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Abstract Purpose: Fluorine-19 magnetic resonance
spectroscopy (19F-MRS) studies of the pharmacokinetics
of the anticancer drug 5-¯uorouracil (FU) in patients at
several clinical centres have shown that increased tumour
retention of FU is associated with patient response. The
mechanism of this increased tumour retention (FU
trapping) is unknown. We used a pre-clinical model to
investigate whether other MRS-measurable parameters
would correlate with the response to FU treatment and,
thus, help elucidate the mechanism(s) involved in FU
trapping. Methods: MRS spectra were obtained using a
double-tuned (31P/19F) surface coil from 29 N-methyl-N-
nitrosourea-induced primary rat tumours. 31P-MRS
spectra were acquired immediately prior to and at 2.5 h
post-treatment with a bolus i.p. injection of FU (100 mg/
kg); 19F-MRS spectra were acquired during the inter-
vening 2.5-h period for measurement of the tumour up-
take and retention of FU and of its metabolism to the
cytotoxic ¯uoronucleotides (FNuct). From these data,
four parameters were measured: tumour pH and energy
status (NTP/Pi) before treatment, total FU retention,
and FU anabolism to FNuct (expressed as micromoles
per gram per 2.5 h). In addition, tumour response was
determined at 7 days post-treatment by measurement of
the percentage of change in tumour weight and was
classi®ed according to standard oncological criteria as
follows: progressive (P) for a ³25% increase, remissive

(R) for a ³50% decrease or stable (S) for values lying
between these two. Results: Analysis of variance (AN-
OVA) for statistical assessment revealed that groups P, S
and R were not distinguishable using the MRS parame-
ters; although when S and R were combined as one group
of non-progressive disease (NPD; n � 24), both the
NTP/Pi ratio and the total FNuct formed were signi®-
cantly greater (P � 0.04) than those observed in the P
group (n � 5). Considering all 29 tumours, linear re-
gression showed that there were positive signi®cant cor-
relations between the NTP/Pi ratio and (a) the percent-
age of response (P � 0.04), (b) the pre-treatment pH
(P � 0.002) and (c) FU retention (P � 0.02), but not
FNuct formation (P � 0.66). Unlike results reported in
the clinic, the percentage of response and FU retention
were neither signi®cantly correlated (P � 0.22) nor as-
sociated when groups P and NPD were compared
(P � 0.27, Fischer's exact test). FNuct, however, was
signi®cantly associated with response, as was the NTP/Pi
ratio (P £ 0.02). Combination of FNuct with the NTP/Pi
ratio increased the signi®cance of the association with
response (P � 0.003, Fischer's exact test). Conclusions:
Our results indicate that in this particular model the pre-
treatment tumour NTP/Pi ratio was the best predictor of
response to a bolus injection of FU, rather than FNuct
formation or FU retention. An elevated NTP/Pi ratio
could re¯ect a well-vascularised tumour with an im-
proved capacity for energy-dependent FU uptake and
metabolism to FNuct, suggesting that further inves-
tigation of this parameter could be an important line of
research, which may aid the identi®cation of tumours
likely to be sensitive to FU chemotherapy in the clinic.
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Introduction

5-Fluorouracil (FU) is an antineoplastic ¯uoropyrimi-
dine drug used in the treatment of several common

Cancer Chemother Pharmacol (1998) 42: 201±209 Ó Springer-Verlag 1998

This work was supported by CRC grant SP1971/0501, by l'Asso-
ciation pour la Recherche sur le Cancer (Villejuif, France) and by a
European Economic Community mobility grant.

L.P. Lemaire á P.M.J. McSheehy (&) á J.R. Gri�ths
CRC Biomedical Magnetic Resonance Research Unit,
Department of Cell & Molecular Sciences,
St. George's Hospital Medical School, Cranmer Terrace,
Tooting, London SW17 ORE, UK
Tel.: 0181 725 2129; Fax: 0181 725 2992;
e-mail: pmcsheeh@sghms.ac.uk

L.P. Lemaire
Groupe de RMN biomedicale, Laboratoire des IMRCP,
Universite P. Sabatier, 118 Route de Narbonne,
F-31062 Toulouse, France



malignancies. The antitumour action of this drug de-
pends on the intracellular uptake and conversion of FU
to 5-¯uoronucleotides (FNuct) with subsequent binding
of 5-¯uoro-2¢-deoxyuridine monophosphate (FdUMP)
to the enzyme thymidylate synthase, incorporation of
5-¯uorouridine triphosphate (FUTP) into RNA and/or
incorporation of 5-¯uoro-2¢-deoxyuridine triphosphate
(dFUTP) into DNA [1, 2]. This anabolic activation of
FU is well documented [1], but the mechanism by which
FU enters the tumour cells remains controversial. Evi-
dence for di�erent types of transport, ranging from a
purely passive phenomenon to an active process or a
facilitated transport has been presented [3, 4]. Studies of
rats tumours in vivo [5] and in isolated cells [6, 7] suggest
that tumour pH and intracellular ATP may be impor-
tant factors in the so-called FU trapping that has been
described in the clinic and in laboratory animals [8].

Fluorine magnetic resonance spectroscopy (19F-
MRS) is a non-invasive technique that has successfully
been used to monitor the pharmacokinetics of xeno-
biotics in vivo, with both pre-clinical and clinical ap-
plications [9, 10]. FU anabolites are rarely detected in
patients, unlike animal models, probably due to the
lower does employed and, possibly, also because the low
amount of FNuct formed would be bound to the target
enzyme and/or incorporated into DNA or RNA and
would thus not be MRS-visible [11]. In patients, longer
retention of FU by the tumour, i.e. FU trapping, has
been signi®cantly associated with patient response [12],
an observation that may lead to a clinical test that could
allow non-responders to receive more appropriate ther-
apies earlier. Indeed, an ideal test would measure some
tumour parameter that would detect non-responders
prior to administration of FU.

Although FU retention can predict the therapeutic
outcome, the mechanism underlying this drug retention
and, thus, the tumour sensitivity or resistance to FU,
remains unknown. Of course, other mechanisms for
tumour resistance to FU therapy exist, such as up-reg-
ulation of target enzymes; however, clinical results have
shown a very strong statistical association between re-
sponse and FU trapping [12]. To look at this phenom-
enon we used a pre-clinical model of chemically induced
primary tumours in rats and studied their response to a
single injection of FU. Tumour pH and energy status
were measured by 31P-MRS, and FU retention and
metabolism were measured by 19F-MRS. These param-
eters were correlated with each other and with the re-
sponse to therapy, and the results show that the pre-
treatment energy status of the tumours was the best
predictor of therapeutic outcome.

Materials and methods

Animal care and experimental procedures

Tumours were chemically induced in 50 day-old female Ludwig/
Wistar/Olac rats by 3 s.c. injections of N-methyl-N-nitrosourea

(MNU) at 2-weekly intervals as previously described [13]. An his-
tology study of these MNU-induced tumours showed that 75% of
the tumours formed were mammary adenocarcinomas [14]. MNU
rats were fed a high-fat diet and the 29 animals used in this study
bore tumours weighing between 2 and 8 g. Anaesthesia prior to
MRS experiments was performed by a single i.p. injection of 0.5 ml
Hypnorm-Hypnovel (10 and 5 mg/kg, respectively). Rats were
placed on a water-heated pad in the magnet bore maintained at
37 °C. Injection of FU (David Bull Laboratories, Warwick, UK)
was performed via an i.p. catheter at a dose of 100 mg/kg. Tumour
size, recorded as the weight, was determined with callipers and
calculated as 1 ´ w ´ h ´ (p/6). Treatment e�cacy was assessed at
7 days post-therapy by measurement of the change in tumour
weight, and the response was classi®ed according to standard on-
cological criteria [15] as progressive (P) if an increase of ³25% was
measured, remissive (R) decrease of ³50% or stable (S) for values
lying between these two changes. In addition, groups R and S were
combined as a single group of ``partial responders'', or non-pro-
gressive disease (NPD), for comparison with group P.

Magnetic resonance spectroscopy

Spectra were acquired on a SISCO 200/300 spectrometer equipped
with a 4.7 T horizontal bore magnet. A double-tuned (31P/19F), 18-
mm, 1-turn surface coil was positioned on the top of the tumour
along with an external standard of 1.5 lmol 5-¯uorotryptophan
(FTP) in a capillary (150 ll). After optimisation of MRS parame-
ters, 31P spectra were acquired over a 5-min period (256 transients,
spectral width SW � 8 Hz, 90° at the coil centre, repetition time
Tr � 1.2 s immediately prior to and at 2.5 h following FU treat-
ment. 19F spectra were acquired in 4-min blocks (160 transients,
SW � 25 Hz, 90° at the coil centre, Tr � 1.5 s) for 152 min after
the FU injection.

All spectral analyses were performed by the VARPRO time-
domain non-linear least-squares methods [16]. The chemical shift of

Fig. 1 Response of MNU-rat tumours to FU treatment. Results
show the response as a percentage of change in tumour weight at
7 days after a single i.p. injection of FU (100 mg/kg). The dotted
horizontal lines show the divisions into P (progressive), S (stable)
and R (remission) using the standard oncological criteria described
in Materials and methods, with the small boxes showing the mean
values � SD recorded for these groups, which were signi®cantly
di�erent from each other (P < 0.0001, Gabriel's ANOVA). The
larger box shows the mean value � SD noted for the combined S
and R groups (non-progressive disease, NPD, n � 24)
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peaks in 31P spectra were referenced to phosphocreatine (PCr) at
0 ppm, which was determined to be 8.1 ppm down®eld from a-
NTP [17]. 31P-MRS data were used to calculate the tumour energy
status (ratio of b-nucleotide triphosphate over inorganic phos-
phate, NTP/Pi) and the tumour pH, which was calculated from the
chemical shift di�erence between Pi and a-NTP as previously de-
scribed [17]. Providing that the tumour extracellular content re-
mains less than 55%, this pHMRS measurement is considered to
re¯ect the intracellular pH (pHi) rather than the extracellular pH
(pHe) [18].

19F peaks were identi®ed according to the literature and were
referenced to FU at 0 ppm [11], and peak integrals were measured
using VARPRO. Under the experimental conditions used
(Tr � 1.2 s, all the peaks ± the external standard FTP, FU,
FNuct and FU catabolites (FCat), i.e. a-¯uoro-b-alanine and a-
¯uoro-b-ureidopropionic acid ± would be partially saturated. To
determine the degree of saturation we measured peak integrals in
the tumour in vivo under fully relaxed conditions (RT � 30 s) in
three animals and compared the results with those obtained under
the experimental conditions. This showed that FTP was 36 � 7%
saturated, whereas FU, FNuct and FCat were 59 � 10%,
69 � 15% and 56 � 6% saturated, respectively (mean val-
ues � SD). Assuming that coil loading and the ¯ip-angle were
the same for all tumours and the external standard, comparison
with the external standard (1.5 lmol) allowed a semi-quantitative
determination of the concentration of the intratumoural ¯u-
orinated compounds. The spectra acquired were summed in
overlapping groups of four blocks (e.g., 0±16 min, 4±20 min, ¼)

and the peak integrals (in micromoles) were plotted against time,
allowing calculation of the area under the curve (AUC) using the
trapezoidal rule. For comparison of data from di�erent animals
the AUC values were divided by the estimated tumour weight to
give values expressed in micromoles per gram for the total
amount of FU in the tumour and the total amount of FNuct
synthesised by the tumour during the experiment, i.e. micromoles
per gram per 2.5 h.

Statistical analysis

Di�erences between group mean values recorded for the MRS-
determined parameters were assessed using Gabriel's analysis of
variance (ANOVA). The strength of a relationship between two or
more parameters was measured using linear regression or multiple
regression (allowing for interaction) to obtain the correlation co-
e�cient R and the associated P value for signi®cance (<0.05) as
described by Bland [19] with, in some cases, a Bonferroni correction
[19]. For determination of the signi®cance of the association of a
parameter(s) with response, Fischer's exact test was applied to
2 ´ 2 contingency tables (NPD versus P), since the criteria for chi-
square tests was not attained when tumours were split into the three
groups of P, S and R [19]. Combination of predictor variables in
Fischer's test was achieved by use of the NTP/Pi ratio as the pri-
mary determinant, followed by the secondary determinant of
FNuct, FU or pH.

Fig. 2A,B 31P spectra of an MNU tumour as obtained A prior to and B at 2.5 h after FU treatment (100 mg/kg i.p.). Peaks are assigned
as follows: phosphomonoesters (PME; 6.3 ppm), inorganic phosphate (Pi; 4.2 ppm), phosphodiesters (PDE; 2.5 and 1.8 ppm) and 4±6
c,a,b-nucleotide di- and triphosphates (NTP), respectively ()3.0, )8.1 and )16.9 ppm)
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Results

Tumour response to treatment

Untreated MNU tumours grew with a doubling time of
ca. 30 days, similar to that previously reported [20]. The
tumour response to the single bolus injection of FU
varied between a decrease in size of 85% to an increase
of 115% (Fig. 1). The 29 tumours were divided into the
3 groups progressive (P), remissive (R) and stable (S)
according to the standard oncological criteria for as-
sessment of response described in Materials and meth-
ods. Figure 1 demonstrates that the two groups S and R
showed a signi®cant mean decrease in tumour weight,
and they were thus also assimilated into one group of
non-progressive disease (NPD).

31P magnetic resonance spectroscopy

Figure 2 shows typical 31P spectra made prior to and at
2.5 h post-FU treatment. The spectra are similar to
those previously described for this tumour and show
clear signal resonances for the PME, PDE, Pi and c, a,
b-NTP (Fig. 2). PCr was low or undetectable, consistent
with the scanty contribution of phosphorus signals from
the body wall or skin [17]. Following FU treatment, all
tumours showed a signi®cant increase in the NTP/Pi
ratio and intracellular pH, whereas other ratios did not
markedly alter. Table 1 shows the mean changes ob-
served in the NTP/Pi ratio and pH in the three groups,
which were similar and not signi®cantly di�erent; thus,
changes in (D) NTP/Pi and pH were parameters that
could not be used to distinguish the types of response.

Table 1 shows the pre-treatment NTP/Pi and pH
values recorded for the three groups. Analysis by AN-

OVA showed that groups S and R were not signi®cantly
di�erent from each other or from group P in terms of
these parameters. However, combination of groups S
and R into an NPD group demonstrated a 2-fold greater
NTP/Pi ratio relative to group P (P � 0.04). Although
the mean tumour weight of group S was signi®cantly
smaller than that of groups R and P, this parameter did
not correlate with the percentage of change in tumour
weight (R � 0.15, P � 0.45), i.e. response was not re-
lated to tumour weight at the time of treatment.

Tumour uptake and metabolism of FU

Prior to FU injection, no endogenous ¯uorinated com-
pound was detected. FU was visible in all tumours,
persisting for most of the 2.5-h time course; however, the
peak integral maximum and the time at which it oc-
curred were very variable. Figure 3 shows the peaks
detectable during the 2.5-h period from a tumour rep-
resentative of group R and the concentration-time pro-
®les obtained for FU, FNuct (5.1 ppm) and FCat ()16.9
and )18.7 ppm) in that tumour. Typically, the FNuct
AUC was ca. 40% of the FU AUC (mean% � SEM
0.42 � 0.04, n � 29). A t1/2 value for FU elimination
could not be reliably determined from these data, since
drug disappearance was non-linear and adequate mod-
elling was not possible. FCat signals were even more
variable (results not shown), but since FCat detected in
the tumour is likely to originate from liver catabolism
[11], this parameter was not considered in subsequent
analyses.

Table 1 shows that the tumour retention and me-
tabolism of FU was lowest in the P group (in which
there was an increase in tumour weight) as compared
with the other two groups, although these di�erences
were not signi®cant (ANOVA). However, combination

Table 1 Summary of parameters measured in the di�erent tumour groupsa (P Progressive, S stable, R remission, NPD non-progressive
disease ± groups R and S combined)

P S R NPD (S + R)

FNuct 1.61 � 1.18 4.13 � 2.15 3.03 � 2.11 3.81 � 2.15
P 0.058 0.037#

FU 5.29 � 2.99 11.15 � 6.14 8.02 � 5.54 10.23 � 6.03
P 0.11 0.088

NTP/Pi 0.88 � 0.52 1.66 � 0.85 1.80 � 0.77 1.70 � 0.81
P 0.12 0.04#

pH 7.08 � 0.13 7.18 � 0.17 7.20 � 0.17 7.19 � 0.16
P 0.42 0.16

DNTP/Pi +0.97 � 0.6 +1.02 � 1.82 +1.23 � 1.81 +1.12 � 1.75
DpH +0.17 � 0.11 +0.10 � 0.26 +0.20 � 0.23 +0.12 � 0.25
Tumour weight 5.6 � 1.2 4.0 � 1.1 5.4 � 1.7 4.4 � 1.4
P 0.017* 0.087
n 5 17 7 24

a Results show the mean values �SD recorded for NTP/Pi, pH and tumour weight (g) prior to treatment and for FU and FNuct
(expressed as micromoles per gram per 2.5 h). D signi®es the change in the NTP/Pi ratio and pH after FU treatment as compared with the
pre-treatment values. The P values shown are for a Gabriel's ANOVA comparing groups P, S and R, where *signi®es group S as being
signi®cantly di�erent from groups P and R, and for comparison of groups P and NPD, where # signi®es group NPD as being signi®cantly
di�erent from group P

204



of groups S and R as the NPD group showed a ca. 2-fold
increase in FNuct formation (P � 0.037) and FU re-
tention (P � 0.088) relative to group P.

Correlation of change in tumour weight
with MRS-measured parameters

Figure 4 shows the four main parameters measured (pH
and NTP/Pi prior to treatment, total FNuct and FU
micromoles per gram per 2.5 h) correlated with the
percentage of change in tumour weight. All the corre-

lations were weak, and only one was signi®cant, that for
NTP/Pi (R � )0.38, P � 0.041), although not after a
Bonferroni correction (P � 0.16). Notwithstanding the
poor correlations, closer inspection showed that there
was by no means random scatter, all the P group had
low FU, FNuct, pH and NTP/Pi values, whereas all the
tumours with high values for these parameters showed a
decrease in tumour weight. The correlations were made
weaker by two out-lying tumours in the R group (inverse
symbols in the plots in Fig. 4). These two tumours had
NTP/Pi ratios much lower than the mean of the R group
(at about 1 SD), and the pH values were also lower

Fig. 3a,b FU uptake and me-
tabolism by an MNU tumour.
A 19F spectrum of the same
MNU tumour shown in Fig. 2,
showing the sum of all spectra
made between 0 and 152 min.
Peaks are identi®ed as follows:
FTP (45.1 ppm), FNuct
(5.1 ppm), FU (0 ppm) and
FCat ()16.9 and )18.7 ppm). B
Individual concentration-time
courses determined for FU (d),
FNuct (n) and FCat (m) in this
tumour as described in
Materials and methods
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(Fig. 4). We did not perform histology on these tu-
mours, and it is possible that they were necrotic, which
can markedly lower the formation of FNuct [21]. Re-
moval of these two tumours from the plots in Fig. 4
improved the correlations ± FNuct (R � )0.4,
P � 0.038), FU (R � )0.38, P � 0.051), NTP/Pi
(R � )0.49, P � 0.009), pH (R � )0.31, P � 0.12) ±
such that only pre-treatment pH would have been non-
signi®cantly correlated with a decrease in tumour
weight. On the other hand, application of a Bonferroni
correction to these data (n � 27) to allow for some
correlations being by chance again yielded only the
NTP/Pi ratio as being signi®cant (P � 0.036).

Using two or more of the four predictor variables and
correlating with the percentage of response (n � 29) did
not increase the signi®cance. For example, after allow-
ance for interaction, the best predictor combination was
FNuct plus the NTP/Pi (R � 0.5, P � 0.062). FU plus
NTP/Pi and pH plus NTP/Pi gave R � 0.45, P � 0.12
and R � 0.4, P � 0.23, respectively. Again, increasing
the number of combined variables did not improve the
signi®cance.

Plotting of the four parameters against each other
(n � 29, plots not shown) showed signi®cant positive
correlations between NTP/Pi and pH (R � 0.56,
P � 0.002), FU and FNuct (R � 0.67, P � 0.00008)
and NTP/Pi and FU (R � 0.43, P � 0.02) and a
weaker positive correlation between pH and FU
(R � 0.34, P � 0.077). FNuct did not correlate with
pH or with the NTP/Pi ratio (R < 0.2). These results
suggested that more ``energised tumours'' tended to have

a higher pH and a greater uptake and/or retention of
FU, which was likely to lead to increased synthesis of
FNuct.

Prediction of the response to FU

Figure 5 shows a scatter plot for the pre-treatment NTP/
Pi ratio against the percentage of response as divided
into the groups of P, S, R and NPD. Using the single SD
about the mean of the NPD group as an arbitrary cut-
o�, it was possible to allocate tumours as being of high
energy (NTP/Pi ratio ³ 0.9) or low energy (<0.9).
Table 2 demonstrates a signi®cant association between
high-energy tumours and response (P � 0.01), i.e. it
was possible to ``predict retrospectively'' 20 of the 24
NPD tumours (83% correct) and 4/5 of the P group
(80% correct). Note that four tumours bordered this 0.9
ratio (Fig. 5), but even when a cut-o� of 1.0 was used
there remained a signi®cant association with response
(P � 0.036). Via a similar approach, FNuct was also
signi®cantly associated with response (FNuct,
P � 0.024), but the other two parameters were not FU,
P � 0.27; pH, P � 0.55 ± (contingency tables not
shown). Table 2 shows that response was highly signif-
icantly associated (P � 0.0027) with the NTP/Pi ratio
in combination with FNuct such that 100% of the NPD
group could be predicted. Indeed, in this combination
the contingency table was unaltered even if the NTP/Pi
ratio cut-o� was 1.0. A similar approach using other
combinations of FU or pH with the NTP/Pi ratio did

Fig. 4A±D Correlation of the
percentage of change in tumour
weight (response to FU treat-
ment) with pre-treatment A
NTP/Pi, B pH, and total C
FNuct and D FU. Symbols are
as follows: d P, n S, m R, with
. indicating the two ``out-ly-
ing'' tumours
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not improve on the association obtained with the NTP/
Pi ratio (0.9) alone.

Discussion

Retention of FU by tumours has been signi®cantly as-
sociated with patient response at a number of di�erent
clinical centres [12, 22, 23], allowing a prediction of the
likely response to chemotherapy. The mechanism of this
so-called ``FU trapping'', i.e. the reason why some tu-
mours have a larger t1/2 value for FU elimination, is
unknown but may be related to tumour pH and the
energy status of the tumour cells [5, 6]. Indeed, in iso-
lated tumour cells, the pH gradient across the tumour

cell membrane, i.e. the di�erence between the intracel-
lular pH (pHi) and the extracellular pH (pHe), has been
shown to be correlated with the intracellular retention of
FU, an e�ect that may be partially dependent on the
intracellular ATP concentration [7]. We carried out an
exploratory study to determine in a pre-clinical model
which MRS-determined parameters correlate with and,
therefore, potentially predict the response to FU treat-
ment. Even though many of the correlations found in
this relatively small study only bordered on signi®cance,
there was a clear indication that the tumour energy
status was the best predictor of response, a result of
potential clinical value.

Of the four MRS-determined parameters, only the
pre-treatment tumour energy status (NTP/Pi ratio) cor-
related signi®cantly with response (P � 0.04). A high
energy status could re¯ect a well-vascularised tumour,
allowing FU to enter the extracellular tumour space
more easily; indeed, NTP/Pi and FU were signi®cantly
correlated (P � 0.02). However, the FU detected by
MRS is both intra- and extracellular, and the extracel-
lular space in these tumours is ca. 50% [18]. This could
explain why the FU signal was poorly correlated with
response (P � 0.22). For cytotoxicity, FU must be
transported into the cell, an event probably favoured by
a large negative pH gradient ()DpH) [7], and then ac-
tively metabolised to the intracellular species FNuct.
MRS experiments in our laboratories measuring both
pHi and pHe in ®ve di�erent tumour types have shown
that a higher pHi is associated with a larger )DpH across
the tumour cell membrane [24]. In this study we mea-
sured only pHi, and this was strongly correlated with
NTP/Pi (P � 0.002), suggesting that chemical energy
may be necessary for the maintenance of pH and a large
)DpH. Thus, energised tumours may be (a) better vas-
cularised; (b) more likely to retain FU, through having a
larger )DpH; and (c) better capable of anabolising FNuct
from FU. Similar observations have been made in a
murine model, where the pre-treatment energy status of
RIF-1 tumours was correlated with FNuct formation
and the subsequent response to FU treatment [25]. This
discussion suggests that treatments designed to raise
transiently the NPT/Pi ratio and/or the )DpH of

Table 2 Contingency table for
the association of response with
the NTP/Pi ratio or with the
NTP/Pi ratio plus FNuct

P group NPD group Total P value

NTP/Pi ratio:
�0.9 1 20 21
<0.9 4 4 8
Total 5 24 29 0.0124a

NTP/Pi ratio plus FNuct:
High 2 24 26
Low 3 0 3
Total 5 24 29 0.0027b

a Fischer's test for di�erence between tumours of low energy (NTP/Pi ratio <0.9) and high energy
(top)
b Fischer's test for di�erence between tumours of low energy or low FNuct (FNuct formation
<1.6 lmol/g per 2.5 h) and those of high energy or high FNuct (bottom). Cut-o�s for NTP/Pi and
FNuct were determined from the SD of the mean values shown in Table 1

Fig. 5 Tumour NTP/Pi ratio prior to FU treatment. Results show
the pre-treatment NTP/Pi value recorded for each tumour studied
as divided into the 3 groups of P, S and R. The box shows the mean
value � SD noted for the 24 tumours in the combined S + R
group (NPD). The dotted horizontal line shows the limit of the
single SD
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tumours prior to FU treatment may augment FU uptake
and activation and, consequently, the tumour response.

In the light of the clinical reports, it was surprising
that in the complete data set presented herein (n � 29),
neither FU nor FNuct correlated signi®cantly with the
percentage of response (P � 0.22 and P � 0.11, res-
pectively). The poor correlation was in part due to two
tumours in group R that had a lower than average pH,
NTP/Pi ratio, FU retention and FNuct formation. Re-
moval of these two tumours led to signi®cant correla-
tions between the percentage of response and FNuct,
FU, and NTP/Pi (all P < 0.05). However, application
of a Bonferroni correction to these correlations would
remove all signi®cance in the n � 29 group and leave
only NTP/Pi signi®cant in the n � 27 group. This,
however, is a very conservative test, and we consider
that the non-corrected correlations are indicative of
important relationships between some of the MRS-de-
termined parameters and the tumour response to treat-
ment. It is interesting to speculate that the two ``out-
lying'' tumours may have represented a sub-set of the
MNU-induced tumours that were more sensitive to low
levels of FNuct. For example, they might have lower
levels of the enzyme thymidylate synthase, rendering
them more sensitive to inhibition of DNA synthesis by
the ¯uoronucleotide FdUMP. This heterogeneity of FU
metabolism by di�erent tumours, as well as the com-
posite nature of the FNuct peak, underlines the potential
drawbacks of using FNuct levels to predict tumour
response in the clinic. Indeed, this was highlighted in a
pre-clinical model using nude mice in which thymidine-
induced increases in FNuct levels detected by 19F-MRS
led to increased cytotoxicity in one human xenograft but
not in another [26].

Notwithstanding these considerations, there was a
signi®cant association between FNuct and response
(P � 0.02, Fischer's exact test). This is the test has been
used in the clinic to show an association between the FU
t1/2 in the tumour and the patient response, and as such
it is more relevant in a comparison of this experimental
model with the situation in the clinic. We could not
accurately measure a t1/2 for FU but instead used the
total FU detected during the experiment (micromoles
per gram per 2.5 h). However, FU was not associated
with response (P � 0.27) despite the strong correlation
observed between FU retention and FNuct formation
(P � 0.00008). NTP/Pi (tumour energy status), how-
ever, was associated with response (P � 0.01), and
when it was combined with FNuct there was a highly
signi®cant association (P � 0.003), allowing 100% of
the NPD group, i.e. partial responders, to be predicted.
These results suggest that 31P-MRS in combination with
19F-MRS might improve the detection of tumours likely
to respond to FU treatment.

In summary, we used a pre-clinical, primary rat tu-
mour model to determine (a) if other MRS-determined
parameters besides ``FU trapping'' may be used to pre-
dict the response to FU treatment and (b) what factors
may determine this ``FU trapping''. Due to the relatively

small data set used, the observed correlations indicate
further areas of research rather than clearly unambigu-
ous relationships. Nevertheless, our results are not in-
consistent with observations in the clinic that increased
tumour retention of FU and/or formation of FNuct are
associated with patient response. More importantly, we
found the tumour energy status to be the best predictor
of response, perhaps because it re¯ects factors that lead
to increased FU access, uptake and metabolism by the
tumour. In combination with another MRS-determined
parameter, FNuct, the selectivity was increased at the
expense of sensitivity, allowing 100% prediction of
partial responders. These observations indicate that
further research in this area would be bene®cial and
suggest that the use of double-tuned (31P/19F)-MRS
coils in the clinic could further aid the prediction of FU
response.
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