5-FU 600 mg/m? on cycle 1,
then on cycle 2 the 5-FU was preceded by leucov-
orin 500 mg/m? (study 9006). A significant prolon-
gation in the tumor 5-FU half-life was documented
(3-26%; mean 18.2%; p < 0.05) using '’"F MRS.
Another patient (study 9118) received 5-FU
1500 mg/m? on cycle 1 and then methotrexate
1500 mg/m? prior to the 5-FU on cycle 2. While
the 5-FU half-life did not significantly alter with
methotrexate, an Fnuc signal was identified. No
tumor response correlations were available at the
time in either study; however, the ability to observe
measureable changes in 5-FU metabolism with
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Figure 9. A series of '°F MRS studies on the same patient at different stages of treatment®* using i.v. infusional 5-FU
(300 mg/m?/day). The first MRS scan (MRS 1) was performed after 1 week of 5-FU infusion. The patient went on to have an
objective partial response but later developed progressive disease. At this time (MRS 2) the 5-FU peak had disappeared
and the catabolites had reduced. IFN-« was started the day after the scan and 1 week later he had MRS 3 followed after a
further week by MRS 4. At this stage the patient had showed evidence of a further response. Absolute frequencies are

arbitrary. Reproduced with permission.

these two widely used modulators further strength-
ens the position of 'F MRS in clinical research.

Specific issues in in vivo '°F MRS

The quality of in vivo MRS measurements are affec-
ted by a range of instrumental and methodological
considerations. Despite the intrinsic measurement
sensitivity of the '’F nucleus, the concentration of
the metabolites of interest is low, leading to limita-
tions in the signal that can be measured in a clini-
cally practicable examination time. This is
particularly the case with low dose continuous in-
fusion 5-FU. Sensitivity can be enhanced by (i)
using optimized coils, and surface coils for small
lesions, to enhance the signal to noise ratio (cur-
rently manufacturers do not provide optimized '°F
coils); (ii) measuring large volumes, and thus in-
creasing the total signal observed, at the cost of
tissue or tumor specificity; (iii) improving spectral
resolution by improving the field uniformity over
the region of interest (provided line width is not
limited by metabolite T, decay or by variations in
sample susceptibility); and (iv) increasing the mag-
netic field strength, which enhances the signal to
noise ratio and the chemical shift dispersion. The
latter approach is adopted in in vivo animal studies
where fields of about 4.7 Tesla are often used. In
clinical studies most measurements are performed
at 1.5 Tesla, and few instruments are available at
higher field strengths, where the costs are very high.
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Localization to a specific tissue, tumor or region is
necessary to identify metabolic function within that
tissue. Due to the low signal with '’F MRS, many of
the recent advances in spectroscopic localization
have yet to be applied to this isotope. The majority
of measurements to date have been localized only
with surface coils, with tissue selectivity obtained by
selecting those patients who have large tumors such
that signal from the tumor will dominate the re-
sponse of the surface coil, Brechner et al?® and
Walach et al® have utilized one-dimensional
CSI, a technique that stratifies the signal into par-
allel planes or slices, but where lateral extent of
sensitivity is defined by the surface coil re-
sponse. We have also implemented this techni-
que, and have further applied ISIS, which is a
three-dimensional technique, selecting a three-di-
mensional voxel. Both of these techniques demon-
strate localization, but lead to a reduced signal due
to the smaller tissue volume examined. The meth-
ods have been successfully applied to bolus studies,
but further developments require improvements in
coils and methodology to provide increased sensi-
tivity. Localization techniques and related issues are
discussed in more detail elsewhere ?*#°

Quantification of '“F signals is of long-term im-
portance in studies of drug metabolism. Without a
volume selected signal, such quantification is diffi-
cult due to the poor definition of surface coil
response. Dependent upon the measurement tech-
nique selected, corrections for Ty and T, relaxation



are also required. If a pulse and acquire technique,
or a2 method that uses a localization scheme such as
ISIS, which detects the FID, is employed, T, decay
can be neglected. If a coil that provides a uniform
irradiation is used, T, effects can be avoided by
choice of a long repetition time, although at the
cost of sensitivity. Alternatively separate measure-
ments with a range of repetition times can be em-
ployed to calculate T,. With a surface coil more
sophisticated approaches are required. The major
current difficulty in performing quantitative mea-
surements in vivo is the need to balance the time
taken to obtain this additional information against
the time required to obtain useful spectral informa-
tion. Schlemmer et al®® have reported an in vivo
assessment of FBAL levels in the livers of patients
with liver metastases from colorectal cancer. FBAL
was measured to have a mean maximum level
of 1.45 * 0.69 mmol/g with a mean level of
0.98 =+ 0.37 mmol/g over the first 50 min following
rapid infusion (10 min) administration of 5-FU. De-
spite methodological difficulties (localization was
via a large surface coil and T,s were measured for
solutions), an increase in uptake of 5-FU (presumed
to be predominantly in tumor) was seen with i.v.
doses (600 mg/m?) and i.a. doses (100 mg/m?). No
difference was seen for FBAL.

One interesting approach that provides increased
information about metabolite compartmentaliza-
tion, and which may provide enhanced sensitiv-
ity, is the use of gadolinium labeled chelates
(Gd-DTPA) and other MR contrast agents. Gd-
DTPA is routinely used for MR imaging to provide
enhanced signal in areas of blood-brain barrier
breakdown, by enhancing T, relaxation rates. Row-
land et al®"®* have applied this technique to drug
metabolism studies by injecting a bolus of Gd-DTPA
at a short period after injection of a drug such as
5-FU. In rats, enhanced 5-FU signal was seen in
normal liver and in a methylnitrosourea induced
mammary tumor. The catabolite signal (FUPA and
FBAL) was not affected. This indicated that a part of
the 5-FU signal was in the extracellular space and
that the catabolites were in a different space to the
Gd-DTPA, presumably intracellular. This technique
provides a way of enhancing signals, increasing
sensitivity and interrogating the distribution of the
drug together with its metabolites. There is potential
to use a range of agents that are intra-cellular or
extra-cellular and which enhance or destroy signal
in the compartment of interest.

Whilst this review has focused on studies of drug
pharmacokinetics and metabolism, MRS can pro-
vide direct measurements of cellular metabolism,
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allowing information on the pharmacodynamics of
drugs (their effects on normal tissue metabolism) to
be assessed. *'P MRS has been employed in many
animal studies and in an increasing number of clin-
ical studies. The spectra provide information on
energy metabolism and phospholipid metabolism,
the latter providing information that reflects and
may predict response.”® 'H spectroscopy can also
provide information on cellular metabolism, al-
though the significance of the changes observed
is less clearly understood. This latter technique has
the advantage of greater sensitivity, allowing
volumes of a few milliliters to be assessed. It is
becoming practicable to simultaneously observe
two nuclei, opening the prospect of simultaneously
monitoring a drug with '°F spectroscopy and its
effects with >'P spectroscopy.®*®! Advances in tech-
niques of '>C spectroscopy and increased availabil-
ity of '>C would provide the opportunity to extend
these methods to a wider range of drugs.

Summary and conclusions

"F MRS is at present able to monitor the tissue
pharmacology and metabolism of 5-FU and its ana-
logs in patients receiving this form of chemother-
apy. This information can be derived non-invasively
and in real time, making it applicable to repeated
measurements. The increasing availability of
clinical MRI systems, makes MRS potentially more
accessable to a population of patients than other
non-invasive methods such as PET, which also re-
lies on close access to a facility that produces short-
lived nuclides. Conversely, PET is sensitive enough
to detect tracer amounts of labeled drug whereas '°F
MRS requires uM to mM levels of drug or metabolite.
Despite MRS having the advantage of sensitivity,
allowing identification of broad groups of metabo-
lites of 5-FU in vivo, this technique cannot provide
accurate identification of individual active metabo-
lites. Further development is required to address the
problems of sensitivity, in addition to the issues of
volume localization and absolute quantification of
the spectral data.

Current and potential future applications of '°F
MRS in monitoring fluoropyrimidine chemotherapy
include investigating the distribution and metabo-
lism of these drugs, in order to predict patient toxi-
city, facilitating stategies to prevent these adverse
effects. Direct monitoring of intratumoral metabo-
lism of these drugs will improve the understanding
of issues such as uptake, regional distribution, mod-
ulation and salvage, and their impact on tumor out-
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come. Ultimately a knowledge of the effects of drug
schedule on these parameters will enable the inves-
tigator to optimize therapy for an individual pa-
tient’s needs—an important consideration in the
use of these drugs in both curative or palliative
treatments. Successful application, coupled with
further development of this technique, will act as
a model by which other fluorinated and non-fluori-
nated drugs can be investigated.

Acknowledgements

The authors wish to aknowledge the support of the
Cancer Research Campaign, the Institute of Cancer
Research and the Royal Marsden Hospital. We are
grateful to Dr R Maxwell for critically reviewing the
manuscript.

References

1.

10.

11.

12.

278

Ernst RR, Anderson WA. Application of Fourier transform
spectroscopy to magnetic resonance. Rev Sci Instrum

1966; 37: 93-102.

. Ross BD, Radda GK, Gadian DG, et al. Examination

of a case of suspected McArdle’s syndrome by 31P
nuclear magnetic resonance. N Engl | Med 1981;
304: 1338-42.

. Sadee W, Wong CG. Pharmacokinetics of 5-fluorouracil:

inter- relationship with biochemical kinetics in monitor-
ing therapy. Clin Pbarmacokinet 1977; 2: 437-50.

. Gadian DG. NMR and its applications to living systems.

Oxford: Clarendon Press 1982.

. Leach MO. Spatially localised nuclear magnetic reso-

nance, In: Webb S, ed. The physics of medical ima-
ging. Bristol: Institute of Physics Publishing 1988:
389-487.

. Derbyshire W. Introduction to the physical basis of NMR.

In: de Certaines JD, Bovee WMM], Podo F, eds. Magnetic
resonance spectroscopy in biology and medicine: func-
tional and patbological tissue characterisation. Oxford:
Pergamon Press, 1992: 3-32.

. Heidelberger C, Chaudhuri NK, Danneberg P, et al.

Fluorinated pyrimidines, a new class of tumor-inhibitory
compounds. Nature 1957; 179: 663-6.

. Weckbecker G. Biochemical pharmacology and analysis

of fluoropyrimidines alone and in combination with
modulators. Pbarmac Ther 1991; 50: 367-424.

. Grem JL. Fluorinated pyrimidines, In: Chabner BA, Col-

lins JM, eds. Cancer chemotherapy: principles and prac-
tice. London: JB Lippincott 1990: 180-224.

Houghton JA, Houghton PJ. Elucidation of pathways
of 5-fluorouracil metabolism in xenografts of human
colorectal adenocarcinoma. Eur | Clin Oncol 1983,
19: 807-15.

McSheehy PM, Griffiths JR. '’F MRS studies of fluoro-
pyrimidine chemotherapy. A review. NMR Biomed 1989;
2: 133-41.

McSheehy PMJ, Prior MJW, Griffiths JR. Prediction of 5-
fluorouracil cytotoxicity towards the Walker carcinosar-
coma using peak integrals of fluoronucleotides mea-

Anti-Cancer Drugs - Vol 5 - 1994

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

sured by MRS in vivo. Br J Cancer 1989; 60: 303-9.
Byrd RA, Dawson WH, Ellis PD, Dunlap RB. Elucidation
of the detailed structures of the native and denatured
ternary complexes of thymidylate synthase via '"F-NMR.
J Am Chem Soc 1978; 100: 7478-86.

Malet Martino MC, Faure F, Vialaneix JP, et al. Non-
invasive fluorine-19 NMR study of fluoropyrimidine me-
tabolism in cell cultures of human pancreatic and colon
adenocarcinoma. Cancer Chemother Pbharmacol 1986;
18: 5-10.

Spears CP, Shani J, Shahinian AH, et al. Assay and time
course of S-fluorouracil incorporation into RNA of
L1210/0 ascites cells in vivo. Mol Pharmacol 1985;
27: 302-7.

Moran RG, Spears CP, Heidelberger C. Biochemical
determinants of tumor sensitivity to S-fluorouracil: ultra-
sensitive methods for the determination of 5-fluoro-2’-
deoxyuridylate, 2’-deoxyuridylate and thymidylate
synthetase. Proc Natl Acad Sci USA 1979; 76: 1456-60.
Tanaka M, Kimura K, Yoshida S. Increased incorporation
of 5-fluorodeoxyuridine into DNA of human T-lympho-
blastic cell lines. Gann 1984; 75: 986-92.

Peters GJ, Lankelma J, Kok RM, et al. Prolonged reten-
tion of high concentrations of 5-fluorouracil in human
and murine tumors as compared with plasma. Cancer
Chemotber Pbarmacol 1993; 31: 269-76.

Wohlhueter HE, Mclvor RS, Plageman PGW. Facilitated
transport of uracil and 5-fluorouracil and permeation of
orotic acid into cultured mammalian cells. J Cell Physiol
1980; 104: 309-19.

Bowen D, Diasio RB, Goldman ID. Distinguishing
between membrane transport and intracellular metabo-
lism of fluorodeoxyuridine in Ehrlich ascites tumor cells
by application of kinetic and high-performance liquid
chromotographic techniques. J Biol Chem 1979; 254:
5333-9.

Fraile R], Baker LH, Buroker TR, et al. Pharmacokinetics
of 5-fluorouracil administered orally, by rapid intra-
venous and by slow infusion. Cancer Res 1980 ; 40:
2223-8.

Hahn RG, Moertel CG, Schutt J. A double-blind compar-
ison of intensive course 5-fluorouracil by oral versus
intravenous route in the treatment of colorectal carci-
noma. Cancer 1975; 35: 1031-35.

Myers CE. The pharmacology of fluoropyrimidines.
Pbarmacol Rev 1981; 33: 1-15.

Collins JM, Dedrick RL, King FG. Non-linear pharmaco-
kinetic models for 5-fluorouracil in man. Clin Pharmacol
Ther 1980; 28: 235-46.

Mukherjee KL, Boohar ], Wentland D, et al. Studies on
fluorinated pyrimidines: XVI. Metabolism of 5-fluorour-
acil-2-C14 and 5-fluoro-2'-deoxyuridine-2-C14 in cancer
patients. Cancer Res 1963; 23: 49-66.

Seifert P, Baker L, Reed ML. Comparison of continuously
infused 5-fluorouracil with bolus injection in treatment of
patients with colorectal adenocarcinoma. Cancer 1975;
36: 123-8.

Lokich JJ, Ahlgren JD, Gullo JJ, et al. A prospective
randomized comparison of continuous infusion fluorour-
acil with a conventional bolus schedule in metastatic
colorectal carcinoma: a Mid-Atlantic Oncology Program
study. J Clin Oncol 1989; 7: 425-32.

Ensminger WD, Rosowsky A, Raso V, et al. A clinical
pharmacological evaluation of hepatic arterial infusions



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45,

46.

of 5-fluoro-2'-deoxyuridine and 5-fluorouracil. Cancer
Res 1978; 38: 3784-92.

Boubil JL, Milano G, Khater R, et al. Continuous 5-day
regional chemotherapy by 5-fluorouracil in colon carci-
noma: pharmacokinetic evaluation. Br J Cancer 1985;
52: 15-20.

Patt YZ. Regional hepatic arterial chemotherapy for
colorectal cancer metastatic to the liver: the controversy
continues. J Clin Oncol 1993; 11: 815-8.

Gyves J. Pharmacology of intraperitoneal infusion of 5-
fluorouracil and mitomycin C. Semin Oncol 1985; 12: 29—
32.

Advanced Colorectal Cancer Meta-Analysis Project. Mod-
ulation of fluorouracil by leucovorin in patients with
advanced colorectal cancer: evidence in terms of re-
sponse rate. J Clin Oncol 1992; 10: 896-903.

Cadman E, Davis L, Heimer R. Enhanced 5-fluorouracil
nucleotide formation following methotrexate: biochem-
ical explanation for drug synergism. Science 1979; 205:
1135-7.

Bertino JR, Mini E, Fernandes DJ. Sequential methotrex-
ate and 5-fluorouracil: mechanisms of synergy. Semin
Oncol 1983; 10: 2-5.

Elias L, Sandoval JM. Interferon effects upon fluorouracil
metabolism by HL-60 cells. Biochem Biophys Res Com-
mun 1989; 163: 2867-74.

Pfeffer LM, Tamm I. Interferon inhibition of thymidine
incorporation into DNA through effects on thymidine
transport and uptake. J Cell Physiol 1984; 121: 431-6.
Chu E, Zinn S, Boarman D, ef al. Interaction of gamma
interferon and S-fluorouracil in H630 human colon car-
cinoma cell line. Cancer Res 1990; 50: 5834-40.
Houghton JA, Morton CL, Adkins A, et al. Locus of the
interaction among 5-fluorouracil, leucovorin and inter-
feron-alfa-2a in colon carcinoma cells. Cancer Res 1993;
53: 4243-50.

Pittman K, Perren T, Ward U, et al. Pharmacokinetics of
5-fluorouracil in colorectal cancer patients receiving
interferon. Ann Oncol 1993; 4: 515-6.

Meadows LM, Walther P, Ozer H. Alfa-interferon and 5-
fluorouracil: possible mechanisms of antitumor action.
Semin Oncol 1991; 18: 71-6.

Schuller J, Czejka M, et al. Influence of interferon-alfa-
2b =* leucovorin on pharmacokinetics of 5-fluorouracil.
Proc Am Soc Clin Oncol 1991; 10: 98 (abstract).
Pazdur R, Ajani J, Patt YZ, et al. Phase II evaluation of
recombinant alpha-2a-interferon and continuous infu-
sion fluorouracil in previously untreated metastatic colo-
rectal adenocarcinoma. Cancer 1993; 71: 1214-18.
Findlay M, Hill A, Cunningham D, et al. Protracted
venous infusion S5-fluorouracil and interferon-alfa in
advanced and refractory colorectal cancer. Ann Oncol
1994; in press.

Wadler S, Lembersky B, Atkins M, et al. Phase II trial of
fluorouracil and recombinant interferon alfa-2a in pa-
tients with advanced colorectal carcinoma: an Eastern
Cooperative Oncology Group study. / Clin Oncol 1991;
9: 1806-10.

Wadler S, Schwartz EL, Goldman M, et al. Fluorouracil
and recombinant alfa-2a-interferon: an active regimen
against advanced colorectal carcinoma. J Clin Oncol
1989; 7: 1769-75.

York M, Greco FA, Figlin RA, et al.. A randomised phase
HI trial comparing 5-FU with or without interferon alfa 2a

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

MPN Findlay and MO Leach

for advanced colorectal cancer. Proc Am Soc Clin Oncol
1993; 12: 200 (abstract).

Vogel S, Presant C, Ratkin G, et al. Phase I study
of thymidine plus 5-fluorouracil infusion in advanced
colorectal carcinoma. Cancer Treat Rep 1979; 63:
1-5.

O'Dwyer PJ, King SA, Hoth DF. Role of thymidine in
biochemical modulation: a review. Cancer Res 1987 47:
3911-19.

Spiegelman S, Nayak R, Sawyer R, et al. Potentiation of
the antitumor activity of 5-fluorouracil by thymidine and
its correlations with the formation of (5-FU)RNA. Cancer
1980; 45: 1129-34.

Fox RM, Woods RL, Tattersall MHN, Brodie GM. Allo-
purinol modulation of fluorouracil toxicity. Cancer Che-
mother Pharmacol 1981; §: 151-5.

Howell SB, Wung WE, Taetle R, et al. Modulation of 5-
fluorouracil toxicity by allopurinol in man. Cancer 1981;
48: 1281-9.

Clark PI, Slevin ML. Allopurinol mouthwash and 5-
fluorouracil induced oral toxicity. Eur J Surg Oncol
1985; 11: 267-8.

van Groeningen CJ, Peters GJ, Leyva A, et al. Reversal of
5-fluorouracil-induced myelosuppression by prolonged
administration of high-dose uridine. J Natl Cancer Inst
1989; 81: 157-62.

Martin DS, Stolfi RL, Sawyer RG. Utility of oral uridine to
substitute for parenteral uridine rescue of 5-fluorouracil,
with and without a uridine phosphorylase inhibitor (5-
benzyl-acyclouridine). Cancer Chemotber Pbarmacol
1989; 24: 9-14.

Christman K, Schwartz G, Saltz L, et al.. Uridine (Urd)
allows dose-intensification of FAMTX (5-fluorouracil
(FU), adriamycin (A), methotrexate (MTX). Proc Am
Soc Clin Oncol 1993; 12: 200 (abstract).

Stevens AN, Morris PG, lles RA, et al. 5-fluorouracil
metabolism monitored in vivo by '°F NMR. BrJ Cancer
1984; 50: 113-7.

Prior MJ, Maxwell RJ, Griffiths JR. In vivo '’F NMR
spectroscopy of the antimetabolite 5-fluorouracil and
its analogues: an assessment of drug metabolism. Bio-
chem Phbarmacol 1990; 39: 857-63.

Sijens PE, Huang YM, Baldwin NJ, et al. '°F magnetic
resonance spectroscopy studies of the metabolism of 5-
fluorouracil in murine RIF-1 tumors and liver. Cancer Res
1991; 51: 1384-90.

Sijens PE, Baldwin NJ, Ng TC. Multinuclear MR inves-
tigation of the metabolic response of the murine RIF-1
tumor to 5-fluorouracil chemotherapy. Magn Reson Med
1991; 19: 373-85.

Hardin CC, Gollnick P, Kallanbach NR, et al. Fluorine-19
nuclear magnetic resonance studies of the structure of 5-
fluorouracil-substituted escherichia coli transfer RNA.
Biochemistry 1986; 25: 5699-709.

Guerquin-Kern JL, Leteurtre F, Croisy A, et al. pH de-
pendence of 5-fluorouracil uptake observed by in vivo
*1p and '’F nuclear magnetic resonance spectroscopy.
Cancer Res 1991; 51: 5770-3.

Lemaire L, Malet-Martino MC, de Forni M, et al. Cardio-
toxicity of commercial 5-fluorouracil vials stems from the
alkaline hydrolysis of this drug. Br J Cancer 1992; 66:
119-27.

de Forni M, Malet-Martino MC, Jaillais P, et al. Cardio-
toxicity of high-dose continuous infusion fluorouracil: a

Vol 5 - 1994 279

Anti-Cancer Drugs -



In

064.

065.

0606.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

280

vivo monitoring of fluoropyrimidine metabolites

prospective clinical study. J Clin Oncol 1992; 10: 1795—
801.

Sijens PE, Ng TC. Thymidine-modulated 5-fluorouracil
metabolism in liver and RIF-1 tumors studied by '"F
magnetic resonance spectroscopy. Magn Reson Imag
1992; 10: 385-92.

Harada M, Koga K, Miura 1, et al. A new mcthod for the
evaluation of the liver injury by '’F MRS of 5-fluorouracil.
Magn Reson Med 1991; 22: 499-504.

Wolf W, Albright MJ, Silver MS, et al. Fluorine-19 NMR
spectroscopic studies of the metabolism of 5-fluorouracil
in the liver of patients undergoing chemotherapy. Magn
Reson Imag 1987; §5: 165-9.

Glaholm J, Leach MO, Collins D, et al. Comparison of 5-
fluorouracil pharmacokinetics following intraperitoneal
and intravenous administration using 7 vive '°F magne-
tic resonanc spectroscopy. Br J Radiol 1990; 63: 547-53.
Semmler W, Bachert Baumann P, Guckel F, et al. Real-
time follow-up of 5-fluorouracil metabolism in the liver
of tumor patients by means of F-19 MR spectroscopy.
Radiology 1990; 174: 141-5.

Honenberger P, Hull WE, Schlag P. Hepato-toxicity of 5-
FU bolus chemotherapy may be due to anabolites in liver
tissue which can be measured by '"F-MR-spectroscopy
(MRS). Proc Am Soc Clin Oncol 1992; 11: 164 (abstract).
Port RE, Bachert P, Semmler W. Kinetic modeling of in
vivo-nuclear magnetic resonance spectroscopy data: 5-
fluorouracil in liver and liver tumors. Clin Pbharmacol
Ther 1991; 49. 497-505.

Sharp JC, Leach MO, Hind A, et al. FR.O.G.S.: a surface
coil *'P spectroscopy localisation technique. Proc Soc
Magn Reson Med 1987; 6: 600 (abstract).

Malet Martino MC, Armand JP, Lopez A, et al.. Evidence
for the importance of 5'-deoxy-5-fluorouridine catabo-
lism in humans from '""F nuclear magnetic resonance
spectrometry. Cancer Res 1986; 46: 2105-12.

Hull WE, Port RE, Herrmann R, et al. Metabolites of 5-
fluorouracil in plasma and urine, as monitored by '°F
nuclear magnetic resonance spectroscopy, for patients
receiving chemotherapy with or without methotrexate
pretreatment. Cancer Res 1988; 48: 1680-8.

Wolf W, Presant CA, Servis KL, et al. Tumor trapping of 5-
fluorouracil: in vivo '’F NMR spectroscopic pharmaco-
kinetics in tumor-bearing humans and rabbits. Proc Natl
Acad Sci USA 1990; 87: 492-6.

Naser Hijazi B, Berger MR, Schmahl D, et al. Locoregion-
al administration of 5-fluoro-2’-deoxyuridine (FdUrd) in
Novikoff hepatoma in the rat: effects of dose and infu-
sion time on tumor growth and on FdUrd metabolite
levels in tumor tissue as determined by '°F NMR spectro-
scopy. J Cancer Res Clin Oncol 1991; 117: 295-304.
Lutz NW, Naser-Hijazi B, Berger MR, et al. Fluoropyr-
imidine chemotherapy in a rat model: analysis of drug
metabolite profiles using high-field '’F NMR of tissues ex
vivo. Proc Soc Magn Reson Med 1991, 10: 610 (abstract).
Koutcher JA, Sawyer RC, Kornblith AB, et al. In vivo
monitoring of changes in 5-fluorouracil metabolism in-
duced by methotrexate measured by '°F NMR spectro-
scopy. Magn Reson Med 1991; 19: 113-23.

El Tahtawy A, Wolf W. /n wvivo measurement of
intratumoral metabolism, modulation, and pharmacoki-
netics of 5-fluorouracil, using '’F nuclear magnetic
resonance spectroscopy. Cancer Res 1991; 51: 5806-12.
McSheehy PM, Prior M], Griffiths JR. Enhanced 5-fluoro

Anti-Cancer Drugs - Vol 5 - 1994

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

uracil cytotoxicity and elevated S-fluoronucleotides in
the rat Walker carcinosarcoma following methotrexate
pre-treatment: a '’F study in vivo. Br ] Cancer 1992; 65:
369-75.

Li §J, Jin GY. Deactivation of 5-fluorouracil induced by
hydralazine in RIF-1 tumors. Proc Soc Magn Reson Med
1992; 11: 168 (abstracy).

Seymour MT, McSheehy PMJ, Rodrigues LM, et al. Mod-
ulation by interferon-alfa of 5-fluorouracil kinetics in
human colon tumor HT-29 grown in nude mice: a
"F MRS study. Proc Soc Magn Reson Med 1992; 11
3514 (abstract).

Presant CA, Wolf W, Albright MJ, et a/. Human tumor
fluorouracil trapping: clinical correlations of in vivo '°F
nuclear magnetic resonance spectroscopy pharmacoki-
netics. J Clin Oncol 1990; 8: 1868-73.

Presant CA, Wolf W, Waluch V, et al. Corrclation of
clinical tumor response with human tumor 5-fluorour-
acil (5-FU) pharmacokinetics measured by '°F magnetic
resonance spectroscopy (MRS) (meeting abstract). Proc
Am Soc Clin Oncol 1992; 11: A301.

Findlay MPN, Leach MO, Cunningham D, et al. The non-
invasive monitoring of low dose, infusional 5-fluorour-
acil and its modulation by interferon-alfa using in vivo
"F magnetic resonance spectroscopy in patients with
colorectal cancer: a pilot study. Ann Oncol 1993; 4: 597—
602.

Presant CA, Wolf W, Waluch V, et al. Modulation of
intratumoral (IT) 5-FU pharmacokinetics (PK) by leuco-
vorin (LV) and methotrexate (M) documented by '°F
magnetic resonance spectroscopy (MRS)—initial results
of Southwest Oncology Group (SWOG) studies 9006 and
9118. Proc Am Soc Clin Oncol 1993; 12: 201 (abstract).
Brechner RR, Walach W, Presant CA, et al. Localised 'F
NMR spectroscopy for 5-FU pharmacokinetic patient
studies. Proc Soc Magn Reson Med 1991, 10: 1067
(abstract).

Waluch V, Presant CA, Wolf W. Comparison between
localised and unlocalised '"F NMR spectroscopy for
5-FU pharmacokinetic patient studies. Proc Soc Magn
Reson Med 1992; 11: 3616 (abstract).

Leach MO. Practicalities of localisation in animal and
human tumors. NMR Biomed 1992; 5: 244-52.

Brown TR. Practical applications of chemical shift ima-
ging. NMR Biomed 1992; 5: 238-43.

Schlemmer HP, Semmler W, Bachert P, ef al. Quantitative
determination of 5-FU catabolite concentration in the
liver of tumor patients by means of in vivo 'F MR
spectroscopy. Proc Soc Magn Reson Med 1992; 10:
3318 (abstract).

Rowland Ij, Maxwell RJ, Baluch S, et al. demonstration of
an extracellular component to the in vivo biodistribution
of a fluorinated drug. Proc Soc Magn Reson Med 1992;
11: 1406 (abstract).

Rowland IJ, Maxwell RJ, Baluch S, et al. Differential
distribution of 5-fluorouracil and alpha-fluoro-beta-ala-
nine in both rat liver and tumor. Proc Soc Magn Reson
Med 1993; 12: 244 (abstract)

Negendank W. Studies of human tumors by MRS: a
review. NMR Biomed 1992; 5: 303-24.

(Received 9 December 1993; accepted 16 December
1993)



