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Abstract. Purpose: 3′-Deoxy-3′-[18F]fluorothymidine
(FLT) is a promising new radiopharmaceutical for imaging
cell proliferation. We evaluated whether FLT PET can be
used to monitor early responses to radiation treatment.
Methods: C3H/HeN mice bearing murine squamous cell
carcinomas were randomized to irradiation with 0, 10, or
20 Gy. Twenty-four hours later, the mice were sacrificed
for histopathological and biological assessment such as
cell cycle analysis, Hoechst staining, and clonogenic cell
survival assay. PET scans were performed on other mice
after injection of [18F]FLT or [18F]fluorodeoxyglucose
(FDG) before and after radiation treatment, and tumor
growth was assessed over 9 days.
Results: Histopathological examination detected no mor-
phological changes 24 h after radiation treatment, but cell
cycle analysis showed that irradiated tumors had a
decreased fraction of cells in S phase and an increased
fraction in G2–M phase, compared with nonirradiated
tumors. Irradiated tumors also had a higher incidence of
apoptotic features and reduced clonogenic cell survival.
Tumor growth was significantly delayed in irradiated mice
(p<0.001) compared with control mice. PET images
showed increased tumoral uptake of both FLT and FDG
before radiation treatment. Following irradiation, FLT
uptake differed significantly (p=0.020) from that in control
mice. In contrast, FDG uptake after irradiation did not
differ significantly from that in control mice.
Conclusion: Our finding that tumor uptake of FLT was
reduced at 24 h after radiation treatment suggests that FLT

PET may be a promising imaging modality for monitoring
the early effects of radiation therapy.
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Introduction

Radiation therapy has long been used for curative or
palliative management in many cancers. Considering the
known heterogeneity of radiobiological properties that
govern tissue response to radiation therapy among in-
dividual patients, there is a need to monitor early responses
to radiation therapy as a predictor of prognosis [1].
Radiation therapy also damages the surrounding normal
tissues, making rapid identification of lack of tumor
response crucial to avoid ineffective treatment, undesirable
side-effects, and unnecessary cost [2].

Over the past decades, several in vitro/ex vivo assays
have been proposed for predicting response to radiation
therapy. These include measurements of variables such as
the survival fraction at 2 Gy, potential tumor doubling time,
thymidine labeling index, and tumor hypoxia [3]. Most of
these techniques require invasive biopsies, making re-
peated determinations during or after treatment problem-
atic in clinical practice. The current method for assessing
response of a solid tumor to radiation therapy is mea-
surement of the change in tumor size on anatomical
imaging modalities [4]. However, it takes weeks to months
to detect a change in tumor size, making it difficult to
evaluate early responses to radiation therapy.
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As functional or biochemical change precedes anatom-
ical change, positron emission tomography (PET) has been
recently applied to the evaluation of responses to radiation
therapy [5–8]. [18F]fluorodeoxyglucose (FDG) is the most
widely used radiopharmaceutical. Since alterations in
glycolysis are not the direct biological effects of radiation,
increased glycolysis is not specific to tumors [9, 10].
Radiotherapy may induce early acute inflammatory hyper-
metabolism on FDG PET, which is likely related to the
healing of tissues damaged by radiation [11]. Although
FDG PET may be a more effective tool than computed
tomography in the evaluation of responses to radiation,
most FDG PET scans are performed about 3–4 weeks after
the completion of radiation therapy and FDG PET is rarely
applied during radiation treatment for the monitoring of
early responses. Furthermore, most responders show a
variable degree of reduction or even an increase in tumoral
FDG uptake [12], providing further evidence of drawbacks
to the use of FDG PET for monitoring early responses to
radiation therapy.

Increased cellular proliferation is a hallmark of the
cancer phenotype. Consequently, a quantitative estimation
of tumor proliferation activity obtained through noninva-
sive medical imaging could predict or allow the rapid
assessment of response to radiotherapy [9]. There have
been many efforts to synthesize agents to image cell
proliferation. For example, 11C-labeled thymidine has
enabled the noninvasive imaging of thymidine uptake
and cell growth. Because thymidine is the only nucleoside
incorporated exclusively into DNA and not RNA, uptake
of [11C]thymidine has been assumed to measure the rate of
DNA synthesis [13–15]. However, the short half-life of 11C
and the rapid catabolism of thymidine have made use of
[11C]thymidine impractical for routine clinical use.

3′-Deoxy-3′-[18F]fluorothymidine (FLT) is a newly
developed thymidine analog that has enabled delayed
imaging owing to the longer half-life of 18F [16]. FLT is
also stable in vivo because it is a substrate for thymidine
kinase (TK) but not for thymidine phosphorylase. FLT
retention has been shown to correlate with thymidine
uptake, TK1 activity, and the percentage of cells in S phase
[17, 18]. TK activity is extremely sensitive to ionizing
radiation, and the changes in FLT uptake are thought to
reflect the direct biological effect of radiation therapy [19,
20]. Therefore, FLT has been proposed as a promising
imaging agent for monitoring early responses to radiation
therapy [9, 21]. Although the potential of monitoring early
responses to chemotherapy with FLT PET has been
supported by findings obtained both in vitro [22] and in
animal studies [23, 24], which have shown early changes in
FLT uptake after cytotoxic or cytostatic chemotherapy [25],
FLT PET has not been fully evaluated for monitoring tumor
response after radiation therapy. Previous studies demon-
strated that changes in FLT uptake after radiotherapy were
correlated with those in [3H]thymidine uptake and the
PCNA labeling index and that decreased FLT uptake
preceded the decreased uptake of FDG [21]. These data,
however, were derived from biodistribution studies in
different groups of animals, not during serial imaging

studies in the same individual animals. We have therefore
used a murine tumor model to evaluate whether FLT PET
can monitor early responses to radiation therapy. To
accomplish this, we performed serial FLT PET scanning
before and soon after radiation treatment in the same
individual animals, and compared the results of FLT PET
scanning with the biological effects of radiation.

Materials and methods

Animals, tumor model, and X-ray irradiation

Tumors were induced by subcutaneous inoculation of 6-week-old
male C3H/HeN mice with 1×106 squamous cell carcinoma (SCC)VII
cells on the left forelimb. Tumor dimensions including the largest
diameter (a), the perpendicular diameter (b), and the vertical diameter
(c) were measured daily using calipers, and daily tumor volume was
calculated according to the formula (π/6)×a×b×c. Experiments were
performed when the tumors had reached a volume of ∼300 mm3 (10–
14 days after inoculation). All animal manipulations were performed
using sterile techniques.

Tumor-bearing mice were randomized to three groups of 11 mice
each and anesthetized with intraperitoneal injections of ketamine
(50 μg/g) and xylazine (12 μg/g). The tumors were irradiated with a
single dose of 0, 10, or 20 Gy X-rays at a dose rate of 300 MU/min
using a linear accelerator (CLINAC CL1800, Varian, Milpitas, CA,
USA). Twenty-four hours later, six mice in each group were
sacrificed for histopathological and biological assessment of radia-
tion response. The other tumor-bearing mice were used for serial PET
images and kept alive to assess tumor growth over 9 days.

Histopathological evaluation

Tumor-bearing mice were sacrificed by cervical dislocation, and the
tumors were dissected, immersed in 10% neutral buffered formalin
for 3 days at 4°C, and embedded in paraffin. Each paraffin block was
cut into 4.0-μm-thick slices, which were stained with hematoxylin
and eosin.

Primary cell culture

Dissected tumors were minced using surgical scissors and added to
30 ml of RPMI 1640 medium containing 0.25% trypsin and 5 μg/ml
of collagenase (Wako Pure Chemical Industries, Osaka, Japan) for
30–45 min in a 37°C water bath. Cells were passed through a 70-μm
cell strainer (FALCON, Becton Dickinson Labware, Franklin Lakes,
NJ, USA) and washed twice with warmed plain medium. Red blood
cells were removed by Histopaque-1077 (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s protocol. The cells were
counted and plated in RPMI 1640 medium containing 15% heat-
inactivated fetal bovine serum.

Cell cycle analysis

For cell cycle analysis, about 1–5×105 cells were recovered by
trypsin digestion and resuspended in 200 μl of PBS. Ice-cold 70%
EtOH was added dropwise, and the cells were allowed to stand for
30 min on ice. The cells were centrifuged, resuspended in 400 μl PBS
containing 50 μl 1 mg/ml RNase and 50 μl propidium iodide solution
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(400 μg/ml), and incubated for another 30 min at 37°C. The DNA
content was analyzed in duplicate using FACS Calibur (Becton
Dickinson, Immunocytometry System, San Jose, CA, USA).

Hoechst 33342 staining

For assessment of apoptosis, primary cultured cells were stained with
5 μg/ml Hoechst 33342 (Molecular Probe, Eugene, OR, USA) in

dH2O at 37°C for 30 min. The fixed cells were assessed for
morphological signs of apoptosis under a fluorescence microscope.

Clonogenic cell survival assay

Primary cultured cells (100–30,000 per well) were plated into each
well of a six-well plate and cultured for 9 days. The cells were stained
with 0.5% crystal violet in 5% methanol (Sigma Aldrich), and

Fig. 1 DNA content analysis of murine SCCVII tumors after
radiation treatment. Tumors were irradiated with 0, 10, or 20 Gy.
Twenty-four hours later, they were dissected out and cultured. a In
cell cycle analysis on day 1 by flow cytometry, compared with
nonirradiated tumors, irradiated tumors had a decreased fraction of

cells in S phase (20%, 5%, and 3% in the 0-Gy, 10-Gy, and 20-Gy
groups, respectively) and an increased fraction of cells in G2–M
phase (7%, 12%, and 23%, respectively). b In cell death analysis on
day 5 by flow cytometry, compared with nonirradiated tumors,
irradiated tumors had an increased number of dead cells

Fig. 2 Hoechst staining of pri-
mary cultured murine SCCVII
tumor cells after radiation treat-
ment with 0, 10, or 20 Gy. After
1 or 4 days in culture, cells
from irradiated tumors showed a
higher incidence of both
apoptotic (arrows) and necrotic
(arrowheads) features
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colonies containing more than 50 cells were counted. For each
sample, the resulting number of colonies was normalized relative to
the untreated control group. All assays were performed in triplicate.

Radiopharmaceuticals

[18F]Fluoride was produced in house with a 18-MeV cyclotron
(Cyclone 18/9, IBA, Louvain-La-Neuve, Belgium) using the 18O
(p,n) 18F nuclear reaction by irradiation of a water target contain-
ing 18O-enriched water. A TracerLab MX (GEMS, Liege, Benelux
SA, Belgium) FDG module with a disposable cassette was used for
automatic preparation of [18F]FLT [26]. [18F]FLT was prepared by
[18F]fluorination of (5′-O-DMTr-2′-deoxy-3′-O-nosyl-β-D-threo-
pentafuranosyl)-3-N-BOC-thymidine, followed by hydrolysis with
1 N HCl. After high-performance liquid chromatography purifica-
tion, the decay-corrected radiochemical yield was 45±5.7%, and the
radiochemical purity of the [18F]FLT injectable solution was 98±
1.2%. The specific activity of the final injectable [18F]FLT solution

was 1.2×108–2.8×108 MBq/mmol. [18F]FDG was synthesized
conventionally using the same automated module.

PET studies and image analysis

PET images of tumor-bearing mice were obtained using the small
animal PET (R4, Concord Microsystems, Knoxville, TN, USA)
before and 24 and 48 h after radiation treatment. The mice were
anesthetized, and [18F]FLT (n=3 in each group) or [18F]FDG (n=2 in
each group) was injected intraperitoneally at a dose of 3.7 MBq in
0.1 ml saline. Image data were acquired for 10 min at 1 h post
injection by list mode. For image reconstruction, list-mode data were
sorted into three-dimensional sinograms, followed by Fourier
rebinning and two-dimensional ordered subset expectation max-
imization reconstruction with 4 iterations and 16 subsets. Image pixel
size was 0.85 mm transaxially with a 1.21-mm slice thickness.

For quantitation of tumor uptake of [18F]FLTor [18F]FDG, region
of interest (ROI) analysis was performed using vendor software (ASI
Pro 1.1, Concord Microsystems) on reconstructed images. Three
consecutive coronal slice images containing tumors were selected
visually and ROIs were drawn on the tumor and the contralateral lung
as background, and the tumor to background (T/B) uptake ratio was
calculated.

Statistical analysis

Statistical analyses were performed using the software SPSS for
Windows, version 12.0.1 (SPSS, Inc., Chicago, IL, USA). All data
were expressed as mean±1 SD. Tumor growth in the different groups
of animals was compared using repeated measures analysis of
variance, followed by Tukey’s procedure. Differences in radiophar-
maceutical uptake before and after radiation treatment in each
individual mouse were compared using the Wilcoxon signed rank
test. Differences in radiopharmaceutical tumor uptake between the
control and the irradiated group and clonogenic cell survival fraction
were analyzed by the Wilcoxon rank sum or the Kruskal-Wallis test.
Unless otherwise stated, p≤0.05 was considered statistically
significant.

Fig. 3 Clonogenic cell survival assay of murine SCCVII tumors 24 h
after radiation treatment. Relative to nonirradiated cells, the fraction
of cells surviving was dose dependently reduced to 80±1% and 20±
2% following irradiation with 10 Gy and 20 Gy, respectively (n=3
each)

Fig. 4 Serial PET images of
murine SCCVII tumors after
radiation treatment. a FLT PET
images showing that the tumor
uptake of FLT (arrows) was
markedly reduced 24 h and 48 h
after irradiation. b FDG PET
images showing that tumor up-
take was not affected by radia-
tion treatment (one FDG image
at 48 h is missing)
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Results

Histopathological and biological response of SCCVII
tumors 24 h after radiation treatment

Histopathological evaluation of SCCVII tumors 24 h after
irradiation with 10 or 20 Gy X-rays showed no morpho-
logical difference between irradiated and nonirradiated
tumors. When we analyzed DNA content 1 day after the
tumor cells had been placed in primary culture, we found
that irradiated tumors had fewer cells in S phase and more
cells in G2–M phase than did the control cells (Fig. 1). In
addition, cell death analysis performed 5 days after the cells
had been placed in primary culture showed a dose-
dependent increase in apoptotic features. Hoechst staining
of dissected SCCVII tumors 24 h after irradiation also
showed a dose-dependent increase in apoptotic features,
such as nuclear fragmentation and chromatin condensation,
and necrotic features, such as enlarged atypical cells
(Fig. 2). Clonogenic cell survival analysis showed that
radiation had a dose-dependent inverse correlation with
cell survival, with cells irradiated with 10 and 20 Gy

having cell survival of 71±6% and 13±3%, respectively
(p<0.05) (Fig. 3).

Radiation-associated changes in tumor uptake of FLT
and FDG

Prior to radiation treatment, PET images showed increased
tumor uptake of both FLT and FDG (Fig. 4). ROI analysis
showed that, prior to radiation, the baseline T/B ratios of
FLT and FDG did not differ significantly among the three
groups (Fig. 5), although the baseline T/B ratios of FDG
were higher than those of FLT. The T/B ratios of FLT
decreased 24 and 48 h after irradiation with 10 Gy (2.8±0.5
before irradiation vs 1.3±0.1 at 24 h vs 1.4±0.2 at 48 h) and
20 Gy (2.6±0.2 vs 1.3±0.1 vs 1.2±0.1), but not in control
mice (2.4±0.3 vs 2.5±0.3 vs 2.1±0.7). The change in T/B
ratio after radiation treatment was statistically significant
(p=0.027), as were the differences in the T/B ratio between
control and irradiated mice at 24 h and 48 h (p=0.020). In
contrast, the tumor uptake of FDG after irradiation was
equivalent in the three groups of mice.

Tumor growth curve after PET imaging

We found that irradiation had a significant, dose-dependent
effect on tumor growth (p<0.001, Fig. 6). In untreated
mice, there was a continuous increase in tumor volume.
The slope of the growth curve in mice treated with 20 Gy
was flatter than that in mice treated with 10 Gy, but there
was no statistically significant difference between these
two groups.

Discussion

We have shown here that a single dose of radiation
treatment induced cell cycle arrest and apoptotic features
and reduced clonogenic cell survival of murine SCCVII
tumors within 24 h at a time when there was no visible
shrinkage in tumor size or morphological changes. At the

Fig. 5 Changes in T/B ratios
after radiation treatment of mu-
rine SCCVII tumors. a The T/B
ratios of FLT decreased signifi-
cantly 24 h after irradiation with
10 Gy or 20 Gy (p=0.027),
while there was no significant
change in the control group.
b The T/B ratios of FDG of
irradiated and nonirradiated tu-
mors did not differ significantly

Fig. 6 Growth curves of murine SCCVII tumors after a single dose
of irradiation. Compared with nonirradiated tumors, irradiated
tumors showed a significant and dose-dependent delay in growth
(*p<0.001). Data are expressed as mean±SD
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same time, the tumor uptake of FLT in irradiated mice was
significantly reduced compared with that in control mice.
As significant growth delay occurred well after the serial
PET images were obtained, our findings suggest that the
reduction in FLT uptake at 24 h is an indication of the early
response of tumors to irradiation. Our results are consistent
with previous studies, which demonstrated correlations
between FLT uptake and thymidine uptake, TK1 activity,
and S-phase fraction [17, 18]. These results demonstrate
the potential of FLT PET as a noninvasive imaging
modality for monitoring early biological responses of
tumors to radiation therapy.

Early responses to radiation therapy are thought to
derive from the signal transduction cascade, which consists
of sensors, transducers, and effectors [27]. Among the
effector responses to DNA damage are cell growth arrest,
DNA damage repair, and apoptosis [28]. Following
irradiation, mammalian cells were halted in the G1 and/or
G2 phases and delayed in the S phase [29]. Similarly, our
cell cycle analysis showed that irradiated tumors were
delayed in the S phase and arrested in the G2 phase. We
also observed apoptotic features in irradiated tumors. DNA
damage repair requires a supply of deoxynucleoside
precursors [30]. TK1 is a key enzyme in the salvage
pathway of DNA precursor biosynthesis [30]. TK activity
is associated with two isoforms, TK1 and TK2, of which
TK1 activity is known to fluctuate with cellular DNA
synthesis [31]. TK1 activity is high in proliferating and
malignant cells, but low or absent in quiescent cells [32,
33]. TK1 activity in malignant cells has been reported to
decrease 24 h after X-ray irradiation [19]. As [18F]FLT is a
substrate of TK and FLT uptake is positively correlated
with cell growth and TK1 activity, the rapid reduction in
FLT uptake observed in these experiments may be due to a
rapid reduction in TK1 activity 24 h after radiation
treatment [17, 19]. A better understanding of radiation-
associated changes in FLT uptake would require measure-
ment of TK activity in correlation with FLT uptake.

The eukaryotic strategy to deal with damaged DNA can
be split into three components: recognition of the injured
DNA; a period of damage assessment; and the implemen-
tation of the appropriate response, DNA repair or cell death
[34]. The tumor suppressor p53 is a key protein in
checkpoint pathways of signal transduction cascades after
irradiation, and this protein provides the decision between
cell cycle progression and apoptosis [35, 36]. In the
absence of functional p53, TK1 activity is directly
stimulated by ionizing radiation, whereas in the presence
of functional p53, radiation induction of TK1 activity is
inhibited [20, 37, 38]. SCCVII tumors have been
suggesting that the reduction of FLT uptake in our animal
model may be due to the rapid activation of p53 after
radiation treatment [39]. Thus FLT uptake should be low in
tumors with a normal p53 response after irradiation, but
both TK1 activity and FLT uptake may remain high in p53-
deficient tumors even when the percentage of cells in S
phase is low [34]. It is therefore of interest to determine
whether FLT PET has a role in early monitoring of
radiation therapy in p53-deficient tumors.

Despite a marked reduction in FLT uptake to back-
ground level at 24 h after single irradiation, the cell
surviving fraction on clonogenic assay was 80% with 10
Gy. These results suggest that the reduction of FLT does
not reflect killed tumor cells but rather biologically
impaired cells in proliferation.

Although clonogenic cell survival after 24 h was
dependent on the dose of radiation, we found that neither
FLT PET nor the tumor growth curve could detect
significant differences between radiation doses. The
doses of radiation used here may have been too high to
show a dose-dependent effect on FLT PET, since FLT
uptake was reduced almost to background level by 10 Gy.
To determine whether an early reduction in FLT uptake can
predict ultimate dose-dependent response to radiation
treatment, it is necessary to perform experiments using
lower doses of radiation, as well as using tumor cell lines
with different radiosensitivity.

We found that the tumor uptake of FDG did not decrease
24 h after radiation treatment, at a time when there was a
significant reduction in FLT tumor uptake. These results
are consistent with previous biodistribution data [21],
which showed that the tumor uptake of [18F]FDG and [14C]
deoxyglucose (DG) was not reduced significantly 24 h
after irradiation but showed a gradual decrease only 3 days
after radiation. In radiosensitive rat AH109A tumors, FDG
uptake gradually and constantly decreased with time after
irradiation, significantly decreasing only after 2 days [40].
In contrast, FDG uptake by radiosensitive tumor cells has
been reported to increase shortly after irradiation [41].
Radiation-induced acute inflammatory reactions have been
suggested as a cause of the unchanged or early increase in
FDG uptake by tumor cells after irradiation [12, 41], but we
observed no inflammatory reactions in our model. These
results suggest that any change in FDG uptake after
irradiation may be the result of radiation-induced alter-
ations in glucose metabolism. Tumor uptake of FDG is
partially due to hexokinase activity [42] or the number of
glucose transporters [43], suggesting either may be altered
after radiation treatment. We also found that reduced FLT
uptake preceded reduced FDG uptake, suggesting that
decreased cell proliferation precedes changes in glucose
metabolism and that FLT uptake may be more suitable for
early monitoring of the effects of radiation. Our findings
are in good agreement with results showing that FLT
uptake provided a more accurate assessment of the early
response to anticancer therapy than FDG uptake [9, 24].

Among the limitations of this study was our use of
different mice for serial FLT PET and FDG PET. Compar-
ison of FDG and FLT uptake in the same tumor at the same
time is impossible. As evaluation of cell-based biological
responses requires dissection of tumor, it was performed in
different animals from those used for serial PET imaging.
In addition, we performed these experiments in only one
tumor model with a relatively small number of animals. To
make firm conclusions, further evaluation with various
tumors and a larger number of animals will be needed. The
serum concentration of thymidine has been reported to be
tenfold higher in rodents than in humans. Endogenous
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thymidine may compete with FLT for uptake transporter
and TK1, suggesting that tumor uptake and biodistribution
of FLT in rodents and humans may be different [24].
However, the rapid reduction of FLT uptake after irradi-
ation corresponded to results from cell-based responses.
Another study limitation derives from the use of single 10-
or 20-Gy treatments, rather than the more usual fraction-
ation dose such as 2 Gy, which limits direct clinical
application of our results. Experiments with fractionation
of radiation dose should also be performed in radiosensi-
tive and resistant tumors.

Further preclinical and clinical research is required to
clarify the role of FLT in early monitoring and prediction of
the effects of radiation therapy and to understand the
mechanisms underlying changes in FLT uptake.

Conclusion

The tumor uptake of FLT was reduced 24 h after radiation
treatment. This reduced uptake may be associated with
early responses of tumor cells to radiation. Our findings
suggest that FLT PET may be a promising imaging
modality for monitoring the early effects of radiation
therapy.

Acknowledgements. Supported by a grant of the National Cancer
Control R&D Program 2003, Ministry of Health & Welfare,
Republic of Korea (No. 0320280–2).

References

1. Van de Wiele C, Lahorte C, Oyen W, Boerman O, Goethals I,
Slegers G, et al. Nuclear medicine imaging to predict response
to radiotherapy: a review. Int J Radiat Oncol Biol Phys
2003;55:5–15

2. Avril NE, Weber WA. Monitoring response to treatment in
patients utilizing PET. Radiol Clin North Am 2005;43:189–204

3. Fornace A FZ, Weichselbaum RR, Milas L. Radiation therapy.
In. Mendelsohn J, Howley PM, Israel MA, Liotta LA, editors.
The molecular basis of cancer. Philadelphia: Saunders; 2001;
p. 423–54

4. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS,
Rubinstein L, et al. New guidelines to evaluate the response to
treatment in solid tumors. European Organization for Research
and Treatment of Cancer, National Cancer Institute of the
United States, National Cancer Institute of Canada. J Natl
Cancer Inst 2000;92:205–16

5. Hicks RJ, MacManus MP, Matthews JP, Hogg A, Binns D,
Rischin D, et al. Early FDG-PET imaging after radical
radiotherapy for non-small-cell lung cancer: inflammatory
changes in normal tissues correlate with tumor response and
do not confound therapeutic response evaluation. Int J Radiat
Oncol Biol Phys 2004;60:412–8

6. Erdi YE, Macapinlac H, Rosenzweig KE, Humm JL, Larson
SM, Erdi AK, et al. Use of PET to monitor the response of lung
cancer to radiation treatment. Eur J Nucl Med 2000;27:861–6

7. Nam SY, Lee SW, Im KC, Kim JS, Kim SY, Choi SH, et al.
Early evaluation of the response to radiotherapy of patients with
squamous cell carcinoma of the head and neck using 18FDG-
PET. Oral Oncol 2005;41:390–5

8. Castellucci P, Zinzani P, Nanni C, Farsad M, Moretti A, Alinari
L, et al.18F-FDG PET early after radiotherapy in lymphoma
patients. Cancer Biother Radiopharm 2004;19:606–12

9. Mankoff DA, Shields AF, Krohn KA. PET imaging of cellular
proliferation. Radiol Clin North Am 2005;43:153–67

10. Lonneux M, Sibomana M, Pauwels S, Gregoire V. Current data
and perspectives on positron emission tomography oncology-
radiotherapy [in French]. Cancer Radiother 1999;3:275–88

11. Lowe V. PET and PET-CT in oncology. Berlin Heidelberg New
York: Springer; 2003; p. 303–8

12. Hautzel H, Muller-Gartner HW. Early changes in fluorine-18-
FDG uptake during radiotherapy. J Nucl Med 1997;38:1384–6

13. Sundoro-Wu BM, Schmall B, Conti PS, Dahl JR, Drumm P,
Jacobsen JK. Selective alkylation of pyrimidyldianions: syn-
thesis and purification of11C labeled thymidine for tumor
visualization using positron emission tomography. Int J Appl
Radiat Isot 1984;35:705–8

14. Christman D, Crawford EJ, Friedkin M, Wolf AP. Detection of
DNA synthesis in intact organisms with positron-emitting
(methyl-11C)thymidine. Proc Natl Acad Sci U S A 1972;
69:988–92

15. Vander Borght T. Laber D, Pauwels S, Lambotte L. Production
of [2–11C]thymidine for quantification of cellular proliferation
with PET. Int J Rad Appl Instrum [A] 1991;42:103–4

16. Shields AF, Grierson JR, Dohmen BM, Machulla HJ, Stayanoff
JC, Lawhorn-Crews JM, et al. Imaging proliferation in vivo
with [F-18]FLT and positron emission tomography. Nat Med
1998;4:1334–6

17. Rasey JS, Grierson JR, Wiens LW, Kolb PD, Schwartz JL.
Validation of FLT uptake as a measure of thymidine kinase-1
activity in A549 carcinoma cells. J Nucl Med 2002;43:1210–7

18. Toyohara J, Waki A, Takamatsu S, Yonekura Y, Magata Y,
Fujibayashi Y. Basis of FLT as a cell proliferation marker:
comparative uptake studies with [3H]thymidine and [3H]
arabinothymidine, and cell-analysis in 22 asynchronously
growing tumor cell lines. Nucl Med Biol 2002;29:281–7

19. He Q, Skog S, Welander I, Tribukait B. X-irradiation effects on
thymidine kinase (TK): I. TK1 and 2 in normal and malignant
cells. Cell Prolif 2002;35:69–81

20. Schwartz JL, Tamura Y, Jordan R, Grierson JR, Krohn KA.
Effect of p53 activation on cell growth, thymidine kinase-1
activity, and 3′-deoxy-3′fluorothymidine uptake. Nucl Med
Biol 2004;31:419–23

21. Sugiyama M, Sakahara H, Sato K, Harada N, Fukumoto D,
Kakiuchi T, et al. Evaluation of 3′-deoxy-3′-18F-fluorothymi-
dine for monitoring tumor response to radiotherapy and
photodynamic therapy in mice. J Nucl Med 2004;45:1754–8

22. Dittmann H, Dohmen BM, Kehlbach R, Bartusek G, Pritzkow
M, Sarbia M, et al. Early changes in [18F]FLT uptake after
chemotherapy: an experimental study. Eur J Nucl Med Mol
Imaging 2002;29:1462–9

23. Barthel H, Cleij MC, Collingridge DR, Hutchinson OC, Osman
S, He Q, et al. 3′-deoxy-3′-[18F]fluorothymidine as a new
marker for monitoring tumor response to antiproliferative
therapy in vivo with positron emission tomography. Cancer
Res 2003;63:3791–8

24. Leyton J, Latigo JR, Perumal M, Dhaliwal H, He Q, Aboagye
EO. Early detection of tumor response to chemotherapy by 3′-
deoxy-3′-[18F]fluorothymidine positron emission tomography:
the effect of cisplatin on a fibrosarcoma tumor model in vivo.
Cancer Res 2005;65:4202–10

25. Waldherr C, Mellinghoff IK, Tran C, Halpern BS, Rozengurt N,
Safaei A, et al. Monitoring antiproliferative responses to kinase
inhibitor therapy in mice with 3′-deoxy-3′-18F-fluorothymidine
PET. J Nucl Med 2005;46:114–20

418

European Journal of Nuclear Medicine and Molecular Imaging Vol. 33, No. 4, April 2006



26. Oh SJ, Mosdzianowski C, Chi DY, Kim JY, Kang SH, Ryu JS,
et al. Fully automated synthesis system of 3′-deoxy-3′-[18F]
fluorothymidine. Nucl Med Biol 2004;31:803–9

27. Zhou BB, Elledge SJ. The DNA damage response: putting
checkpoints in perspective. Nature 2000;408:433–9

28. Khanna KK, Jackson SP. DNA double-strand breaks: signaling,
repair and the cancer connection. Nat Genet 2001;27:247–54

29. Little JB. Delayed initiation of DNA synthesis in irradiated
human diploid cells. Nature 1968;218:1064–5

30. Munch-Petersen B, Cloos L, Jensen HK, Tyrsted G. Human
thymidine kinase 1. Regulation in normal and malignant cells.
Adv Enzyme Regul 1995;35:69–89

31. Coloma J, Castell JV. Isozyme pattern of thymidine kinase
during liver regeneration. Hoppe Seylers Z Physiol Chem
1984;365:457–62

32. Ellims PH, Van der Weyden MB, Medley G. Thymidine kinase
isoenzymes in human malignant lymphoma. Cancer Res
1981;41:691–5

33. Sakamoto S, Iwama T, Tsukada K, Utsunomiya J, Kawasaki T,
Okamoto R. Increased activity of thymidine kinase isozyme in
human colon tumor. Carcinogenesis 1984;5:183–5

34. Elledge SJ. Cell cycle checkpoints: preventing an identity
crisis. Science 1996;274:1664–72

35. Lane DP. Cancer. p53, guardian of the genome. Nature
1992;358:15–6

36. Fei P, El-Deiry WS. P53 and radiation responses. Oncogene
2003;22:5774–83

37. Boothman DA, Davis TW, Sahijdak WM. Enhanced expression
of thymidine kinase in human cells following ionizing radia-
tion. Int J Radiat Oncol Biol Phys 1994;30:391–8

38. Kreder NC, van Bree C, Peters GJ, Loves WJ, Haveman J.
Enhanced levels of deoxycytidine kinase and thymidine kinase
1 and 2 after pulsed low dose rate irradiation as an adaptive
response to radiation. Oncol Rep 2002;9:141–4

39. Saito Y, Milross CG, Hittelman WN, Li D, Jibu T, Peters LJ,
et al. Effect of radiation and paclitaxel on p53 expression in
murine tumors sensitive or resistant to apoptosis induction.
Int J Radiat Oncol Biol Phys 1997;38:623–31

40. Kubota K, Ishiwata K, Kubota R, Yamada S, Tada M, Sato T,
et al. Tracer feasibility for monitoring tumor radiotherapy:
a quadruple tracer study with fluorine-18-fluorodeoxyglu-
cose or fluorine-18-fluorodeoxyuridine,L-[methyl-14C]methio-
nine, [6-3H]thymidine, and gallium-67. J Nucl Med 1991;
32:2118–23

41. Furuta M, Hasegawa M, Hayakawa K, Yamakawa M, Ishikawa
H, Nonaka T, et al. Rapid rise in FDG uptake in an irradiated
human tumour xenograft. Eur J Nucl Med 1997;24:435–8

42. Weber G. Enzymology of cancer cells (second of two parts).
N Engl J Med 1977;296:541–51

43. Flier JS, Mueckler MM, Usher P, Lodish HF. Elevated levels of
glucose transport and transporter messenger RNA are induced
by ras or src oncogenes. Science 1987;235:1492–5

419

European Journal of Nuclear Medicine and Molecular Imaging Vol. 33, No. 4, April 2006


	Use of 3′-deoxy-3′-[18F]fluorothymidine PET to monitor early responses to radiation therapy in murine SCCVII tumors
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Animals, tumor model, and X-ray irradiation
	Histopathological evaluation
	Primary cell culture
	Cell cycle analysis
	Hoechst 33342 staining
	Clonogenic cell survival assay
	Radiopharmaceuticals
	PET studies and image analysis
	Statistical analysis

	Results
	Histopathological and biological response of SCCVII tumors 24h after radiation treatment
	Radiation-associated changes in tumor uptake of FLT and FDG
	Tumor growth curve after PET imaging

	Discussion
	Conclusion

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


