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ABSTRACT

INTRODUCTION

3ⴕ-Deoxy-3ⴕ-[18F]fluorothymidine ([18F]FLT) has been proposed as a
new marker for imaging tumor proliferation by positron emission tomography (PET). The uptake of [18F]FLT is regulated by cytosolic S-phasespecific thymidine kinase 1 (TK1). In this article, we have investigated the
use of [18F]FLT to monitor the response of tumors to antiproliferative
treatment in vivo. C3H/Hej mice bearing the radiation-induced fibrosarcoma 1 tumor were treated with 5-fluorouracil (5-FU; 165 mg/kg i.p.).
Changes in tumor volume and biodistribution of [18F]FLT and
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) were measured in three
groups of mice (n ⴝ 8 –12/group): (a) untreated controls; (b) 24 h after
5-FU; and (c) 48 h after 5-FU. In addition, dynamic [18F]FLT-PET
imaging was performed on a small animal scanner for 60 min. The
metabolism of [18F]FLT in tumor, plasma, liver, and urine was determined chromatographically. Proliferation was determined by staining
histological sections for proliferating cell nuclear antigen (PCNA). Tumor
levels of TK1 protein and cofactor (ATP) were determined by Western
blotting and bioluminescence, respectively. Tumor [18F]FLT uptake decreased after 5-FU treatment (47.8 ⴞ 7.0 and 27.1 ⴞ 3.7% for groups b
and c, respectively, compared with group a; P < 0.001). The drug-induced
reduction in tumor [18F]FLT uptake was significantly more pronounced
than that of [18F]FDG. The PET image data confirmed lower tumor
[18F]FLT retention in group c compared with group a, despite a trend
toward higher radiotracer delivery for group c. Other than phosphorylation in tumors, [18F]FLT was found to be metabolically stable in vivo. The
decrease in tumor [18F]FLT uptake correlated with the PCNA-labeling
index (r ⴝ 0.71, P ⴝ 0.031) and tumor volume changes after 5-FU
treatment (r ⴝ 0.58, P ⴝ 0.001). In this model system, the decrease in
[18F]FLT uptake could be explained by changes in catalytic activity but
not translation of TK1 protein. Compared with group a, TK1 levels were
lower in group b (78.2 ⴞ 5.2%) but higher in group c (141.3 ⴞ 9.1%,
P < 0.001). In contrast, a stepwise decrease in ATP levels was observed
from group a to b to c (P < 0.001). In conclusion, we have demonstrated
the ability to measure tumor response to antiproliferative treatment with
[18F]FLT and PET. In our model system, the radiotracer uptake was
correlated with PCNA-labeling index. The decrease in [18F]FLT uptake
after 5-FU was more pronounced than that of [18F]FDG. [18F]FLT is,
therefore, a promising marker for monitoring antiproliferative drug activity in oncology that warrants additional testing.

Current knowledge in tumor biology is providing new opportunities
for cancer treatment. Of particular interest are molecules, which
interfere with growth signal transduction, cell cycle control, differentiation, apoptosis, and angiogenesis (1–3). For early proof of principle
trials in humans, pharmacodynamic endpoints for these new drugs
need to be defined. Noninvasive imaging techniques are particularly
attractive for this purpose. To date, tumor shrinkage as measured by
ultrasound, X-ray transmission computed tomography, or magnetic
resonance imaging still constitutes the mainstay of assessing tumor
response to treatment (4, 5). Other than the fact that necrosis, scar
tissue formation, and inflammation can confound the anatomical
detection of therapy response, several of the novel therapies are
cytostatic and do not implicitly lead to a decrease of the tumor volume
(5). In addition, tumor volume changes may occur only after weeks or
months after therapy, impeding quick decisions on therapy modification in the case of nonresponse.
These drawbacks could be overcome by using functional imaging
techniques like PET.3 PET with [11C]dThd has been shown to be
suitable for imaging tumor proliferation and response to cancer therapies in the clinic (6 –11). Because of the rapid in vivo degradation of
[11C]dThd, however, investigators have sought analogues that are less
readily metabolized (12, 13). A promising candidate is [18F]FLT, the
radiolabeled form of a pyrimidine nucleoside that was first described
in 1969 by Langen et al. (14 –16) as a selective inhibitor of DNA
synthesis. After permeating the cell membrane by a carrier-mediated
mechanism, as well as by passive diffusion (17), FLT undergoes
monophosphorylation catalyzed by cytosolic TK1 enzyme. This implies that the [18F]FLT signal detected by PET presumably gives a
measure of the TK1 activity. This presumption has recently been
supported by in vitro experiments in A549 human lung carcinoma
cells, where a positive correlation between [18F]FLT uptake by cells
and TK1 activity was seen (18). Because TK1 activity correlates with
the degree of cellular proliferation (19) and shows a (complex) Sphase-regulated expression (20, 21), it has been suggested that imaging this surrogate marker will provide a reasonable measure of tumor
proliferation (12).
FLT labeled with 18F was firstly described in 1991 by Wilson et al.
(22) as carrier-added [18F]FLT and in 1997 by Grierson et al. (23) as
no-carrier-added [18F]FLT. Over the last few years, different approaches to increase the radiochemical yield of the radiotracer have
been published [for overview see Mier et al. (24)]. In 1998, [18F]FLT
was firstly applied for PET imaging. Shields et al. (12) investigated
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animals and a non-small cell lung cancer patient and found [18F]FLT
to be specifically taken up into proliferating tissues, including tumors
and bone marrow. Recently, Buck et al. (25) performed [18F]FLTPET studies in 30 patients with solitary pulmonary nodules. In this
primary diagnostic imaging study, a positive correlation between
tumor radiotracer uptake and proliferative activity, as measured histologically by Ki-67 immunostaining, was demonstrated (25).
There are, however, no investigations reported to date on the use of
[18F]FLT for imaging tumor response to therapy. The present study
was, therefore, initiated to assess [18F]FLT for therapy monitoring
with PET in a model system for which the response profile is well
known, i.e., RIF-1 xenografts treated with 5-FU (26, 27). In addition,
this study was carried out with the view to provide clarity on the
uptake mechanism of [18F]FLT in proliferating tumors and, in particular, on the role of TK1 and cofactor (ATP) for realizing TK1 activity.
Furthermore, we have compared [18F]FLT uptake to that of
[18F]FDG, the current standard for therapy monitoring in oncology
by PET.

frozen in liquid nitrogen. Tumor samples were pulverized with the aid of liquid
nitrogen and homogenized in ice-cold Dulbecco’s PBS. Samples were then
centrifuged (2790 rpm for 30 min at 4°C) to obtain the supernatant. The
resulting supernatants were taken for additional analysis. The protein content
of the supernatants was determined using a commercial kit (BCA protein assay
kit; Pierce, Rockford, IL).
TK1 protein levels were determined by Western blot as previously reported
by He et al. (30, 31). Briefly, aliquots of the tumor samples (containing 30 g
of protein) were mixed with equivalent volumes of native Tris-glycine sample
buffer (Novex; Invitrogen, Groningen, the Netherlands) and separated on
precast Tris-glycine (4 –20%) gel (ICN Biomedicals, Aurora, OH). Electrophoresis was performed at a constant current of 12 mA. The separated proteins
were transferred onto a nitrocellulose membrane (Hybond ECL; Amersham
Pharmacia Biotech, Little Chalfont, United Kingdom) and subsequently
blocked with TBS/casein-blocking buffer [20 mM Tris, 0.5 M NaCl, 1% casein
(pH 7.4); Bio-Rad Laboratories, Hercules, CA]. TK1 was detected with mouse
antibodies (monoclonal antibody no. 1D11) raised against a synthetic peptide
(amino acids K211PGEAVAARKLFAPQ255) that corresponds to a part of the
COOH-terminus of rodent and human TK1 (Svanova Biotech, Uppsala, Sweden). The nitrocellulose membrane was incubated with anti-TK1 monoclonal
antibody [initial concentration 1 mg/ml; 1:25,000 dilution in TBS-T buffer (20
mM Tris, 150 mM NaCl, and Tween 20 0.1% v/v)] for at least 15 h, washed
MATERIALS AND METHODS
with TBS-T, and incubated for 60 min with antimouse IgG horseradish
Radiopharmaceuticals. [18F]FLT and [18F]FDG were produced on-site by peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of
Imaging Research Solution Limited (MRC Cyclotron Building, Hammersmith 1:15,000 TBS-T buffer. The membrane was washed again and visualized using
Hospital, London, United Kingdom). [18F]FLT was prepared by radiofluori- the enhanced chemiluminescence method (SuperSignal West Pico Chemiludation of the 2,3⬘-anhydro-5⬘-O-(4,4⬘-dimethoxytrityl)-thymidine precursor minescent Substrate; Pierce). For quantification of band intensities, the films
were scanned using a GS-710 Calibrated Imaging Densitometer (Bio-Rad
using an improved synthesis system that was recently developed in our
institute (28), with a radiochemical yield of 32%. [18F]FDG was produced by Laboratories) and analyzed with the Quantity One software (version 4.0.3;
a stereospecific nucleophilic fluorination reaction followed by deprotection to Bio-Rad Laboratories). The molecular weight of the detected bands was
obtain a no-carrier-added product as reported previously (29). The range of estimated from molecular weight marker (Kaleidoscope Prestained Standards;
specific radioactivities of [18F]FLT and [18F]FDG were 46.5– 80.8 and 19.6 – Bio-Rad Laboratories) bands, which were blotted in parallel with the original
samples. The tumor samples were analyzed in triplicate/native gel, and the
722.0 GBq.mol⫺1, respectively.
Animals and Tumor Models. The experiments were performed by li- analysis was repeated twice. The complete experiment (including establishcensed investigators in accordance with the United Kingdom Home Office’s ment of tumor xenografts, 5-FU treatment, harvesting of the tumors, and
“Guidance on the Operation of the Animal (Scientific Procedures) Act 1986.” preparation of samples for native electrophoresis) was repeated three times.
Determination of ATP Levels in RIF-1 Tumors. ATP levels in the RIF-1
Ten to 12-week-old male C3H/Hej mice were obtained from Harlan United
Kingdom Ltd. (Bicester, United Kingdom). RIF-1 tumor xenografts were tumors were determined by a bioluminescence assay (ENLITEN ATP assay
system; Promega Corporation, Madison, WI). The assay measures the ATPestablished s.c. on the back of the mice by injecting 5 ⫻ 105 cells in 100 l of
Dulbecco’s PBS. From the first visualization of the tumors up to the day of the dependent emission of light at 560 nm from a luciferase/luciferin reaction.
final experiments, tumor dimensions were measured continuously using a Light intensity, which is proportional to the ATP concentration, was measured
caliper. Tumor volumes were calculated using the equation: volume ⫽ (/ using a microplate luminescence counter (TopCount NXT; Packard Instrument, Meriden, CT). Supernatants prepared as described for Western blot
6) ⫻ a ⫻ b ⫻ c, where a, b, and c represent three orthogonal axes of the tumor.
The treatment experiments were started 14 –18 days after implantation, when analysis were analyzed for ATP levels and normalized to the total cellular
protein levels determined by the BCA protein assay kit (Pierce). A calibration
the tumors reached a volume of ⬃100 mm3.
5-FU Treatment. The 5-FU solution for injection was obtained from curve was prepared from ATP standards, which were provided with the above
Faulding Pharmaceuticals (Queensway, United Kingdom) and administered as ATP assay kit.
[18F]FLT and [18F]FDG Biodistribution Studies. Untreated and 5-FUa single bolus injection at a dose of 165 mg/kg 5-FU i.p. The injections were
treated
RIF-1-tumor-bearing mice were administered a bolus injection of
performed 24 or 48 h before the radiotracer experiments. Untreated RIF-1
[18F]FLT or [18F]FDG i.v. via the lateral tail vein at a dose of 60 – 80 Ci
tumor-bearing mice served as controls.
Immunohistochemical Examination of RIF-1 Tumors. For histological (2.22–2.96 MBq). The mice were sacrificed 60 min after radiotracer injection
evaluation of the degree of tumor proliferation, untreated (n ⫽ 3) and 5-FU- by exsanguination via cardiac puncture (under general isofluorane inhalation
treated tumors [24 h (n ⫽ 4) and 48 h (n ⫽ 4) posttreatment] were excised, anesthesia). Blood, normal tissues (liver, kidneys, lung, brain, spinal cord,
fixed in formalin, embedded in paraffin, and cut into 5.0-m sections. Adja- spleen, heart, leg muscle, leg bone, and small intestine), as well as tumor
cent sections were stained with H&E or mouse monoclonal antibodies for samples were rapidly excised. In addition, urine was collected, and plasma was
PCNA (Novocastra, Newcastle-upon-Tyne, United Kingdom). The primary obtained from blood centrifugation. All samples were weighed, and the radioPCNA antibodies were subsequently detected with biotinylated goat antimouse activity was measured using a Cobra II Auto-Gamma counter (Packard InstruIgG antibodies (Dako, Carpinteria, CA) and peroxidase-labeled streptavidin ment), applying a decay correction. The results were expressed as %ID/g.
[18F]FLT Metabolite Analyses. In parallel with the ex vivo biodistribution
(Roche Diagnostics, Lewes, United Kingdom). Peroxidase-labeled cells were
studies, plasma, urine, liver and tumor samples were assessed for putative
visualized by incubation with hydrogen peroxide and diaminobenzidine tetrahydrochloride (Chromogen; Sigma, Poole, United Kingdom). Sections from [18F]FLT metabolites by reversed-phase HPLC. Plasma samples were deprotwo different regions of each tumor, separated by at least 1.0 mm, were used teinated by adding ice-cold acetonitrile (2 ⫻ volumes) and centrifuged
for the analyses. The numbers of PCNA- and H&E-positive cells in adjacent (3000 ⫻ g, 5 min, 4°C). Liver and tumor samples were cut into small pieces
sections were counted in five randomly selected fields of view (0.37 mm2) per and homogenized with two parts of ice-cold acetonitrile using an Ultrasection using a BX51 Olympus microscope (Olympus Optical, Tokyo, Japan) at Thurrax homogenizer (IKA, Staufen, Germany) and the resultant homogenate
⫻600 magnification. The LIPCNA was calculated using the equation LIPCNA ⫽ centrifuged (3000 ⫻ g, 5 min, 4°C). The supernatant from plasma and tissues
were evaporated to dryness in a rotary evaporator (40°C) under vacuum,
(cellsPCNA-positive /cellsH&E-positive) ⫻ 100%.
Western Blot Analysis of TK1(Protein) Levels in RIF-1 Tumors. RIF-1 reconstituted in 1.5 ml of mobile phase and filtered (0.2 m). Unlike plasma
tumors, untreated controls and 5-FU-treated, were excised and immediately and tissue samples, urine samples were diluted with 1.5 ml of mobile phase and
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clarified by filtration (0.2 m). Aliquots of each filtrate (plasma, tumor, liver,
and urine; 1 ml) were injected into the HPLC system. Samples were separated
on a C18 Bondapak column (7.8 ⫻ 300 mm, size 10 m; Waters, Milford,
MA) that was eluted with 0.1 M KH2PO4/acetonitrile (85/15% v/v; pH 4.5) at
a flow rate of 3.0 ml/min. The radioactivity of the eluents was monitored.
Peak areas were integrated and corrected for physical decay and background
activity.
Biochemical evidence that the tumor metabolite of [18F]FLT was a 5⬘phosphate was provided by incubating tumor homogenates (for 60 min at
37°C) with 5 mM Tris-HCl buffer solution (pH 7.4) containing 50% (v/v)
glycerol, 0.5 mM MgCl, 0.5 mM ZnCl2, and 10 units of bacterial (type III)
alkaline phosphatase (Sigma). The reaction was terminated by adding ice-cold
acetonitrile, and the samples were kept on ice before analysis. Samples were
clarified as above and analyzed by HPLC. Control experiments were performed without alkaline phosphatase.
PET Imaging and Image Analysis. Toward PET imaging in humans, we
investigated the biodistribution of [18F]FLT in vivo by PET scanning on a
second generation-dedicated small animal PET scanner, quad-HIDAC [Oxford
Positron Systems, Weston-on-the-Green, United Kingdom (32)]. The 32module quad-HIDAC has the following features: 17- and 28-cm field of view
in the transaxial and axial planes, respectively; 1.0 and 1.5 mm spatial
resolution (full-width half-maximum) in both planes at 0.125- and 0.5-mm
sinogram bin size, respectively; and 1.2% scatter corrected efficiency on a line
source with no energy discrimination. Each of three untreated and three
tumor-bearing mice treated with 5-FU 48 h before the experiment were
scanned. For this, the tail veins of the mice were cannulated after induction of
anesthesia with isofluorane/O2/N2O. The animals were placed within a thermostatically controlled jig and positioned prone in the scanner. The jig has
been calibrated to provide a rectal temperature of 37°C. A bolus injection of

80 Ci (2.96 MBq) [18F]FLT was administered via the tail cannula and
scanning commenced. Dynamic emission scans were acquired in list mode
format over 60 min. The acquired data were sorted into 0.5-mm sinogram bins
and 19 time frames (4 ⫻ 15 s, 4 ⫻ 60 s, and 11 ⫻ 300 s) for image
reconstruction, which was performed by filtered back projection using a
two-dimensional Hamming filter (cutoff 0.6). The image data sets obtained
were transferred to a SUN workstation (Ultra 10; SUN Microsystems, Santa
Clara, CA) and visualized using the Analyze software (version 4.0; Biomedical
Imaging Resource, Mayo Clinic, Rochester, MN). ROIs were defined on three
to six coronal planes for all tumors. TACs from the ROIs were averaged for
each tumor and normalized to the injected activity.
Statistical Analysis. Statistical analyses were performed using the software SPSS for Windows, version 10.0.7 (SPSS, Inc., Chicago, IL). Differences
between control and 5-FU-treated groups with respect to tumor volume
changes, LIPCNA, TK1 protein levels, ATP levels, as well as [18F]FLT and
[18F]FDG tumor uptake were tested for significance using one-factorial
ANOVA. Differences between the [18F]FLT and [18F]FDG biodistribution and
the [18F]FLT-PET imaging data of 5-FU-treated and untreated tumor-bearing
mice were tested for significance using the two-sided Student’ t test for
independent samples. Correlations between the radiotracer uptake into tumors
and tumor volume changes, as well as between [18F]FLT tumor uptake and
LIPCNA were determined by linear regression analyses. Unless stated, data
were mean ⫾ 1 SE. Ps of ⱕ0.05 were considered significant.

RESULTS
5-FU Is Cytotoxic to RIF-1 Tumors. The biological activity of
5-FU on tumors was assessed by measuring changes in tumor volume

Fig. 1. 5-FU treatment and tumor proliferation. Effect of 5-FU (165 mg/kg i.p.) on proliferation of RIF-1 tumors. A, changes in tumor volume. 5-FU was injected on day 0 (n ⫽ 8
mice/group). B, typical PCNA-stained histological section of an untreated RIF-1 tumor. C, typical PCNA-stained histological section of a RIF-1 tumor 48 h after 5-FU treatment. D,
changes in LIPCNA in untreated and 5-FU-treated tumors (24 and 48 h after treatment). The differences in brown staining in B and C reflect differences in proliferation.
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Fig. 2. 5-FU treatment and tumor TK1 protein/ATP levels.
Typical TK1 Western blot from untreated and 5-FU-treated
RIF-1 tumors (A). Bar charts showing the influence of 5-FU
treatment on the TK1 levels (n ⫽ 15/group; B) and ATP levels
(n ⫽ 5/group; C).

and LIPCNA. Fig. 1A shows the growth characteristics of RIF-1 tumors
and the effect of 5-FU (n ⫽ 8 mice/group). Untreated mice showed a
volume increase of 52.6 ⫾ 29.1% compared with the tumor size on
the day of treatment. In contrast, 5-FU treatment resulted in tumor
shrinkage. Tumor volumes decreased in this group by 25.6 ⫾ 19.7 and
33.5 ⫾ 14.6% at 24 and 48 h, respectively, after treatment compared
with pretreatment tumors (P ⬍ 0.001, one-factorial ANOVA).
PCNA-stained histological sections of untreated and 5-FU-treated
(48 h after treatment) RIF-1 tumors are shown in Fig. 1, B and C,
respectively. In keeping with the decrease in tumor volume, there was
a stepwise decrease in LIPCNA after 5-FU treatment (Fig. 1D). LIPCNA
decreased by 27.5 ⫾ 1.5 and 74.2 ⫾ 17.2% at 24 and 48 h after
treatment, respectively, compared with pretreatment LIPCNA
(P ⫽ 0.001, one-factorial ANOVA).
5-FU Treatment Alters Tumor TK1 Enzyme and ATP Levels.
TK1 activity has been proposed as the most important determinant of
[18F]FLT uptake. Thus, we investigated the effect of 5-FU on tumor
TK1 protein levels and cofactor (ATP) levels. Western blots of TK1
protein from untreated and 5-FU-treated tumors (24 and 48 h after
treatment) are shown in Fig. 2A. Analysis of band intensities by
densitometry at 24 h after treatment showed a 12.8 ⫾ 0.8% reduction
in TK1 protein levels compared with control levels (Fig. 2B). Unexpectedly, TK1 protein levels were higher than that of controls at 48 h
after treatment (a 41.3 ⫾ 2.6% increase, P ⬍ 0.001, one-factorial
ANOVA; Fig. 2B).
TK1 catalytic activity is likely to follow the same pattern as TK1
Table 1 Biodistribution of [18F]FLT and [18F]FDG in untreated RIF-1 tumor-bearing
micea

Tumor
Blood
Plasma
Liver
Kidney
Lung
Brain
Urine
Spinal cord
Spleen
Heart
Muscle (leg)
Bone (leg)
Small intestine

[18F]FLT [%ID/g]

[18F]FDG [%ID/g]

P

5.7 ⫾ 0.8
3.1 ⫾ 0.6
3.3 ⫾ 0.7
3.2 ⫾ 0.8
8.3 ⫾ 1.4
3.9 ⫾ 0.5
0.6 ⫾ 0.1
454.4 ⫾ 58.2
0.7 ⫾ 0.1
7.0 ⫾ 2.3
2.9 ⫾ 0.6
2.7 ⫾ 0.6
4.5 ⫾ 1.3
8.1 ⫾ 1.8

6.1 ⫾ 0.9
0.4 ⫾ 0.1
0.4 ⫾ 0.1
0.9 ⫾ 0.1
2.3 ⫾ 0.6
4.2 ⫾ 0.5
8.1 ⫾ 0.2
307.8 ⫾ 23.7
5.7 ⫾ 0.3
2.5 ⫾ 0.1
44.0 ⫾ 8.9
5.3 ⫾ 0.8
3.0 ⫾ 1.1
2.2 ⫾ 0.3

n.s.
0.013
0.006
0.029
0.001
n.s.
⬍0.001
n.s.
⬍0.001
n.s.
⬍0.001
0.029
n.s.
0.017

a
Tissues were excised 1 h after radiotracer administration. Data are mean ⫾ SE
(n ⫽ 8 –12); n.s. ⫽ nonsignificant.

Fig. 3. 5-FU treatment and tumor [18F]FLT/[18F]FDG uptake. Effect of treatment with
5-FU (165 mg/kg i.p.) on [18F]FLT and [18F]FDG uptake into RIF-1 tumors (n ⫽ 8 –12
mice/group). ⴱⴱ, P ⬍ 0.01, ⴱⴱⴱ, P ⬍ 0.001, as tested against the control group. Tumors
were excised at 60 min after radiotracer injection and their radioactivities were determined
by gamma counting as described in the “Materials and Methods” section.

protein levels if ATP levels remained relatively similar. The bioluminescence assay showed that this was not the case. A statistically
significant stepwise reduction in tumor ATP levels occurred after
treatment with 5-FU compared with untreated controls (P ⬍ 0.001,
one-factorial ANOVA; Fig. 2C). Whereas the pretreatment tumor
ATP content was 32.8 ⫾ 1.0 g/mg protein, ATP levels were
27.0 ⫾ 1.0 and 21.5 ⫾ 0.6 g/mg protein, respectively, at 24 and 48 h
after 5-FU treatment.
Biodistribution of [18F]FLT and [18F]FDG. Table 1 summarizes
the results of the [18F]FLT and [18F]FDG biodistribution studies in
untreated mice. Compared with [18F]FDG, the accumulation of
[18F]FLT was significantly higher in blood, plasma, liver, kidneys,
and small intestine and significantly lower in brain, spinal cord, heart,
and muscle (Table 1). In the untreated tumors, radiotracer uptake
appeared to be higher in the [18F]FDG group compared with the
[18F]FLT group, but this difference did not reach statistical significance (Fig. 3).
Tumor Radiotracer Uptake in Control and Treated Mice and
Correlation with Independent Measures of Treatment Response.
Treatment with 5-FU resulted in a stepwise decrease in tumor radiotracer uptake for both the [18F]FLT and [18F]FDG groups. However,
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Fig. 4. [18F]FLT metabolism in control mice.
Reversed-phase HPLCs of [18F]FLT and putative
metabolites in plasma (A), liver (B), urine (C), and
untreated RIF-1 tumors (D). Samples were obtained
1 h after the radiotracer injection. One main radioactive component at a retention time of 8.5 min,
representing the intact [18F]FLT, was observed.

compared with the tumor [18F]FDG uptake, there was a more pronounced decrease in [18F]FLT uptake at 24 h (52.2 ⫾ 7.6 versus
28.4 ⫾ 3.3%; P ⫽ 0.037) and 48 h after 5-FU treatment (72.9 ⫾ 9.9
versus 48.2 ⫾ 3.0%; P ⬍ 0.001). There was a statistically significant
difference between untreated controls and 5-FU-treated tumors both at
24 and 48 h after treatment in the [18F]FLT group but only at 48 h
after treatment in the [18F]FDG group (Fig. 3). We investigated
possible associations between [18F]FLT or [18F]FDG tumor uptake
and independent measures of response to 5-FU treatment by comparing radiotracer uptake for individual tumors with the respective tumor
volume changes or LIPCNA after 5-FU treatment. [18F]FLT uptake in
the RIF-1 tumors (untreated and 5-FU-treated combined) positively
correlated with tumor volume changes (r ⫽ 0.585; P ⫽ 0.001). A
similar correlation was found for [18F]FDG (r ⫽ 0.528; P ⫽ 0.018).
In addition, tumor [18F]FLT uptake positively correlated with LIPCNA
(n ⫽ 9; r ⫽ 0.71; P ⫽ 0.031).
[18F]FLT Is Metabolically Stable in Vivo. The radiochromatograms of plasma, liver, urine, and untreated RIF-1 tumor samples,
which were obtained 1 h after the administration of [18F]FLT, are
shown in Fig. 4. In all cases, the major radioactive component,
corresponding to parent [18F]FLT, eluted at a retention time of ⬃8.5
min. In plasma and liver samples, parent [18F]FLT comprised 96 and
90% of the total radioactivity. In the case of urine and tumor samples,
however, minor radioactive peaks at retention times of 5 and 6 min
(urine) and 4.5 min (tumor) were detected (18 and 29% of total
radioactivity, respectively).
We investigated the possibility that the peak at the HPLC retention
time of 4.5 min in tumors was a phosphorylated product. In support of
our assertion, the radioactive component at this retention time was
distinctly lower in 5-FU-treated tumors (48 h after treatment) compared with untreated tumors (4 versus 21%; Fig. 5, A and B). Furthermore, alkaline phosphatase specifically hydrolyzed the same radioactive metabolite in untreated tumors, resulting in an increased
proportion of [18F]FLT. Chromatograms of untreated RIF-1 tumors
that were incubated with alkaline phosphatase or incubated under
similar conditions without the enzyme are shown in Fig. 5, C and D.
[18F]FLT-PET Imaging. Fig. 6A shows a typical volume rendered
image of the late (30 – 60 min summed) time frame after the injection
of [18F]FLT into a RIF-1 tumor-bearing mouse. Transverse (0.5 mm)

slices of 30 – 60 min summed [18F]FLT-PET images from an untreated and a 5-FU-treated (48 h after treatment) RIF-1 tumor-bearing
mouse are illustrated in Fig. 6, B and C. The PET images were in
agreement with the biodistribution data determined by ex vivo gamma
counting. In this regard, there was high uptake of radioactivity in
tumor, kidney and urine (Fig. 6A). Also in agreement with the biodistribution studies was the fact that the tumor uptake of [18F]FLT
was lower for the 5-FU-treated mice (Fig. 6C) than for untreated
control (Fig. 6B). The tumor TACs (48 h after 5-FU and controls),
normalized to injected activity are shown in Fig. 6D. Radiotracer
uptake and retention was seen in untreated control tumors. In contrast,
5-FU-treated tumors showed rapid uptake (delivery) but also rapid
elimination of [18F]FLT. The fractional retention of [18F]FLT, calculated by dividing the radioactivity at 60 min p.i. (retention) to that at
5 min p.i. (peak of the delivery phase), was significantly lower in the
5-FU-treated tumors compared with control tumors (0.80 ⫾ 0.06
versus 1.09 ⫾ 0.01; P ⫽ 0.026; n ⫽ 3/group).
DISCUSSION
[18F]FDG is currently the most widely used radiotracer for imaging
therapy response in oncology with PET (for overview, see Ref. 33). It
is metabolized to [18F]FDG-phosphate and provides information on
the expression of glucose transporters and hexokinase activity (34,
35). However, [18F]FDG is not only trapped in tumor cells but also in
macrophages, granulation tissues, and necrosis (36, 37). Therefore,
inflammatory or fibrotic masses can compromise response assessment
using this radiotracer. These limitations of [18F]FDG has led to the
search for alternative approaches with higher specificity.
In this study, we have evaluated a novel pyrimidine nucleoside,
[18F]FLT, as a marker for imaging tumor response to therapy by PET.
That radiolabeled pyrimidine nucleosides could be more suitable than
[18F]FDG for PET imaging of tumor response to therapy was earlier
suggested by Reinhardt et al. (38) who compared changes in
[18F]FDG uptake into AH109A hepatoma-bearing rats after fractionated radiotherapy with that of [3H]dThd (38). A more pronounced
decrease in tumor-to-muscle radioactivity ratios for [3H]dThd was
reported (38). These results were corroborated by Shields et al. (9) in
patients with small cell lung cancer and high-grade sarcoma. In that
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Fig. 5. 5-FU/alkaline phosphatase and tumor
[18F]FLT metabolism. Metabolism (anabolism) of
18
[ F]FLT in RIF-1 tumors as measured by reversed-phase HPLC. A, typical chromatogram of an
untreated RIF-1 tumor. B, typical chromatogram of
a 5-FU-treated tumor (165 mg/kg i.p., 48 h after
treatment). C, typical chromatogram of an untreated RIF-1 tumor after 60 min incubation in
buffer. D, typical chromatogram of an untreated
RIF-1 tumor after 60 min incubation in buffer containing alkaline phosphatase (AP). The metabolite
eluting at a retention time of 4.5 min was lower in
5-FU-treated tumors compared with controls. After
incubation with alkaline phosphatase, a distinct decrease of the radioactive component at 4.5 min
(phosphorylated metabolite) was detected.

study, the decrease in [11C]dThd uptake at 1 week after chemotherapy
was more pronounced than the corresponding decrease in [18F]FDG
uptake (9). We have similarly demonstrated in this study an early
decrease of [18F]FLT uptake into the RIF-1 tumors after 5-FU treatment, which was more pronounced than that of [18F]FDG. This
observation provides additional support for the assertion that imaging
tumor proliferation could be more sensitive for response assessment
than imaging tumor glucose consumption.
Compared with the gold standard for PET imaging of tumor proliferation, [11C]dThd, [18F]FLT has a number of principal advantages.
Firstly, the physical half-life of [18F]FLT is considerably longer
(109.4 versus 20.4 min). Secondly, [18F]FLT is more stable against

metabolic degradation in vivo. This property of [18F]FLT was demonstrated in our mouse model through the finding of very low levels
of [18F]FLT metabolites in plasma, liver, and urine. However, preliminary reports in abstract form and images of [18F]FLT have indicated that this radiotracer is metabolized in humans, especially in the
liver (12, 39), albeit to a much lesser extent than [11C]dThd (40). The
difference in [18F]FLT metabolism between the mouse and humans is
presumably because of interspecies differences in expression of UDPglucuronosyltransferases (41) and may, therefore, limit the usefulness
of [18F]FLT for investigating human liver malignancies. Finally, in
contrast to [11C]dThd, which is readily incorporated into DNA (42),
[18F]FLT is predominantly trapped within the cell as the monophos-

Fig. 6. [18F]FLT-PET imaging. [18F]FLT-PET images of
RIF-1 tumor-bearing mice acquired on a small animal scanner.
A, volume-rendered image of late time frame (30 – 60 min p.i.
summed) with arrow pointing to the tumor. B, transverse (0.5
mm) slice of 30 – 60 min p.i. summed [18F]FLT-PET images
from an untreated tumor-bearing mouse at the level of the
maximal tumor diameter. C, corresponding transverse slice
from a 5-FU-treated (48 h after treatment) tumor-bearing
mouse. D, tumor TACs, normalized to the injected activity,
obtained from untreated (E) and 5-FU-treated mice (48 h after
treatment; F). Data are mean ⫾ SE (n ⫽ 3/group). The unit of
Y axis is MBq.ml⫺1 ROI.MBq⫺1 injected dose ⫽ ml⫺1.
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phate (42, 43). Our studies demonstrated the existence of a metabolite
in untreated RIF-1 tumors that was identified, biochemically, as a
phosphate anabolite of [18F]FLT. Treatment of RIF-1 tumors with
5-FU decreased [18F]FLT phosphorylation, an important finding in
the use of [18F]FLT for response assessment.
To date, only one preliminary report has described the use of
[18F]FLT-PET for in vivo monitoring tumor response to anticancer
therapy (44). In that study, two patients with primary breast cancer
were imaged before and after neoadjuvant chemotherapy. A decrease
of the [18F]FLT tumor uptake by 21 and 83% was detected after the
first course of the chemotherapy, with complete normalization of
[18F]FLT uptake after completion of therapy (44). In our model
system, there was a stepwise decrease of tumor [18F]FLT uptake to 48
and 27% of that of untreated control tumors at 24 and 48 h after 5-FU
treatment, respectively. In addition, the PET imaging studies showed
that the fractional retention of [18F]FLT was lower at 48 h after 5-FU
treatment compared with control tumors. This parameter may, therefore, be applicable to the analysis of clinical [18F]FLT data. The
higher initial [18F]FLT delivery into the 5-FU-treated tumors could be
attributed to increased tumor blood flow, which is characteristic of
5-FU-treated RIF-1 tumors (45). Compared with ex vivo gamma
counting, PET imaging was less efficient in discriminating between
treated and control tumors at 60 min. This could be attributed to
partial volume and spill over effects, which are more pronounced in
the imaging of small animals, as well as the use of anesthesia in the
imaging studies (decreasing [18F]FLT clearance).
FLT is a substrate for cytoplasmic TK1 (18). The rationale for using
[18F]FLT-PET in measuring the proliferative activity of tumors is
based on the S-phase-specific induction of TK1 at the transcriptional
and posttranscriptional level (46). TK1 is nearly undetectable in
growth-arrested cells but dramatically stimulated at the G1-S border
(46, 47). The sequences responsible for the S-phase-specific expression of TK1 have been mapped to promotor regions that carry binding
sites for transcription factors of the E2F and Sp1 families (48, 49).
The stability of TK1 dramatically decreases upon cell division, resulting in the rapid clearance of the enzyme from newly divided G1
cells (46). Accordingly, two recent reports showed positive correlations between FLT uptake and percentage of S-phase fraction in vitro
in different tumor cell lines (18, 42).
In our study, we demonstrated an initial decrease in TK1 protein
concentration at 24 h after 5-FU treatment. At the later time point (48
h after treatment), however, an intense increase in TK1 protein levels
was detected. The increased TK1 protein expression (reproducible in
three separate 5-FU treatment experiments) was unexpected given the
stepwise reduction of [18F]FLT uptake after treatment. Thus, we
evaluated the levels of the other factor that contributes to TK1
activity, the cofactor ATP. Munch-Petersen et al. (20) first described
ATP as an important cofactor for realizing the activity of TK1. In their
experiments with TK1 purified from human phytohemagglutininstimulated lymphocytes, the activity of the enzyme in the presence of
ATP was shown to be more than twice as high as the activity of TK1
without ATP (20). This finding was explained by a reversible, ATPdependent effect on the enzyme size, transforming TK1 to a dimer in
the absence and to a tetramer in the presence of ATP, with higher Km
and lower kcat values for the dimer (20). In our model system, ATP
levels in the 5-FU-treated tumors were significantly lower than those
in untreated control tumors. Taken together, the decrease in tumor
[18F]FLT uptake at 48 h after treatment despite increased TK1 protein
expression at that time point could be explained by the decrease in
ATP levels, i.e., changes in catalytic activity but not changes in
translation or posttranslation stability. This effect may be specific for
5-FU and other thymidylate synthase inhibitors. For other anticancer
drugs, especially those that target cell cycle control, we would spec-

ulate that a decrease in [18F]FLT uptake will ensue from a decrease in
TK1 protein levels.
[18F]FLT uptake was validated by comparison to PCNA labeling,
an established measure of proliferation. PCNA is a Mr 36,000, acidic,
nonhistone, nuclear protein in which the expression is associated with
the late G1 and S-phase of the cell cycle (50, 51). A positive correlation was found between tumor [18F]FLT uptake and LIPCNA, supporting the value of [18F]FLT for assessing antiproliferative activity
of 5-FU. The posttreatment tumor [18F]FLT uptake was also associated with changes in tumor volume, a parameter that—in approximation—represents the current gold standard for clinical evaluation of
antitumor therapy obtained by anatomical imaging methods like ultrasound, X-ray transmission computed tomography, and magnetic
resonance imaging. Given the biochemical basis of [18F]FLT uptake,
it is possible that [18F]FLT-PET could be used to detect response not
only to cytotoxic but also to cytostatic agents.
In conclusion, using a RIF-1 tumor model, we have shown an
association between tumor [18F]FLT uptake in biodistribution studies
and proliferation. Changes in tumor [18F]FLT accumulation after
5-FU treatment were successfully imaged by PET. These changes
reflect established measures of tumor response. In addition, our study
provides additional support for the presumption that TK1 catalytic
activity is important for [18F]FLT uptake: in our model system, the
decrease in TK1 activity after 5-FU treatment was not explained by
decreased TK1 protein levels but by a decrease in cofactor ATP
levels. Compared with [18F]FDG, the decrease of tumor radiotracer
accumulation in response to antiproliferative treatment was more
pronounced for [18F]FLT. [18F]FLT is, therefore, a promising marker
and warrants additional preclinical and clinical testing.
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