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Positron emission tomography (PET) using the radiotracer 3=-deoxy-3=-[18F]fluorothymidine
(FLT) can image cellular proliferation in human cancers in vivo. FLT uptake has been shown to
correlate with pathology-based proliferation measurements, including the Ki-67 score, in a
variety of human cancers. Unlike pathology-based measurements, imaging-based methods,
including FLT-PET, are noninvasive, easily repeatable, and less prone to sampling errors.
FLT-PET may therefore be a useful tool for assessing tumor aggressiveness, predicting outcome, planning therapy, or monitoring response to treatment. Three recent clinical studies have
reported that FLT-PET can accurately predict response very early after the initiation of chemotherapy. Especially with the advent of cytostatic chemotherapy agents, methods of biologically
assessing a tumor’s response will take on increasing importance, since changes in tumor size
will not always be expected. To date, most studies of FLT-PET have focused on validating it as
a means of quantifying cellular proliferation and testing its ability to accurately stage cancer. In
some settings, FLT-PET has shown greater specificity for cancer than 18F-fluorodeoxyglucose
(FDG)-PET, which can show false-positive uptake in areas of infection or inflammation. However, because of FLT’s lower overall uptake and higher background activity in liver and bone
marrow, FLT-PET should not be considered a potential replacement for staging by FLT-PET.
Instead, FLT-PET should be considered a powerful addition to FDG-PET, providing additional
diagnostic specificity and important biological information that could be useful in predicting
prognosis, planning treatment, and monitoring response.
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T

he radiotracer 3=-deoxy-3=-[18F]fluorothymidine (FLT;
Fig. 1) has potential utility for noninvasively measuring
cellular proliferation in vivo in malignant tumors and organ
tissues using positron emission tomography (PET). This
technology could have exciting implications in oncology, including the possibility of assessing tumor grade and aggressiveness without the use of biopsy. FLT-PET could also be
used to predict and monitor response to antitumor therapies,
especially early in the course of treatment. With the advent of
cytostatic chemotherapy agents, new methods of assessing a
tumor’s biological response will become especially relevant,
because changes in tumor size will not always be expected
and standard anatomic imaging will not suffice to assess re-
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sponse. Hence, there is an unmet need for methods of assessing therapeutic effectiveness by criteria other than serial lesion size measurements.
At present, 18F-fluorodeoxyglucose (FDG) is the only PET
radiotracer used for the routine clinical evaluation of malignant tumors in a range of body tissues. FDG-PET has high
sensitivity for detecting primary tumors and areas of metastasis, providing significant clinical benefit in many cancers.
However, FDG-PET also frequently shows false-positive uptake in areas of infection and/or inflammation.1,2 In addition,
it remains unclear whether imaging a tumor’s glucose consumption provides a useful indication of aggressiveness or a
satisfactory measurement of response to therapy. Hence, molecular imaging techniques that target the pathways of DNA
synthesis in proliferating tissues have been developed, including FLT-PET. Increased DNA synthesis is potentially
more tumor-specific than high glucose utilization and may
correspond more directly with tumor aggressiveness and response to therapy.
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Figure 1 Structure of TdR and FLT. Thymidine (TdR): X ⫽ OH,
3=-deoxy-3=-fluorothymidine (FLT): X ⫽ F.

Current methods of assessing tumor proliferation are
based on pathology specimens and include Ki-67 or PCNA
immunohistochemical staining and determination of the
S-phase fraction by flow cytometry. These methods have
been shown to provide useful clinical information in a
variety of human cancers3–5 and are significantly linked to
survival.5–10 However, these methods require a tissue sample and are therefore invasive and limited by potential
morbidity and sampling errors. In contrast, imaging-based
proliferation assessments permit the evaluation of an entire tumor and provide information regarding regional
heterogeneity in a given tumor, as well as between differ-

ent individual lesions, all in a single scan. Imaging is noninvasive and can therefore be safely performed for any lesion
and repeated multiple times over the course of therapy.
Initial reports on FLT-PET have shown that FLT uptake
correlates with other proliferation measurements, including the Ki-67 score, in a variety of human cancers (Fig.
2).11–21 FLT-PET also has been reported to have high specificity for diagnosing malignancy in primary tumors (Fig.
3)13,22 and can indicate a response to chemotherapy (Fig.
4)16,23–25 and subsequent survival.16 Three studies have
reported that early changes in FLT uptake, measured soon
after treatment begins, may be able to predict a tumor’s
eventual response to chemotherapy.23–25 In addition, in
the pretreatment setting, cellular proliferation has been
reported to predict subsequent treatment response,3–5 including in one study using FLT-PET.26 Thus, FLT-PET
may prove useful in selecting treatment before, or even
soon after, the beginning of chemotherapy. It remains to
be shown whether pretherapy FLT uptake, like pathologybased assessments of cellular proliferation, correlates with
overall survival.
However, FLT-PET should not be regarded as an overall
staging tool for cancer, as is FDG-PET. Because of lower
overall uptake in tumors and higher background activity in
the liver and bone marrow, FLT is not expected to have the
same outstanding sensitivity as FDG-PET for tumor detection
across all organs. Rather, FLT-PET should instead be considered a potentially powerful addition to staging by FDG-PET.
In this role, FLT-PET could provide additional diagnostic
specificity for proliferating tissues and important biological
information that could have implications in treatment selection or monitoring.

Figure 2 Example FLT-PET images and corresponding Ki-67 scores in lung lesions. FLT uptake has been found to
correlate with proliferation assessed by Ki-67 immunohistochemical scoring in many cancers. These examples show
FLT uptake in 3 nonsmall cell lung cancers and 1 benign inflammatory lesion, along with their corresponding Ki-67
scores. NOS, not otherwise specified.
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those processes related to cell proliferation.31–37 For the same
reason, static TdR-PET images have limited usefulness. These
drawbacks led to the search for a method of tracing the same
central biosynthesis pathway, using a molecule that is stable
to degradation and incorporates the longer-lived radionuclide 18F (t1/2 ⫽ 109.8 minutes).
Before consideration as a PET imaging agent, FLT without
a radioactive label was explored as an antiretroviral therapeutic agent for HIV and AIDS.38 – 40 At therapeutic doses and
with prolonged exposure, some patients experienced toxic
effects from FLT, including 2 deaths at greater doses, and the
agent was abandoned as a retroviral therapy.40 However, no
adverse effects have been reported from radiotracer doses of
FLT, which are several thousand times lower than the lowest
and least toxic therapeutic clinical trial dose of FLT. At a
minimum specific activity of 3.7 GBq/mol (0.1 Ci/mol), a
185 MBq (5 mCi) injection of [18F]FLT represents ⱕ12.2 g
of labeled and unlabeled FLT.41 Additionally, no significant
biological effects were observed in 20 patients in a recent
toxicology study conducted by our group.41
Radiolabeling FLT for use as a PET proliferation tracer was
first proposed and investigated by Grierson and Shields.42,43
Subsequent cell uptake studies and murine xenograft studies
demonstrated that FLT accumulates in cancer cells and tumors in proportion to their rate of cellular proliferation.44 – 47
Also, treatment with chemotherapy and radiation has been
shown to reduce FLT uptake in these cancer models.48 –57

Figure 3 Example of infection and malignancy on FDG-PET and
FLT-PET. FLT-PET may have a greater specificity for cancer compared with FDG-PET. In this example, the patient has a right hilar
nonsmall cell lung cancer, with significant postobstructive pneumonitis/pneumonia, and malignant adenopathy at a station 4R mediastinal lymph node. Patient is before any therapy. FDG-PET shows
uptake in the 2 tumor foci but also suffers from marked FDG uptake
in the RUL postobstructive inflammation/infection, which is lateral
to and indistinguishable from the primary hilar tumor. FLT-PET, in
contrast, shows only minimal uptake in this area, which is easily
distinguished from the primary tumor. An additional focus of pneumonitis is present in the medial aspect of the right lung apex, which
is highly avid on FDG-PET, but is not seen on FLT-PET.

Early Development of FLT as a
Proliferation Tracer
Imaging cell proliferation with PET was first explored with
11C-thymidine (TdR; Fig. 1).27 The appeal of this approach is
the specificity of thymidine for DNA synthesis as opposed to
RNA and its ability to incorporate stably into DNA as a means
of trapping radiotracer in proportion to cell proliferation.
TdR imaging has been validated in cell and human studies as
a tracer of proliferation, providing useful images.28 –30 However, the short half-life of 11C (20.4 minutes) and the biologic
instability of TdR make it impractical for routine clinical use.
TdR is rapidly degraded into labeled metabolites in vivo. As a
result, even with careful kinetic modeling, it is difficult to
robustly quantify the numerous biological processes that impact observed radiotracer uptake, including the subset of

Mechanism of FLT Uptake and
Retention
FLT imaging takes advantage of the pyrimidine salvage pathway (Fig. 5), which transports circulating thymidine and
closely related analogs into cells and phosphorylates them,
providing proliferating cells with a pool of nucleotides for use
in DNA synthesis. This process supplements the pool of thymidine monophosphate provided by de novo synthesis.46,58
After intravenous administration, FLT enters tumor cells
both via a nucleoside transporter and partly via passive diffusion.39 Inside proliferating cells, FLT is accepted as a substrate by thymidine kinase 1 (TK-1), which phosphorylates
it, thereby trapping it in cells.44,58,59 FLT-monophosphate is
further phosphorylated to di- and triphosphate forms.58
However, FLT-triphosphate is not significantly incorporated
into DNA,39,45,47,60 unlike TdR and some other thymidine
analogs.60,61 Thus, the majority of FLT persists as mono- and
triphosphates in the cytosol.39,58 Over time, some FLT is effluxed from cells, due to dephosphorylation of FLT-monophosphate by a putative deoxynucleotidase, but this occurs at
a slower rate, creating a significant period of relatively stable
tracer retention for imaging.58
One major advantage of FLT over TdR is that FLT is not a
substrate for degradation by thymidine phosphorylase
(TP).42,43 TP degrades thymidine into a sugar-1-phosphate
and labeled thymine, which undergoes further metabolism.42,43 In contrast, FLT is inert to TP. This property of FLT
simplifies PET image analysis and maintains circulating
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Figure 4 Example of CT and FLT-PET in evaluating response to chemotherapy in nonsmall cell lung cancer. FLT-PET
could be used to assess response to chemotherapy. In this subject with nonsmall cell lung cancer, the lesion’s size on
CT did not show a significant change after chemotherapy. However, the visually assessed level and distribution of FLT
uptake was noticeably different.

blood concentrations of FLT at higher levels after injection
than with TdR. Also, unlike TdR, FLT is not a substrate for
thymidine kinase 2, which is used for mitochondrial DNA
replication and repair.45,59 This specificity means that FLT
uptake is exclusively linked to the thymidine salvage pathway in relation to nuclear DNA synthesis.
Phosphorylation by TK-1 is the rate limiting step in FLT
accumulation in proliferating cells, causing FLT to accumulate in proportion to TK-1 activity.43– 46,49,62– 65 Because
its retention does not result from direct incorporation into
DNA, it has been suggested that FLT is not a true tracer of
proliferation.66,67 Nevertheless, the enzymatic activity of
TK-1 is tightly regulated to correspond with cellular proliferation. TK-1 expression is typically low in the G0/G1
phase of the cell cycle, and is selectively upregulated just
before and during S-phase.68 –72 TK-1 is then rapidly degraded after G2 or M-phase.68 –72 In practice, TK-1 activity
is representative of S-phase fraction44 – 46 and FLT uptake
as a measurement of TK-1 activity correlates strongly with
other markers of cellular proliferation, including PCNA
and Ki-67 score.49,52,56,62,73,74 Indeed, the metabolic trapping of FLT is analogous in concept to that of FDG, which
depends on transport by Glut-1 and phosphorylation by
hexokinase as a marker for glucose utilization, without
further progression down the glycolytic pathway.42,63– 65
In more aggressive tumors, there may be a more complex
control of TK-1 activity where high TK-1 levels may no
longer be tightly coupled with cell cycle stage, but may be

associated with other facets of tumor aggressiveness, such as
high mutation rate in tumor cells.44,71,75 Thus, TK-1 dependent FLT uptake may reflect tumor aggressiveness, in addition to cell proliferation.

FLT Radiosynthesis
Since the initial practical radiosynthesis of FLT at the University of Washington and Wayne State University,42,43 several
innovations have been adopted, with the aim of simplifying
the synthesis and improving yield.76,77 Currently, the favored
FLT production method is the one described by Machulla
and coworkers,76 which is a one-pot process that can be
conveniently automated. A GMP-grade labeling precursor for
this process is commercially available (ABX Biochemicals,
Germany). The U.S. National Cancer Institute (NCI) has chosen this method, following United States Pharmacopeia [797,
823] guidance, for an investigational new drug application
(IND), approved by the U.S. Food and Drug Administration
(FDA). NCI encourages investigators to cross-file on this
IND, to investigate FLT-PET in cancer.

Quantifying FLT Uptake
There are 2 approaches to image analysis with FLT-PET. One
simple method, which is practical in the clinic uses the standardized uptake value (SUV) derived from static images. The
second method uses dynamic image sequences and kinetic
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Figure 5 Thymidine salvage pathway and DNA (thymidine) synthesis pathway. Thymidine (TdR) enters cells via the
thymidine salvage pathway and is trapped due to DNA incorporation. However, TdR is also rapidly broken down by
thymidine phosphorylase (TP). FLT is not a substrate for TP and is trapped in cells after phosphorylation by TK-1, even
though it is not incorporated into DNA. Abbreviations: (a) enzymes: TP (thymidine phosphorylase); TK (thymidine
kinase: TK-1 (cytosolic), TK-2 (mitochondrial)); dNT (5=-deoxynucleotidase); TS (thymidylate synthase); TMPK
(thymidylate kinase); NDPK (nucleotide diphosphate kinase); DNA polym (DNA polymerase); (b) substrates: TdR
(thymidine); FLT (3=-deoxy-3=-fluorothymidine); dR-1P (2-deoxy-D-ribose-1a-phosphate); TMP, TDP, TTP (nucleotides); FLTMP, FLTDP, FLTTP (FLT nucleotides); dUMP (2=-deoxyuridine monophosphate).

modeling of tracer uptake.63– 65 This approach is uniquely
able to track FLT uptake and retention over time and to
estimate the rates of the underlying biological processes that
contribute to observed radiotracer levels. As a result, kinetic
model-based results have shown stronger correlations with
tumor proliferation rates than SUVs11,19,64 and have provided
additional insights into the biology of malignant tumors.64,65
With either method, partial volume correction can be employed to compensate for the limited resolution of current
PET scanners, which leads to the underestimation of radiotracer uptake in small tumors.11,78
For FLT, Muzi and coworkers have described a kinetic
model suitable for analyzing dynamic FLT-PET images of
both somatic and brain tumors.63– 65 Kinetic analysis using a
model with 2 tissue compartments yields estimates of rate
constants characterizing FLT transport and retention within
cells as well as the overall flux of FLT into cells. The FLT flux
also can be estimated using the simplified graphical method
developed by Patlak and coworkers.79,80 A key prerequisite
for kinetic analysis is the availability of an input function in
the form of a blood or plasma time activity curve. This can be
derived either from counting the activity in repeated arterial
samples drawn during imaging or from fitting a historical
FLT arterial curve to individual patient data derived from
venous sampling.
Over time, after FLT injection, there is a low-level production of FLT-glucuronide in the liver. The presence of FLTglucuronide does not affect radiotracer uptake in proliferating tissues but does affect the measured blood concentration

of FLT at later time points because not all observed radioactivity in blood or plasma represents FLT available to enter
proliferating cells. Kinetic analysis takes into account the
fraction of this metabolite in blood, using published methods
for quickly and routinely analyzing its contribution to blood
activity.81,82 On FLT-PET images, high tracer levels in the
liver are due to the production of this glucuronide, not to
elevated proliferation.
Although more technically demanding and often limited to
a single field of view, dynamic imaging with kinetic modeling
should be the initial approach to evaluate FLT in any new
tumor type or clinical application. The additional precision
and biological information provided by this method can then
be utilized to develop simplified dynamic imaging protocols
and to determine whether static imaging could suffice in a
given clinical setting. This approach may be especially appropriate when FLT is used to assess tumor grade and prognosis,
or to predict and monitor tumor response to therapy, rather
than as a staging method. Because of its simplicity of implementation and the ability to scan over multiple fields of view,
static FLT-PET imaging may ultimately be the method which
transitions successfully to the clinic. This method has already
shown high reproducibility.24 However, the ongoing work of
validating FLT-PET as an accurate tracer of proliferation
across the spectrum of human tumors and clinical settings
(including after specific therapies) should be conducted using the biological insights provided by kinetic modeling and
dynamic imaging.
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Safety
The safety of radiotracer doses of 18F-FLT has been examined
from the standpoints of both radiation exposure and drug
toxicity, by our group at the University of Washington.41,83 In
terms of radiation exposure, 18F-FLT administered at a dose
of 2.59 MBq/kg (0.07 mCi/kg) with a maximum dose of 185
MBq (5 mCi) produced similar whole-body and bladder wall
radiation doses83 as have been reported for FDG, per unit of
activity injected.84 With FLT administration, the brain and
heart received lower radiation doses than with a comparable
dose of FDG, whereas the liver and bone marrow received
somewhat higher doses because of glucuronidation of FLT in
the liver and high proliferation in the marrow. Whole-body
and individual organ radiation doses after a 185 MBq (5 mCi)
administration of 18F-FLT are well below the FDA’s maximum suggested individual study and annual doses for radioactive research drugs.85 Nevertheless, care should be exercised to observe these limits if administering higher doses of
18F-FLT or conducting repeat scans in research patients.
In terms of any potential for drug toxicity, a single, 185MBq (5 mCi) intravenous dose of 18F-FLT, at a minimum
specific activity of 3.7 GBq/mol (0.1 Ci/mol; a conservative estimate), corresponds with a total labeled and unlabeled
FLT mass of 12.2 g.41 Comparing the integrated exposure to
FLT in the systemic circulation, this dose is nearly 3000 times
lower than the lowest cumulative dose observed to produce
any toxicity (peripheral neuropathy) in clinical trials of FLT
as antiretroviral therapy.40,41 In addition, no neurological or
other adverse effects were observed in any of 20 subjects
receiving a single 18F-FLT radiotracer dose of 2.59 MBq/kg
(0.07 mCi/kg) with a maximum dose of 185 MBq (5 mCi).41
No dietary restrictions are necessary before FLT-PET, unlike with FDG-PET. In the current literature on FLT-PET
scanning in humans, some studies required prescan fasting
whereas others did not. Both types of studies produced quality images and reached similar conclusions regarding their
significance and interpretation. This convenience of FLTPET imaging could be especially significant to diabetic patients and will not be affected by fasting compliance issues.
FLT uptake is also unlikely to be affected by patient movement during the prescan uptake period, unlike FDG uptake,
which is influenced by skeletal muscle activity.86

Clinical Investigations
of FLT-PET
To date, the majority of clinical studies of FLT-PET in humans have focused on validating it as an accurate measurement of proliferation in a broad spectrum of cancers (Fig. 2),
and assessing its usefulness for diagnosing and staging malignancies (Fig. 3). Future studies should test FLT-PET’s usefulness for predicting and monitoring response to therapy
(Fig. 4), and for predicting overall tumor aggressiveness and
patient outcome. Already, a few studies have begun to do so
in lymphoma,25 glioma,16 and breast cancer,23,24 with positive findings.

Lung Cancer
Four studies have demonstrated that FLT uptake at PET correlates with the proliferation rate of human lung tumors.11–14
Compared with Ki-67 immunohistochemical scoring performed on biopsy or resection specimens, reported correlations ranged from r ⫽ 0.60 to r ⫽ 0.92. Vesselle and coworkers found a greater correlation with Ki-67 scores when FLT
uptake was quantified using kinetic modeling parameters,11,64 rather than a simple SUV (SUVmax, r ⫽ 0.61; partial
volume corrected SUVmax, r ⫽ 0.67; SUVmean, r ⫽ 0.72; and
modeled FLT flux, r ⫽ 0.89). The importance of these findings stems from the prognostic value of tumor proliferation in
nonsmall cell lung cancer.9,10 FLT-PET should therefore be
investigated as an independent predictor of prognosis for
early stage nonsmall cell lung cancer, where it could permit
the selection of patients at risk for recurrence who would
most benefit from adjuvant chemotherapy following surgical
resection.
FLT-PET also has been evaluated for primary lung cancer
detection and was found to have high accuracy, despite the
fact that FLT has lower uptake in lung cancer than does
FDG.13,14,22,87 Four studies that compared the diagnostic sensitivity of FLT-PET and FDG-PET in detecting primary lung
cancer reported sensitivities of 72% to 100% and 89% to
100%, respectively.13,14,22,87 Two of these studies which also
included benign lesions reported specificities of 86% to
100% and 57% to 73% for FLT-PET and FDG-PET, respectively.13,22 Although all studies assessed these diagnostic parameters in relatively small patient populations (17-35 subjects), they tell a consistent story: FDG is the more sensitive
tracer, whereas FLT may be the more specific for malignancy
(Fig. 3). In a fifth study assessing diagnostic and staging
accuracy, FLT-PET results were compared directly against
FDG-PET results without biopsy confirmation, so it remains
unknown whether dissimilarities between the 2 modalities
were attributable to false negatives on FLT-PET, false positives on FDG-PET, or a combination.88
In assessing lymph node metastases from primary lung
cancer, 2 studies reported FLT-PET sensitivities of 33% to
53% for lymph node status and specificities of 98% to 100%,
whereas FDG had sensitivities of 44% to 77% and specificities of 95% to 100%.13,22 Therefore, in lung cancer, FLT-PET
combined with FDG-PET could potentially improve the
specificity of staging and provide information regarding tumor growth rate and aggressiveness which could impact
prognosis and/or treatment selection.
The effect of chemotherapy and radiotherapy on FLT uptake in lung cancer still needs to be examined. Specifically, it
should be explored whether decreases in FLT uptake after
therapy correlate with clinical response by size criteria,
whether they predict progression-free survival and overall
survival, and how soon after the initiation of therapy a successful response can be predicted by FLT-PET. With the advent of cytostatic chemotherapy agents such as erlotinib
(Tarceva), which can produce a response in lung cancer without associated tumor shrinkage, it will be necessary to have
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alternative imaging tools to assess the biological effectiveness
of such treatment. FLT-PET may play such a role.

Brain Malignancies
FLT, unlike FDG, is only slightly able to cross the intact
blood– brain barrier.89,90 For this reason and because of
low proliferation in normal brain tissues, FLT has very low
background uptake in the brain. However, FLT is taken up
significantly by high-grade gliomas and other brain tumors associated with significant blood-brain barrier breakdown.15–17,91 As a result, FLT-PET can create images of
high-grade brain malignancies with greater tumor/background contrast than possible with FDG-PET.15,16 FDG, in
comparison, has high background uptake in the normal
brain, in particular in gray matter. This physiologic uptake
makes image interpretation difficult and can obscure malignant tumors or sites of tumor recurrence with FDG
uptake equal to or less than background.92–94
Because of this difference, FLT-PET can have distinct advantages over FDG-PET in diagnosing high-grade brain tumors. To demonstrate this point, Choi and coworkers15 performed FLT-PET on a series of 22 patients with suspicious
brain lesions with FDG uptake equal to or less than background (ie, those which would be extremely difficult to detect by FDG-PET). In this sample, FLT-PET successfully detected 11 of 14 cancerous tumors and accurately showed no
uptake in 5 of 8 benign lesions. Three false positive findings
were found in 1 subacute infarction, 1 multiple sclerosis
lesion, and 1 focus of radiation necrosis.
However, FLT’s limited penetration of the intact blood–
brain barrier also means that low-grade tumors without significant breakdown of the blood-brain barrier have very low
uptake of FLT and can frequently go undetected.15,16,65,91 As
a result of this dichotomy, overall sensitivities of 79% to 82%
have been reported for the detection of brain malignancies
with FLT-PET.15,16,91
Overall, Choi and coworkers have reported that FLT uptake correlates very well with tumor grade at pathology (r ⫽
0.87), and have proposed that FLT uptake may therefore be
able to function as a noninvasive means of grading brain
tumors.15 FLT uptake has been found to correlate strongly
with tumor proliferation assessed by Ki-67 immunohistochemistry in gliomas of all grades (r ⫽ 0.84 and r ⫽ 0.82,
respectively).15,16
In gliomas, cellular proliferation assessed by Ki-67 immunohistochemistry is a well-characterized marker of clinical
outcome,6,7 suggesting that FLT-PET may also be able to
noninvasively predict outcome in gliomas. Chen and coworkers recently tested this hypothesis in a series of 25 patients with newly diagnosed or recurrent gliomas.16 In this
series, FLT-PET visualized all 18 high-grade (III/IV) gliomas,
but none of 4 grade II gliomas or 3 gliomas with long-term
stability used as negative controls. FLT-PET was also an outstanding indicator of prognosis. All 14 patients who had
disease recurrences and died during the follow up period also
had visually positive FLT-PET results, including 5 patients
with negative FDG-PET findings. The mean FLT SUV of this
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group was twice that of survivors. On the other hand, none of
the 7 patients with visually negative FLT-PET findings (4
with low-grade gliomas and 3 with long-term stable disease)
had a relapse or died during the follow-up period. These
findings demonstrate the potential of FLT-PET for predicting
survival after treatment.

Lymphoma
The majority of clinical work on FLT-PET in lymphoma has
been conducted by Buck and coworkers. This group has
shown in a series of 25 patients that FLT SUVmax was strongly
correlated with cellular proliferation assessed by Ki-67 immunohistochemistry (r ⫽ 0.84).18 In addition, there was a
clear dichotomy between 14 aggressive and 11 indolent lymphomas in this series, with the former group having mean
FLT SUVmax and Ki-67 scores of 8.8 and 83%, respectively,
and the latter group having mean FLT SUVmax and Ki-67
scores of 3.7 and 14%, respectively. These findings are in
accord with a much smaller series by Buchmann and coworkers.95
On the basis of these initial results, lymphoma appears to
display a much greater uptake of FLT than any other malignancy, possibly due in part to a high fraction of proliferating
cells in aggressive lymphomas. However, even indolent lymphomas with a mean Ki-67 score of 14% had a mean FLT
SUVmax of 3.7. This level of FLT uptake is considerably higher
than the mean for any other malignancy examined to date. In
fact, overall FLT uptake was comparable in magnitude to
FDG uptake.18,25 In detection of lesions, Buck and coworkers
found that in 34 patients, FLT detected more lymphoma
lesions than were detected by routine clinical staging (490
versus 420). However, given the high uptake of FLT in normal bone marrow and the propensity for marrow involvement in lymphoma, the clinical usefulness of FLT-PET in
staging lymphoma is still likely to be limited. Future research
should focus on FLT’s role in predicting and assessing response to therapy, with FDG-PET remaining the main lymphoma staging tool.
Recently, the same group examined the ability of FLT-PET
to predict response to chemotherapy with cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) in
non-Hodgkin’s lymphoma (NHL).25 In 22 patients, there was
a mean 68% decrease in FLT uptake just 2 days after receiving the first dose of CHOP, a 77% decrease at 7 days, and an
85% decrease at 40 days compared with baseline, after a
second cycle of CHOP. Furthermore, uptake measurements
within 1 week after the first CHOP administration corresponded significantly with eventual response, determined by
computed tomography (CT) and magnetic resonance imaging (MRI) criteria over 3 months later, after 6 cycles of CHOP.
Mean FLT SUV during the first week was 1.5 in complete
responders, versus 2.6 in partial responders. Only one patient had progressive disease, and 2 days after CHOP, this
patient had an FLT SUV of 9.0, the highest uptake value
observed in any patient, at any posttherapy time point. These
results demonstrate the potential of FLT for early assessment
of treatment response in lymphoma, affording the possibility
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of switching therapy regimens quickly in cases of nonresponse. Because relapse only occurred in 2 patients, correlation between residual FLT uptake or decrease in FLT uptake
and overall outcome was not attempted. However, future
studies should examine this question.

Breast Cancer
Two recent studies have demonstrated the potential of FLT
for early assessment of response to chemotherapy in breast
cancer.23,24 In 14 patients with metastatic breast cancer, Pio
and coworkers23 performed FLT-PET before and 2 weeks
after initiation of chemotherapy, which was cytotoxic for four
patients and hormonal only for 5. In these patients, the percent decrease in FLT uptake observed over the first two
weeks of therapy correlated strongly with late CT size
changes (r ⫽ 0.74) and CA27.29 tumor marker levels (r ⫽
0.79) measured 3.3 and 5.8 months later, respectively. In
contrast, changes in FDG uptake over the first two weeks
were not significantly correlated with these response measurements. Also, in three patients in whom the directionality
of FLT and FDG uptake changes differed, FLT was the more
accurate clinical indicator.
Similarly, Kenny and coworkers measured FLT uptake in
13 patients with 17 breast cancer lesions, immediately before
and 1 week after initiation of treatment with combined 5-FU,
epirubicin, and cyclophosphamide, and compared these values with patients’ eventual response by CT RECIST criteria
after 60 days.24 The 6 patients who were found to have a
partial or complete response at 60 days also had a greater
percent reduction in tumor FLT uptake during the first week,
compared with the 6 patients ultimately diagnosed with stable disease.
In breast cancer, FLT uptake has been shown to correlate
with cellular proliferation assessed by Ki-67 immunohistochemistry.19 In 12 patients, a greater correlation coefficient
was observed when quantifying FLT uptake using kinetic
modeling parameter estimates (r ⫽ 0.92) than when using
either the 21- or 60-minute postinjection SUVmax (r ⫽ 0.71
and r ⫽ 0.79, respectively). This advantage of kinetic modeling is analogous to observations in lung cancer.11,64 The
fraction of tracer uptake at 5 minutes retained at 60 minutes
(FRT) produced an equally excellent correlation (r ⫽ 0.92).
However, another study by Smyczek-Gargya and coworkers
found no significant correlation (r ⫽ 0.1) between FLT uptake and proliferation by Ki-67 scores derived from core biopsies of 12 breast cancers.96 Although it would be easy to
attribute these negative results to a small sample size or to
biopsy sampling limitations, future studies in breast cancer
should examine this issue for the purpose of clarification.
In terms of staging, Smyczek-Gargya and coworkers reported that in 12 patients, although FLT uptake was lower
than FDG uptake in primary breast cancers, tumor/background contrast was equivalent because of low background
FLT uptake in the normal breast.96 FLT-PET successfully
detected 13 of 14 primary breast cancers and 7 of 8 axillary
lymph node metastases. Been and coworkers also reported
good tumor/background uptake ratios with FLT-PET in

breast cancer.21 However, in this study, FLT only detected 8
of 10 primary breast cancers and 2 of 7 patients’ lymph node
metastases. Because of the limited numbers of patients in
these studies, larger trials will have to be conducted to determine whether FLT-PET should play any role in axillary
lymph node staging. However, even in the best case, it is
unlikely that FLT-PET would replace sentinel lymph node
mapping and excision for accurately evaluating the axilla.
Instead, FLT-PET is most likely to play a role in assessing
response to therapy, especially in locally advanced breast
cancers treated with neoadjuvant chemotherapy.

Colorectal Cancer
Francis and coworkers reported imaging 17 patients with
primary or metastatic colorectal cancer (CRC) using FLTPET.97 Using FLT-PET, they successfully detected all 6 primary CRCs, all 6 peritoneal metastases, and 5 of 6 lung metastases. Disappointingly, however, they detected only 11 of
32 liver metastases because of high background activity in the
liver, caused by hepatic glucuronidation of FLT. Because the
liver is a key site of possible metastasis for CRCs, FLT is
unlikely to provide comprehensive staging on its own. Its
role will more likely be in combination with FDG-PET, in the
evaluation of treatment response in rectal cancer patients
undergoing induction chemoradiotherapy.

Esophageal Cancer
Only van Westreenen and coworkers have specifically examined FLT uptake in esophageal cancer, finding that, in their
series of 10 patients, they successfully detected 8 of 10 primary esophageal cancers with FLT-PET, compared with 10
of 10, with 2 false-positive findings using FDG-PET.98 Both
tracers successfully detected only 2 of 8 primary lymph node
metastases, and only one of these metastases was detected by
both tracers.
Surprisingly, in this study, there was not a significant positive correlation between FLT uptake and cellular proliferation assessed by Ki-67 scoring (r ⫽ ⫺0.76).98 Negative results also were obtained in a similar comparison by Dittmann
and coworkers, in 9 patients with thoracic tumors, including
5 esophageal carcinomas (r ⫽ 0.24).87 Because both of these
studies were extremely small, and because the van Westreenen study may have been hampered by using extremely
short emission scans of only 2 minutes per bed position, it
remains to be seen whether these findings reveal an unusual
property of esophageal carcinoma, or are merely an anomaly.

Head and Neck Cancer
Two groups of authors have examined the diagnostic and
staging accuracy of FLT-PET in head and neck cancer. In a
series of 17 primary and recurrent laryngeal cancers, Cobben
and coworkers reported that although FLT had lower uptake
in primary tumors than FDG, both tracers successfully detected 15 of 17 primary tumors, with 1 false-positive finding
with FDG-PET and 2 with FLT-PET.99 In addition, Troost
and coworkers reported that in a series of 10 stage II-IV
squamous cell head and neck cancers, FLT successfully de-

Tumor cell proliferation with FLT-PET
tected 3 of 3 metastatic cervical lymph node metastases but
also showed increased uptake in a large number of benign
lymph nodes.20 This effect was found to be caused by high
proliferation of B-lymphocytes in germinal centers in lymph
nodes, with Ki-67 scores that were actually greater than in
squamous cell carcinoma nodal metastases. The number of
germinal centers was also greatly increased in false-positive
lymph nodes. This study therefore revealed a significant and
hitherto unexplored source of false-positive FLT lymph node
findings which warrants further characterization, especially
to determine in what clinical situations this type of finding is
likely to occur. Overall, FLT uptake was found to correlate
significantly with proliferative activity in lymph nodes quantified by either Ki-67 or deoxyuridine staining of pathology
specimens (r ⫽ 0.69 and r ⫽ 0.74, respectively).20
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The Future of FLT-PET
18F-FLT

is a promising tracer for which the basic mechanism
of cellular uptake and retention is known. Further cell uptake
studies should be conducted to understand how cellular uptake of FLT is affected by various therapeutic interventions,
across many cell lines. With well established dosimetry, no
known toxicity for radiotracer doses, and an IND that can be
cross-filed, FLT is ready for a thorough validation in larger
trials addressing clinically relevant questions. FLT’s role will
likely be (1) to establish patient prognosis through measurement of primary tumor proliferation rate and (2) to predict
and evaluate tumor response to therapy. In most clinical
settings, it is expected to be applied as strong adjunct to
staging by FDG-PET.

References
Melanoma
Cobben and coworkers have investigated FLT-PET in a series
of 10 patients with stage III melanoma.100 FLT-PET correctly
detected the extent of locoregional lymph node metastasis in
all patients and correctly upstaged 2 patients. Of a total of 30
pooled histologic samples, FLT correctly detected 22 of 25
malignant foci and correctly showed no uptake in 3 of 5
benign foci. In an additional 11 foci detected by FLT for
which histologic confirmation was not available, clinical correlation revealed that FLT was true-positive in 5, false-positive in 4, and 2 could not be definitively evaluated but were
likely true-positive. Thus, FLT may show some ability to
contribute to the noninvasive locoregional staging of melanoma. However, as in the setting of breast cancer, FLT-PET
should not be expected to be able to improve on the sensitivity of lymphoscintigraphy and sentinel lymph node excision. The overall noninvasive staging of melanoma will likely
remain the domain of FDG-PET/CT. The role of FLT-PET in
initial prognostic assessment or in assessing response to therapy in melanoma still needs to be explored.

Soft Tissue Sarcoma of the Extremities
Cobben and coworkers also examined FLT-PET in 19 patients with 20 soft-tissue sarcomas of the extremities.101 They
found that FLT-PET detected all sarcomas and also identified
additional malignant foci in 3 of the patients, with significant
clinical implications. Benign, false-positive lesions were also
detected by FLT-PET in 3 of the patients. Either the FLT SUV
or the tumor/nontumor uptake ratio was able to distinguish
between low- and high-grade sarcomas. These measurements
also correlated with proliferation by immunohistochemical
scoring and the French and Japanese grading systems for
sarcoma (all correlations between r ⫽ 0.55 and r ⫽ 0.75). In
addition, Been and coworkers have examined FLT-PET before and after treatment with hyperthermic isolated limb perfusion (HILP) in 10 patients, concluding that pretreatment
FLT uptake correlates with mitotic index (r ⫽ 0.82) and
predicts clinical response to treatment.26

1. Strauss LG: Fluorine-18 deoxyglucose and false-positive results: A
major problem in the diagnostics of oncological patients. Eur J Nucl
Med 23:1409-1415, 1996
2. Metser U, Even-Sapir E: Increased (18)F-fluorodeoxyglucose uptake
in benign, nonphysiologic lesions found on whole-body positron
emission tomography/computed tomography (PET/CT): Accumulated data from four years of experience with PET/CT. Semin Nucl
Med 37:206-222, 2007
3. Faneyte IF, Schrama JG, Peterse JL, et al: Breast cancer response to
neoadjuvant chemotherapy: Predictive markers and relation with outcome. Br J Cancer 88:406-412, 2003
4. Takeuchi H, Ozawa S, Ando N, et al: Cell-cycle regulators and the
Ki-67 labeling index can predict the response to chemoradiotherapy
and the survival of patients with locally advanced squamous cell carcinoma of the esophagus. Ann Surg Oncol 10:792-800, 2003
5. Chang J, Ormerod M, Powles TJ, et al: Apoptosis and proliferation as
predictors of chemotherapy response in patients with breast carcinoma. Cancer 89:2145-2152, 2000
6. Grzybicki DM, Moore SA: Implications of prognostic markers in brain
tumors. Clin Lab Med 19:833-847, 1999
7. Brown DC, Gatter KC: Ki67 protein: The immaculate deception? Histopathology 40:2-11, 2002
8. van Diest PJ, van der Wall E, Baak JP: Prognostic value of proliferation
in invasive breast cancer: A review. J Clin Pathol 57:675-681, 2004
9. Pugsley JM, Schmidt RA, Vesselle H: The Ki-67 index and survival in
non-small cell lung cancer: A review and relevance to positron emission tomography. Cancer J 8:222-233, 2002
10. Martin B, Paesmans M, Mascaux C, et al: Ki-67 expression and patients survival in lung cancer: Systematic review of the literature with
meta-analysis. Br J Cancer 91:2018-2025, 2004
11. Vesselle H, Grierson J, Muzi M, et al: In vivo validation of 3=deoxy3=-[(18)F]fluorothymidine ([(18)F]FLT) as a proliferation imaging
tracer in humans: Correlation of [(18)F]FLT uptake by positron emission tomography with Ki-67 immunohistochemistry and flow cytometry in human lung tumors. Clin Cancer Res 8:3315-3323, 2002
12. Buck AK, Halter G, Schirrmeister H, et al: Imaging proliferation in
lung tumors with PET: 18F-FLT versus 18F-FDG. J Nucl Med 44:
1426-1431, 2003
13. Yap CS, Czernin J, Fishbein MC, et al: Evaluation of thoracic tumors
with 18F-fluorothymidine and 18F-fluorodeoxyglucose-positron
emission tomography. Chest 129:393-401, 2006
14. Yamamoto Y, Nishiyama Y, Ishikawa S, et al: Correlation of (18)F-FLT
and (18)F-FDG uptake on PET with Ki-67 immunohistochemistry in
non-small cell lung cancer. Eur J Nucl Med Mol Imaging, 2007
15. Choi SJ, Kim JS, Kim JH, et al: [18F]3=-deoxy-3=-fluorothymidine PET
for the diagnosis and grading of brain tumors. Eur J Nucl Med Mol
Imaging 32:653-659, 2005
16. Chen W, Cloughesy T, Kamdar N, et al: Imaging proliferation in brain

A. Salskov et al

438

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

tumors with 18F-FLT PET: comparison with 18F-FDG. J Nucl Med
46:945-952, 2005
Saga T, Kawashima H, Araki N, et al: Evaluation of primary brain
tumors with FLT-PET: usefulness and limitations. Clin Nucl Med
31:774-780, 2006
Buck AK, Bommer M, Stilgenbauer S, et al: Molecular imaging of proliferation in malignant lymphoma. Cancer Res 66:11055-11061, 2006
Kenny LM, Vigushin DM, Al-Nahhas A, et al: Quantification of cellular
proliferation in tumor and normal tissues of patients with breast cancer by
[18F]fluorothymidine-positron emission tomography imaging: Evaluation
of analytical methods. Cancer Res 65:10104-10112, 2005
Troost EG, Vogel WV, Merkx MA, et al: 18F-FLT PET does not discriminate between reactive and metastatic lymph nodes in primary
head and neck cancer patients. J Nucl Med 48:726-735, 2007
Been LB, Elsinga PH, de Vries J, et al: Positron emission tomography in
patients with breast cancer using (18)F-3=-deoxy-3=-fluoro-l-thymidine ((18)F-FLT)—a pilot study. Eur J Surg Oncol 32:39-43, 2006
Buck AK, Hetzel M, Schirrmeister H, et al: Clinical relevance of imaging proliferative activity in lung nodules. Eur J Nucl Med Mol Imaging
32:525-533, 2005
Pio BS, Park CK, Pietras R, et al: Usefulness of 3=-[F-18]fluoro-3=deoxythymidine with positron emission tomography in predicting
breast cancer response to therapy. Mol Imaging Biol 8:36-42, 2006
Kenny L, Coombes RC, Vigushin DM, et al: Imaging early changes in
proliferation at 1 week post chemotherapy: a pilot study in breast
cancer patients with 3=-deoxy-3=-[(18)F]fluorothymidine positron
emission tomography. Eur J Nucl Med Mol Imaging, 2007
Herrmann K, Wieder HA, Buck AK, et al: Early response assessment
using 3=-deoxy-3=-[18F]fluorothymidine-positron emission tomography in high-grade non-Hodgkin’s lymphoma. Clin Cancer Res 13:
3552-3558, 2007
Been LB, Suurmeijer AJ, Elsinga PH, et al: 18F-fluorodeoxythymidine PET
for evaluating the response to hyperthermic isolated limb perfusion for locally
advanced soft-tissue sarcomas. J Nucl Med 48:367-372, 2007
Martiat P, Ferrant A, Labar D, et al: In vivo measurement of carbon-11
thymidine uptake in non-Hodgkin’s lymphoma using positron emission tomography. J Nucl Med 29:1633-1637, 1988
Shields AF, Mankoff DA, Link JM, et al: Carbon-11-thymidine and
FDG to measure therapy response. J Nucl Med 39:1757-1762, 1998
Wells P, Gunn RN, Alison M, et al: Assessment of proliferation in vivo using
2-[(11)C]thymidine positron emission tomography in advanced intra-abdominal malignancies. Cancer Res 62:5698-5702, 2002
Eary JF, Mankoff DA, Spence AM, et al: 2-[C-11]thymidine imaging of
malignant brain tumors. Cancer Res 59:615-621, 1999
Shields AF, Graham MM, Kozawa SM, et al: Contribution of labeled
carbon dioxide to PET imaging of carbon-11-labeled compounds.
J Nucl Med 33:581-584, 1992
Shields AF, Mankoff D, Graham MM, et al: Analysis of 2-carbon-11thymidine blood metabolites in PET imaging. J Nucl Med 37:290296, 1996
Mankoff DA, Shields AF, Graham MM, et al: A graphical analysis
method to estimate blood-to-tissue transfer constants for tracers with
labeled metabolites. J Nucl Med 37:2049-2057, 1996
Mankoff DA, Shields AF, Graham MM, et al: Kinetic analysis of 2-[carbon-11]thymidine PET imaging studies: Compartmental model and
mathematical analysis. J Nucl Med 39:1043-1055, 1998
Mankoff DA, Shields AF, Link JM, et al: Kinetic analysis of
2-[11C]thymidine PET imaging studies: Validation studies. J Nucl
Med 40:614-624, 1999
Wells JM, Mankoff DA, Eary JF, et al: Kinetic analysis of 2-[11C]thymidine PET imaging studies of malignant brain tumors: Preliminary
patient results. Mol Imaging 1:145-150, 2002
Wells JM, Mankoff DA, Muzi M, et al: Kinetic analysis of 2-[11C]thymidine PET imaging studies of malignant brain tumors: Compartmental model investigation and mathematical analysis. Mol Imaging
1:151-159, 2002
Hartmann H, Vogt MW, Durno AG, et al: Enhanced in vitro inhibition of
HIV-1 replication by 3=-fluoro-3=-deoxythymidine compared to several other
nucleoside analogs. AIDS Res Hum Retroviruses 4:457-466, 1988

39. Kong XB, Zhu QY, Vidal PM, et al: Comparisons of anti-human immunodeficiency virus activities, cellular transport, and plasma and intracellular pharmacokinetics of 3=-fluoro-3=-deoxythymidine and 3=-azido-3=-deoxythymidine. Antimicrob Agents Chemother 36:808-818, 1992
40. Flexner C, van der Horst C, Jacobson MA, et al: Relationship between
plasma concentrations of 3=-deoxy-3=-fluorothymidine (alovudine)
and antiretroviral activity in two concentration-controlled trials. J Infect Dis 170:1394-1403, 1994
41. Turcotte E, Wiens LW, Grierson JR, et al: Toxicology evaluation of
radiotracer doses of 3=-deoxy-3=-[18F]fluorothymidine (18F-FLT) for
human PET imaging: Laboratory analysis of serial blood samples and
comparison to previously investigated therapeutic FLT doses. BMC
Nucl Med 7:3, 2007
42. Shields AF, Grierson JR, Dohmen BM, et al: Imaging proliferation in
vivo with [F-18]FLT and positron emission tomography. Nat Med
4:1334-1336, 1998
43. Grierson JR, Shields AF: Radiosynthesis of 3=-deoxy-3=-[(18)F]fluorothymidine: [(18)F]FLT for imaging of cellular proliferation in vivo.
Nucl Med Biol 27:143-156, 2000
44. Rasey JS, Grierson JR, Wiens LW, et al: Validation of FLT uptake as a
measure of thymidine kinase-1 activity in A549 carcinoma cells.
J Nucl Med 43:1210-1217, 2002
45. Toyohara J, Waki A, Takamatsu S, et al: 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 29:281-287, 2002
46. Schwartz JL, Tamura Y, Jordan R, et al: Monitoring tumor cell proliferation by targeting DNA synthetic processes with thymidine and
thymidine analogs. J Nucl Med 44:2027-2032, 2003
47. Wagner M, Seitz U, Buck A, et al: 3=-[18F]fluoro-3=-deoxythymidine
([18F]-FLT) as positron emission tomography tracer for imaging proliferation in a murine B-cell lymphoma model and in the human
disease. Cancer Res 63:2681-2687, 2003
48. Dittmann H, Dohmen BM, Kehlbach R, et al: Early changes in
[18F]FLT uptake after chemotherapy: An experimental study. Eur
J Nucl Med Mol Imaging 29:1462-1469, 2002
49. Barthel H, Cleij MC, Collingridge DR, 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 63:3791-3798, 2003
50. Sugiyama M, Sakahara H, Sato K, et al: Evaluation of 3=-deoxy-3=18F-fluorothymidine for monitoring tumor response to radiotherapy
and photodynamic therapy in mice. J Nucl Med 45:1754-1758, 2004
51. Oyama N, Ponde DE, Dence C, et al: Monitoring of therapy in androgen-dependent prostate tumor model by measuring tumor proliferation. J Nucl Med 45:519-525, 2004
52. Leyton J, Latigo JR, Perumal M, et al: 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 65:4202-4210, 2005
53. Kawai H, Toyohara J, Kado H, et al: Acquisition of resistance to antitumor alkylating agent ACNU: Aa possible target of positron emission
tomography monitoring. Nucl Med Biol 33:29-35, 2006
54. van Waarde A, Been LB, Ishiwata K, et al: Early response of sigmareceptor ligands and metabolic PET tracers to 3 forms of chemotherapy: an in vitro study in glioma cells. J Nucl Med 47:1538-1545, 2006
55. Yang YJ, Ryu JS, Kim SY, et al: Use of 3=-deoxy-3=-[18F]fluorothymidine PET to monitor early responses to radiation therapy in murine
SCCVII tumors. Eur J Nucl Med Mol Imaging 33:412-419, 2006
56. Apisarnthanarax S, Alauddin MM, Mourtada F, et al: Early detection
of chemoradioresponse in esophageal carcinoma by 3=-deoxy-3=-3Hfluorothymidine using preclinical tumor models. Clin Cancer Res
12:4590-4597, 2006
57. Buck AK, Kratochwil C, Glatting G, et al: Early assessment of therapy
response in malignant lymphoma with the thymidine analogue
[(18)F]FLT. Eur J Nucl Med Mol Imaging 2007 (in press)
58. Grierson JR, Schwartz JL, Muzi M, et al: Metabolism of 3=-deoxy-3=[F-18]fluorothymidine in proliferating A549 cells: Validations for
positron emission tomography. Nucl Med Biol 31:829-837, 2004

Tumor cell proliferation with FLT-PET
59. Munch-Petersen B, Cloos L, Tyrsted G, et al: Diverging substrate
specificity of pure human thymidine kinases 1 and 2 against antiviral
dideoxynucleosides. J Biol Chem 266:9032-9038, 1991
60. Lu L, Samuelsson L, Bergstrom M, et al: Rat studies comparing 11CFMAU, 18F-FLT, and 76Br-BFU as proliferation markers. J Nucl Med
43:1688-1698, 2002
61. Shields AF, Lim K, Grierson J, et al: Utilization of labeled thymidine in
DNA synthesis: Studies for PET. J Nucl Med 31:337-342, 1990
62. Barthel H, Perumal M, Latigo J, et al: The uptake of 3=-deoxy-3=[18F]fluorothymidine into L5178Y tumours in vivo is dependent on
thymidine kinase 1 protein levels. Eur J Nucl Med Mol Imaging 32:
257-263, 2005
63. Muzi M, Mankoff DA, Grierson JR, et al: Kinetic modeling of 3=deoxy-3=-fluorothymidine in somatic tumors: Mathematical studies.
J Nucl Med 46:371-380, 2005
64. Muzi M, Vesselle H, Grierson JR, et al: Kinetic analysis of 3=-deoxy3=-fluorothymidine PET studies: Validation studies in patients with
lung cancer. J Nucl Med 46:274-282, 2005
65. Muzi M, Spence AM, O’Sullivan F, et al: Kinetic analysis of 3=-deoxy3=-18F-fluorothymidine in patients with gliomas. J Nucl Med 47:
1612-1621, 2006
66. Wells P, West C, Jones T, et al: Measuring tumor pharmacodynamic
response using PET proliferation probes: The case for 2-[(11)C]-thymidine. Biochim Biophys Acta 1705:91-102, 2004
67. Krohn KA, Mankoff DA, Muzi M, et al: True tracers: Comparing FDG with
glucose and FLT with thymidine. Nucl Med Biol 32:663-671, 2005
68. Sherley JL, Kelly TJ: Regulation of human thymidine kinase during the
cell cycle. J Biol Chem 263:8350-8358, 1988
69. Wintersberger E, Rotheneder H, Grabner M, et al: Regulation of thymidine kinase during growth, cell cycle and differentiation. Adv Enzyme Regul 32:241-254, 1992
70. Hengstschlager M, Knofler M, Mullner EW, et al: Different regulation
of thymidine kinase during the cell cycle of normal versus DNA tumor
virus-transformed cells. J Biol Chem 269:13836-13842, 1994
71. Mikulits W, Hengstschlager M, Sauer T, et al: Overexpression of thymidine kinase mRNA eliminates cell cycle regulation of thymidine
kinase enzyme activity. J Biol Chem 271:853-860, 1996
72. Ito M, Conrad SE: Independent regulation of thymidine kinase mRNA
and enzyme levels in serum-stimulated cells. J Biol Chem 265:69546960, 1990
73. Leyton J, Alao JP, Da Costa M, et al: In vivo biological activity of the
histone deacetylase inhibitor LAQ824 is detectable with 3=-deoxy-3=[18F]fluorothymidine positron emission tomography. Cancer Res 66:
7621-7629, 2006
74. Leyton J, Lockley M, Aerts JL, et al: Quantifying the activity of adenoviral E1A CR2 deletion mutants using renilla luciferase bioluminescence and 3=-deoxy-3=-[18F]fluorothymidine positron emission tomography imaging. Cancer Res 66:9178-9185, 2006
75. Schwartz JL, Tamura Y, Jordan R, et al: Effect of p53 activation on cell
growth, thymidine kinase-1 activity, and 3=-deoxy-3=fluorothymidine
uptake. Nucl Med Biol 31:419-423, 2004
76. Machulla HJ, Blocher A, Kuntzsch M, et al: Simplified labeling approach for synthesizing 3=-Deoxy-3=-[18F] fluorothymidine ([18F]
FLT). J Radioanalytical Nucl Chem 243:843-846, 2000
77. Wodarski C, Eisenbarth J, Weber K, et al: Synthesis of 3=-deoxy-3=[[18]F] fluoro-thymidine with 2, 3=-anhydro-5=-O-(4, 4=-dimethoxytrityl)-thymidine. J Label Compounds Radiopharmaceuticals 43:
1211-1218, 2000
78. Vesselle H, Schmidt RA, Pugsley JM, et al: Lung cancer proliferation
correlates with [F-18]fluorodeoxyglucose uptake by positron emission tomography. Clin Cancer Res 6:3837-3844, 2000
79. Patlak CS, Blasberg RG: Graphical evaluation of blood-to-brain transfer constants from multiple-time uptake data. Generalizations. J Cereb
Blood Flow Metab 5:584-590, 1985
80. Patlak CS, Blasberg RG, Fenstermacher JD: Graphical evaluation of

439

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

blood-to-brain transfer constants from multiple-time uptake data.
J Cereb Blood Flow Metab 3:1-7, 1983
Grierson JR, Wiens L, Peterson L, et al: A SepPak unit for batch
processing serial blood plasma samples for PET. J Label Compd Radiopharm In press 2007
Shields AF, Briston DA, Chandupatla S, et al: A simplified analysis of
[18F]3=-deoxy-3=-fluorothymidine metabolism and retention. Eur
J Nucl Med Mol Imaging 32:1269-1275, 2005
Vesselle H, Grierson J, Peterson LM, et al: 18F-Fluorothymidine radiation dosimetry in human PET imaging studies. J Nucl Med 44:14821488, 2003
Hays MT, Watson EE, Thomas SR, et al: MIRD dose estimate report
no. 19: Radiation absorbed dose estimates from (18)F-FDG. J Nucl
Med 43:210-214, 2002
FDA: Food and Drug Administration Code of Federal Regulations. 21
CFR 361-1:290-291, 1991
Vesselle HJ, Miraldi FD: FDG PET of the retroperitoneum: normal
anatomy, variants, pathologic conditions, and strategies to avoid diagnostic pitfalls. Radiographics 18:805-823; discussion 823-804,
1998
Dittmann H, Dohmen BM, Paulsen F, et al: [18F]FLT PET for diagnosis and staging of thoracic tumours. Eur J Nucl Med Mol Imaging
30:1407-1412, 2003
Cobben DC, Elsinga PH, Hoekstra HJ, et al: Is 18F-3=-fluoro-3=-deoxy-L-thymidine useful for the staging and restaging of non-small cell
lung cancer? J Nucl Med 45:1677-1682, 2004
Ljungdahl-Stahle E, Guzenda E, Bottiger D, et al: Penetration of
zidovudine and 3=-fluoro-3=-deoxythymidine into the brain, muscle
tissue, and veins in cynomolgus monkeys: Relation to antiviral action.
Antimicrob Agents Chemother 36:2418-2422, 1992
Stahle L, Borg N: Transport of alovudine (3=-fluorothymidine) into
the brain and the cerebrospinal fluid of the rat, studied by microdialysis. Life Sci 66:1805-1816, 2000
Jacobs AH, Thomas A, Kracht LW, et al: 18F-fluoro-L-thymidine and
11C-methylmethionine as markers of increased transport and proliferation in brain tumors. J Nucl Med 46:1948-1958, 2005
Weber W, Bartenstein P, Gross MW, et al: Fluorine-18-FDG PET and
iodine-123-IMT SPECT in the evaluation of brain tumors. J Nucl Med
38:802-808, 1997
Ricci PE, Karis JP, Heiserman JE, et al: Differentiating recurrent tumor
from radiation necrosis: time for re-evaluation of positron emission
tomography? AJNR Am J Neuroradiol 19:407-413, 1998
Wong TZ, van der Westhuizen GJ, Coleman RE: Positron emission
tomography imaging of brain tumors. Neuroimaging Clin N Am 12:
615-626, 2002
Buchmann I, Neumaier B, Schreckenberger M, et al: [18F]3=-deoxy3=-fluorothymidine-PET in NHL patients: Whole-body biodistribution and imaging of lymphoma manifestations–a pilot study. Cancer
Biother Radiopharm 19:436-442, 2004
Smyczek-Gargya B, Fersis N, Dittmann H, et al: PET with [18F]fluorothymidine for imaging of primary breast cancer: A pilot study. Eur
J Nucl Med Mol Imaging 31:720-724, 2004
Francis DL, Visvikis D, Costa DC, et al: Potential impact of [18F]3=deoxy-3=-fluorothymidine versus [18F]fluoro-2-deoxy-D-glucose in
positron emission tomography for colorectal cancer. Eur J Nucl Med
Mol Imaging 30:988-994, 2003
van Westreenen HL, Cobben DC, Jager PL, et al: Comparison of 18FFLT PET and 18F-FDG PET in esophageal cancer. J Nucl Med 46:400404, 2005
Cobben DC, van der Laan BF, Maas B, et al: 18F-FLT PET for visualization of laryngeal cancer: comparison with 18F-FDG PET. J Nucl
Med 45:226-231, 2004
Cobben DC, Jager PL, Elsinga PH, et al: 3=-18F-fluoro-3=-deoxy-Lthymidine: A new tracer for staging metastatic melanoma? J Nucl Med
44:1927-1932, 2003
Cobben DC, Elsinga PH, Suurmeijer AJ, et al: Detection and grading of
soft tissue sarcomas of the extremities with (18)F-3=-fluoro-3=-deoxyL-thymidine. Clin Cancer Res 10:1685-1690, 2004

