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3�-Deoxy-3�-18F-fluorothymidine (18F-FLT) has been recently
described as a radiopharmaceutical for measuring cellular pro-
liferation using PET imaging. Evaluation of tumor proliferative
activity by PET using 18F-FLT could be a procedure to assess
the viability of tumor, such as histologic grade, clinical stage,
and prognosis as well as the early effects of cancer therapy.
This study was undertaken to determine whether 18F-FLT is
useful in the detection of prostate cancer as well as monitoring
therapeutic effects in a human tumor model. Methods: The
androgen-dependent human prostate tumor, CWR22, was im-
planted into athymic mice. This well-established model of pros-
tate cancer was used in all studies. To determine the optimal
imaging times for 18F-FLT, a biodistribution was performed in
CWR22 mice. 18F-FLT (740 kBq [20 �Ci]) was administered via
the tail vein and uptake was determined in selected tissues at 5
min, 20 min, and 1, 2, and 4 h after injection (n � 5, each time
point). Androgen ablation studies were conducted in the
CWR22 model with either diethylstilbestrol (DES) or surgical
castration. Animals received DES every 2 d for 3 wk. The effec-
tiveness of therapy was monitored using 18F-FLT microPET as
baseline, during treatment, and after treatment. Tracer accumu-
lation in the tumor was then analyzed by comparing tumor-to-
muscle ratios derived from reconstructed microPET data. Re-
sults: At 2 h after injection, the 18F-FLT uptake in tumor was
0.69 � 0.14 percentage injected dose per gram of tissue, show-
ing the highest activity of all organs measured. The microPET
study with dynamic imaging showed that 18F-FLT uptake in
blood reached its plateau within 1 min and was rapidly cleared,
whereas 18F-FLT uptake in tumor reached its plateau in 30 min
and remained up to 60 min. microPET using 18F-FLT success-
fully imaged the implanted CWR22 tumor in the mice at both 1
and 2 h after injection. There was a marked reduction of 18F-FLT
uptake in tumor after castration or DES treatment; however,
there were no differences in 18F-FLT uptake in the tumor in the
control group. These changes of 18F-FLT uptake in tumor par-
allel the changes of actual tumor measurement. Conclusion:
These results indicate that 18F-FLT is a useful tracer for detec-
tion of prostate cancer in an animal model. 18F-FLT has the

potential for monitoring the therapeutic effect of androgen ab-
lation therapy in prostate cancer.
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Androgen dependency is a characteristic behavior for
many prostate cancers (1). Androgen ablation therapy has
thus been used as the treatment for advanced disease, since
chemotherapy has less therapeutic effect in prostate cancer
than in other cancer types (2). A majority of those patients
receiving androgen ablation therapy relapse within a few
years, whereas others respond to therapy for extended pe-
riods. This varied response to the therapy indicates that
there are large differences in the androgen dependency of
prostate cancer patients. To achieve a greater response rate
for patients with less androgen-dependent cancer, combina-
tion therapies with radiotherapy or chemotherapy are often
explored. To select these patients, conventional imaging
modalities such as ultrasonography and CT are used to
monitor the effect of androgen ablation therapy. These
prove to be less useful because these methods often need a
few months of treatment for the first accurate assessment to
be made. A more rapid evaluation method would allow
androgen ablation therapy to be used only on patients who
will respond to this mode of treatment.

PET for tumor imaging using the radiopharmaceutical
18F-FDG is a relatively new cancer imaging method that has
been widely accepted as a highly effective means for im-
aging a wide variety of cancers. The success of 18F-FDG in
many cancers has led to the evaluation of this radiopharma-
ceutical for use in prostate cancer. 18F-FDG was also eval-
uated for its usefulness in monitoring therapeutic effective-
ness in prostate cancer in animal models (3) and in humans
(4). These studies showed that the early change in glucose
metabolism could enable monitoring metabolic changes in
prostate tumors after treatment by imaging using 18F-FDG
PET. However, 18F-FDG PET has a limitation in imaging
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prostate cancer because of the relatively low performance of
18F-FDG PET in detection of primary as well as distant
disease (5–7).

Recently, 3�-deoxy-3�-18F-fluorothymidine (18F-FLT) has
been introduced as a proliferation radiopharmaceutical for
PET imaging (8–10). Evaluation of tumor proliferative ac-
tivity by PET using 18F-FLT is a potential new procedure to
assess the viability of tumor as well as the early effect of
cancer therapy. In the current clinical study, 18F-FLT uptake
was higher in lung cancer tissue than that of benign masses,
showing the usefulness of 18F-FLT in differential diagnosis
between malignant and benign tumors (11,12). However, to
our knowledge, no report examining 18F-FLT for prostate
cancer has been published.

The purpose of this study is to evaluate the usefulness of
18F-FLT to monitor the early therapeutic effects of androgen
ablation therapy in prostate cancer using an animal tumor
model and microPET imaging.

MATERIALS AND METHODS

Radiochemical Synthesis
18F-Fluoride is produced via the 18O(p, n)18F nuclear reaction by

irradiating isotopically enriched 18O-water with 15- to 16-MeV
protons using either the Washington University Cyclotron Corpo-
ration CS-15 or the Japan Steel Works BC-16/8 medical cyclotron.
Radioactivity emerging from the target was resin treated to reclaim
the 18O-water. 18F-Fluoride was eluted from the resin in a solution
of 0.02N potassium carbonate and used in subsequent reactions.
18F-FLT was synthesized starting with anhydrothymidine, and
microwave-mediated nucleophilic displacement by fluoride ion
followed by acidic hydrolysis gave 18F-FLT in just 60 min (13).
The radiochemical yield was 12% � 4% (decay corrected) and
radiochemical purity was �99%.

Biodistribution Study
Animal experiments were conducted in compliance with the

Guidelines for the Care and Use of Research Animals established
by the Animal Studies Committee at our institution. Four- to
6-wk-old athymic nu/nu male mice were obtained from Charles
River Laboratories. The CWR22 tumor line was a gift from Dr.
Thomas G. Pretlow (Case Western Reserve University, Cleveland,
OH). The CWR22 tumor was propagated in the animals by the
implantation of minced tumor tissue, from a previously established
tumor, into the subcutaneous tissue of the flanks of the mice. For
the maintenance of high serum androgen levels, mice were im-
planted with 12.5 mg of 60-d-releasing testosterone pellets (Inno-
vative Research of America) subcutaneously. Three weeks after
tumor implantation, the mice were injected intravenously with 740
kBq (20 �Ci) 18F-FLT via tail vein. At the specified time points—5
min, 20 min, and 1, 2, and 4 h after injection—the animals were
killed, samples of blood and tissue were excised and weighed, and
the radioactivity was determined in a Beckman �-8000 as previ-
ously reported (14). The injected doses were calculated from
standards prepared from the injection solution, and the data are
expressed as the percentage injected dose per gram of tissue
(%ID/g).

microPET Imaging
Dynamic Scan. Approximately 6 wk after tumor implantation,

CWR22 tumor-bearing mice were imaged in the prone position in

the microPET scanner (Concorde Microsystems). The mice were
first anesthetized with 1%–2% isoflurane and placed near the
center of the field of view (CFOV) of the microPET scanner where
the highest image resolution and sensitivity are obtained. Dynamic
imaging was performed for 60 min beginning at the injection of
18.5 MBq (500 �Ci) 18F-FLT into the mouse via a microcatheter
(Harvard Apparatus, Inc.) placed in the external jugular vein. The
image frame durations were as follows: 5 s per frame � 24 frames,
10 s per frame � 10 frames, 20 s per frame � 10 frames, 150 s per
frame � 2 frames, 300 s per frame � 4 frames.

Static Scan. CWR22 tumor-bearing mice were also analyzed
with microPET to evaluate the change of FLT uptake in tumor
during androgen ablation therapy. For the baseline PET scans,
mice were first anesthetized with 1%–2% isoflurane and placed in
the prone position in a custom-designed holder that allows simul-
taneous imaging of 2 mice. The entire holder was placed near the
CFOV of the microPET scanner. A 10-min static scan was ob-
tained 1 h after 18F-FLT injection (18.5 MBq [500 �Ci]). After
baseline PET imaging, the mice were treated with surgical castra-
tion or dihydrotestosterone (DHT) every 2 d for 3 wk. Control
mice had no treatment. On days 7, 14, and 21, microPET imaging
was repeated with the same protocol as described for the baseline
studies. At each microPET scan, the volume (cm3) of implanted
tumor was determined using the formula; 1⁄2 � longest diameter
(length [cm]) � shortest diameter (width [cm])2. The methods of
data collection and the reconstruction for microPET imaging have
been described previously (4). Briefly, all raw data were first
sorted into 3-dimensional sinograms, followed by Fourier rebin-
ning and 2-dimensional filtered backprojection reconstruction us-
ing ramp filter cutoff at the Nyquist frequency. A region of interest
(ROI) was placed on each tumor or other organs in the transaxial
microPET images that include the entire tumor or organ volume.
The average radioactivity concentration within a tumor or an organ
was obtained from the average pixel values within the multiple
ROI volume. From the 18F-FLT dynamic study, time–activity
curves were also calculated from the uptake index of the tumor,
which was defined as the average radioactivity concentration di-
vided by the total injected activity with the following formula:

Uptake index � average radioactivity concentration in ROI

�kBq/�L 	�Ci/�L
�/injected dose �kBq 	�Ci
�.

To eliminate the dependency on the injected activity, tumor-to-
muscle ratios were used to compare the 18F-FLT uptake in tumor
before and after the treatment. In these microPET scans, the
attenuation corrections were not applied since the accuracy of the
measured attenuation correction was poor with this scanner, the
amount of attenuation from a mouse body was relatively small, and
the shape of a mouse body did not change significantly between
different subjects; instead, the attenuation correction factors were
incorporated into the system calibration. With the image recon-
struction algorithm and filter described above, the resolution of this
microPET system is between 2.0 and 3.0 mm full width at half
maximum in each of the 3 dimensions within a 5-cm imaging field
of view around the central axis of the tomograph. The partial-
volume effect in estimating the ROI values from microPET im-
ages is small in these studies since the implanted tumors were �1
cm in diameter, which was well above the resolution limit of this
system (15).
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Statistical Evaluation
Biodistribution data are reported as the mean � the sample SD

for %ID/g. The unpaired t test was used to compare tracer uptake
before and after the treatments. Statistical significance was estab-
lished at P � 0.05.

RESULTS

Biodistribution Study
Analysis of biodistribution data at 5 min, 10 min, and 1,

2, and 4 h was performed with 18F-FLT (Fig. 1). Biodistri-
bution data showed that 18F-FLT was rapidly cleared from
the blood (3.79 %ID/g at 5 min, 0.53 %ID/g at 1 h). 18F-FLT
uptake showed no large difference among the organs inves-
tigated at 5 and 20 min after injection, which mainly rep-
resents the blood flow of each organ. At 2 h after injection,

the 18F-FLT uptake into tumor was 0.69 � 0.14 %ID/g,
showing the highest activity of all organs determined. This
biodistribution study indicates that 18F-FLT is rapidly accu-
mulated into tumor tissue and retained longer than in other
tissues.

microPET Study
Dynamic Scan. Dynamic imaging was performed 0–60

min after 18F-FLT injection. ROIs were placed on the heart,
muscle, and tumor at the left flank in the transaxial micro-
PET images. A time–activity curve was generated from
each ROI (Fig. 2). In the muscle, 18F-FLT uptake reached its
plateau within a few minutes after injection, with approxi-
mately 60% of radioactivity remaining 30 min after injec-
tion. In the heart, 18F-FLT uptake reached its plateau within

FIGURE 1. Biodistribution data show
that 18F-FLT was rapidly cleared from the
blood (3.79 %ID/g at 5 min, 0.53 %ID/g at
1 h). 18F-FLT uptake shows no large differ-
ence among the organs investigated at 5
and 20 min after injection, which mainly
represents the blood flow of each organ. At
2 h after injection, the 18F-FLT uptake into
tumor was 0.69 � 0.14 %ID/g, showing the
highest activity of all organs determined.

FIGURE 2. Time–activity curves for heart
(—), muscle (F), and tumor (f) of CWR22
tumor-bearing mouse. 18F-FLT uptake into
heart reached its plateau within 1 min, then
it cleared very rapidly. 18F-FLT uptake in
tumor reached its plateau in around 30
min, then it remained at least up to 60 min,
showing slower clearance than muscle.
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1 min after injection, with rapid clearance during the next 10
min. In the tumor, it took approximately 20 min to reach its
plateau for 18F-FLT, with 90% of radioactivity remaining 60
min after injection. After analysis of the data by the ROI and
time–activity curve, it was evident that a static image 30
min after injection supplied images and data of sufficient
contrast for future studies.

Static Scan. Coronal microPET images using 18F-FLT
clearly demonstrated tumors implanted in the left flank of
the mice (Fig. 3). Static images 1 and 2 h after injection
were reconstructed, and ROIs were placed on lumbar mus-
cle and tumor using the same transverse images. 18F-FLT
uptake was compared in the same mice before and 1, 2, and
3 h after the treatment using tumor-to-muscle ratios. By 2
wk, 2 mice of the control group were euthanized following
our institutional regulations on tumor burden. Another 2
mice were also killed by 3 wk for the same reason; there-

fore, no control mice were imaged at 3 wk. The results are
shown in Figures 4 and 5. At 1 h after injection, tumor-to-
muscle ratios in the control mice group were 2.50 � 0.61 at
baseline, 2.30 � 0.75 at 1 wk, and 2.62 at 2 wk, showing no
large difference during the 2-wk observation. On the other
hand, tumor-to-muscle ratios in the diethylstilbestrol (DES)
group mice were 3.55 � 0.59 at baseline, 1.31 � 0.29 at 1
wk, 1.49 � 0.33 at 2 wk, and 1.61 � 0.49 at 3 wk; in the
castration group mice, the ratios were 2.52 � 0.21 at base-
line, 0.87 � 0.29 at 1 wk, 1.00 � 0.20 at 2 wk, and 1.00 �
0.13 at 3 wk, which demonstrated a significant decrease of
18F-FLT uptake in tumor 1 wk after the androgen ablation
therapy (DES, P � 0.01; castration, P � 0.01; unpaired t
test). At 2 h after injection images, tumor-to-muscle ratios
in the control mice group were 3.95 � 1.00 at baseline,
5.27 � 1.79 at 1 wk, and 3.24 at 2 wk. Tumor-to-muscle
ratios in the DES-treated mice group were 4.27 � 1.51 at

FIGURE 3. In this study, 3 wk after
CWR22 tumor implantation, all mice were
imaged in a microPET scanner (baseline
scan). The mice were then divided into 3
groups: (a) treated with diethylstilbestrol
(DES); (b) castrated after baseline PET
scan; (c) control. All mice were scanned by
18F-FLT microPET after 1, 2, and 3 wk after
initiation of each treatment. The images
show the transverse images of microPET
for each group before and after treatment
with the tumor identified by the arrow: (a)
tumor stopped growing after DES treat-
ment; (b) tumor size decreased after cas-
tration; (c) the tumor kept growing. By
week 3, all control mice were euthanized
following institutional regulations on tumor
burden.

FIGURE 4. At 1 h after injection, 18F-FLT
uptake in tumor decreased after initiation
of diethylstilbestrol (DES) or castration.
There were no large differences in 18F-FLT
uptake in the control group (†2 mice sur-
vived; ‡no mice survived).
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baseline, 1.65 � 0.45 at 1 wk, 1.62 � 0.63 at 2 wk, and
1.66 � 0.36 at 3 wk (P � 0.03, unpaired t test, between
baseline and 0 wk); in the castration mice group, the ratios
were 3.71 � 2.65 at baseline, 1.84 � 1.07 at 1 wk, 1.11 �
0.21 at 2 wk, and 1.06 � 0.23 at 3 wk. The tumor volume
of each mouse was also measured. The tumor volume of
control mice kept increasing after a baseline scan, whereas
the tumor volume of treated mice decreased after initiation
of the androgen ablation therapy.

DISCUSSION

It is essential for successful prostate cancer treatment to
monitor the tumor growth in the early phase of androgen
ablation therapy, since this is the preferable way to distin-
guish between patients with prostate cancers who show poor
prognosis and those who show better prognosis. In the last
2 decades, the serum prostate-specific antigen (PSA) has
been used for this purpose. The LH-RH (luteinizing hor-
mone–releasing hormone) agonist is the most popular agent
for androgen ablation therapy for advanced prostate cancer
disease, which leads to suppression of LH and of testoster-
one production equivalent to levels obtained by castration.
However, this peptide stimulates LH release, causing an
initial flare of serum testosterone during the first 2–3 wk
associated with a rise in serum PSA, followed by a rela-
tively slow serum PSA decrease. Therefore, measurement
of serum PSA only allows the first accurate assessment of
androgen ablation therapy after a few months of therapy
initiation.

18F-FDG PET has changed the ability to diagnose malig-
nant tumors. It has been shown that 18F-FDG PET is useful
to detect many kinds of cancers because of consumption of
large amounts of glucose as an energy source. Evaluation of
tumor metabolism by PET is a relatively new procedure for
assessing the early effects for cancer therapy and has al-
ready been applied to breast cancer (16). Recently, 18F-FDG

PET has shown its value in demonstrating prostate cancer
metabolism in animal models as well as in humans. In a
human study it has been reported that 18F-FDG uptake in
prostate cancers was suppressed by androgen ablation after
1–3 mo (3). In another report, an animal study was con-
ducted to determine whether PET imaging using 18F-FDG
and 11C-acetate could evaluate early metabolic changes in
prostate cancer after androgen ablation in an animal model
(4). The androgen-dependent tumor-bearing mice were
treated with either surgical castration or DES, and a biodis-
tribution study and microPET imaging were performed be-
fore and after the treatment. One week of DES treatment
caused a decrease in 18F-FDG uptake in the tumor but not in
11C-acetate uptake. According to this report, the early met-
abolic changes could enable monitoring metabolic changes
in prostate cancer after treatment by imaging using 18F-FDG
PET. Although these reports have shown the efficacy of
18F-FDG PET imaging for monitoring anticancer therapy
effect in prostate cancer, the problem with 18F-FDG PET
imaging is its relatively low sensitivity and specificity in
prostate cancer because of low glucose utilization due to its
slow growth, with most reports showing a range of 50%–
70% for both measures (5–7).

Recently, 18F-FLT has been proposed as a new PET tracer
for cell proliferation (8). By evaluating proliferative activity
of tumor, PET using 18F-FLT may enable assessment of the
viability of the tumor as well as the early effect of cancer
therapy. 18F-FLT is an analog of thymidine; when it enters
the body, it is taken up by cells and accumulates after being
phosphorylated by thymidine kinase 1 (TK1). It is not
incorporated into DNA but is retained in the cell without
being metabolized. TK1 activity is high in proliferating
cells, and it is regulated by S-phase expression of the cells.
Indeed, 18F-FLT uptake is found to be well correlated with
TK1 activity and the percentage of the S-phase cell fraction
(10,17). Being accumulated in highly proliferative cells,

FIGURE 5. The changes of actual tumor
volume seem to be well correlated with the
change of 18F-FLT uptake in tumor in each
group (†2 mice survived; ‡no mice sur-
vived).
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18F-FLT PET enables measurement of the cellular TK1
activity, which is closely related to cellular proliferation.

The biodistribution study showed that the 18F-FLT uptake
was highest in the kidney up to 1 h, which demonstrates that
most of the 18F-FLT is excreted into urine via the kidney. At
2 h after injection, tumor tissue showed the highest 18F-FLT
uptake of all organs. This biodistribution study indicates
that 2 h after injection is a potential ideal time point to
delineate prostate cancer tissue using an 18F-FLT PET scan
with the highest contrast to muscle and the other organs.
CWR22 prostate cancer tissues implanted into 12 mice were
well delineated with adequate tumor background contrast
using microPET at 2 h after injection. This study shows that
18F-FLT PET has a potential to detect prostate cancer tissue
with high sensitivity. We did not scan another prostate
cancer tumor other than CWR22 in this study. Further
animal studies using another type of prostate cancer tumor
model and different scanning time points as well as human
studies are needed to determine the general sensitivity of
18F-FLT PET for prostate cancer.

The second purpose of this study was to investigate the
potential of 18F-FLT PET in monitoring an early therapeutic
effect of androgen ablation therapy for prostate cancer in an
animal model. Dittmann et al. examined the usefulness of
18F-FLT PET for monitoring the early effects of anticancer
chemotherapy on tumor cell proliferation using OSC-1, an
esophageal squamous cell carcinoma, in vitro (9). After
incubation of OSC-1 cells with chemotherapy agents for
certain periods of time, the cells were incubated with normal
culture media and 18F-FLT uptake into tumor cells was
determined. 18F-FLT uptake was significantly decreased at
cytostatic concentrations of cisplatin. This finding shows
that 18F-FLT uptake in tumor is a promising predictor of
tumor cell proliferation in the early phase of cancer therapy.
With regard to the correlation of 18F-FLT uptake with
proliferation parameters, Vesselle et al. reported a strong
correlation between 18F-FLT uptake into human lung cancer
and the Ki-67 score or the percentage of S-phase fraction
(12). In the current study, the microPET images showed that
androgen ablation caused a decrease of 18F-FLT uptake in
the androgen-dependent tumor, whereas there was no sig-
nificant difference in control mice. These findings may
indicate that the decrease of serum testosterone level due to
DES therapy or castration influences TK1 activity. TK1
activity evaluated with 18F-FLT uptake is shown to be well
correlated with the actual proliferative activity of the cells
(10), although some discrepancy between TK1 activity and
proliferation has been reported (18). According to the study
of Agus et al., the androgen withdrawal results in cell arrest
of CWR22 prostate tumor before changes to apoptosis (19).
With the result of this study, 18F-FLT PET appears to be
useful as a marker of proliferation and hormone therapy
monitoring.

Many patients with advanced prostate cancer disease
have osseous metastases. Evaluation of tumor proliferation
activity at the bone metastatic lesion is important in moni-

toring tumor response to anticancer therapy. However, there
is an intense FLT uptake present in bone marrow, which has
a potential to be difficult in evaluation of bone disease.
Further study is needed to determine the usefulness of FLT
PET imaging for osseous metastatic disease.

18F-FLT is a possible tracer for evaluation of changes in
prostate tumor metabolism, and it will contribute to predict
androgen dependency of prostate cancer in the early phase
of androgen ablation therapy. Further studies are required to
clarify the relationship between the changes of 18F-FLT
uptake and cellular proliferation markers after initiation of
androgen ablation therapy using androgen-dependent and
independent prostate cancer tumors.

CONCLUSION

These results confirm that microPET using 18F-FLT
showed a clear delineation of the implanted prostate tumor.
18F-FLT is a possible tracer to evaluate changes in the
proliferation activity of prostate cancer during androgen
ablation therapy. The investigation of proliferation activity
may be able to predict the androgen dependency of prostate
cancer in the early phases of androgen ablation therapy.
These results will likely lead to human trials in the near
future.
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