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Abstract. Abstract: The aim of this study was to evaluate
the feasibility of using [18F] 3′-deoxy-3′-fluorothymidine
(FLT) positron emission tomography (PET) for the diag-
nosis and grading of brain tumors.
Methods: The patient population comprised 26 patients (15
males, 11 females) with brain tumors (n=18) or nontumor-
ous lesions (n=8). 2-[18F]fluoro-2-deoxy-D-glucose (FDG)
and FLT PET images were obtained using a dedicated PET
scanner 1 h after the injection of 370 MBq of FDG or FLT.
Uptake of FDG and FLT by the lesions was visually and
semiquantitatively assessed in comparison with normal brain
tissue.
Results: Of 26 brain lesions, four showed increased FDG
uptake compared with normal gray matter (grade 5). These
four lesions showed intensely increased FLT uptake and
were all high-grade tumors. Twenty-two lesions with sim-
ilar (grade 4) or decreased (grades 1–3) FDG uptake com-
pared with normal gray matter showed variable pathology.
Among the 18 brain tumors, FLT PET showed increased
uptake in all 12 high-grade tumors but FDG uptake was
variable. In 22 brain lesions with similar or decreased up-
take compared with normal gray matter on FDG PET, the
sensitivity and specificity of FLT PET for the diagnosis of
brain tumor were 79% (11/14) and 63% (5/8), respectively.
The uptake ratios of 14 brain tumors on FLT PET were
significantly higher than the lesion to gray matter ratios
(p=0.012) and lesion to white matter ratios (p=0.036) of
FDG uptake and differed significantly between high (5.1±
2.6) and low (2.1±1.1) grade tumors (p=0.029). In nine
gliomas, FLT uptake was significantly correlated with the
Ki-67 proliferation index (rho=0.817, p=0.007).

Conclusion: These findings indicate that FLT PET is useful
for evaluating tumor grade and cellular proliferation in
brain tumors. It displayed high sensitivity and good contrast
in evaluating brain lesions that showed similar or decreased
uptake compared with normal gray matter on FDG PET.
FLT PET, however, did not appear to be sufficiently useful
for differentiating tumors from nontumorous lesions.
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Introduction

2-[18F]fluoro-2-deoxy-D-glucose (FDG) is the most widely
used tracer for oncologic positron emission tomography
(PET) imaging [1, 2]. This technique, which has signif-
icantly enhanced the capabilities of brain imaging, has been
applied to tumor detection, noninvasive tumor grading, pre-
diction of prognosis, evaluation of response to treatment,
and differentiation of tumor recurrence from radiation ne-
crosis [3–13]. However, the high glucose utilization of nor-
mal gray matter limits its utility in the localization of low
metabolic brain tumors [1, 3, 10, 11], and the increased FDG
uptake of inflammatory lesions may cause false positive
results [1, 11].

To overcome these limitations, other tracers such as 11C-
methionine, 11C-tyrosine, 18F-tyrosine, and 11C-thymidine,
each of which can measure tumor biosynthesis, have been
investigated [1, 3, 9, 12, 14–17].Among these, 11C-thymidine,
a pyrimidine nucleoside analog, is rapidly incorporated into
DNA and has been used to image cellular proliferation [1,
3, 18]. The clinical applications of 11C-thymidine PET have
been limited, however, by the short half-life of 11C and its
rapid in vivo degradation, as well as by the difficulties
experienced in the radiosynthesis of 11C-thymidine and its
high background activity [1, 3, 17, 18].
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More recently, [18F] 3′-deoxy-3′-fluorothymidine (FLT)
was introduced as a PET tracer for tumor imaging [1, 3,
17–19]. FLT has a longer radioactive half-life than 11C-
thymidine and its metabolic stability has been confirmed in
a pilot study of patients with non-small cell lung cancer [1].
FLT has been found useful for noninvasive assessment of
the proliferation rate of colorectal, pancreatic, lung, and
esophageal cancer, as well as lymphomas [20–25]. In ad-
dition, FLT PET has been utilized in the prognostic as-
sessment and evaluation of response to antiproliferative
therapy in colorectal and lung tumors [20, 22, 23]. Its
potential clinical use in the evaluation of brain tumors,
however, has not been determined. We therefore evaluated
the feasibility of FLT PET for the diagnosis and grading of
brain tumors.

Materials and methods

Patients

The study cohort consisted of 26 patients (15 men, 11 women, aged
2–67 years; median age 34 years) with suspected brain tumors on
brain MRI who underwent FDG PET and FLT PET between
December 2002 and January 2004. During the first 2 months of this
pilot study, FLT PET was performed in nine consecutive patients
regardless of the results of FDG PET. Subsequently, however, FLT
PETwas performed only on 17 patients whose brain lesions showed
decreased or similar FDG uptake compared with normal gray
matter. The FLT PET and FDG PET studies were performed within
1 week. Of the 26 patients, 19 underwent PET for initial diagnosis
and seven for the evaluation of tumor recurrence after treatment. In
23 patients, histopathological diagnosis was obtained after PET
examination. The other three patients were diagnosed on the basis
of clinical and radiological follow-up (>6 months).

The institutional review board for clinical investigation ap-
proved this study protocol, and informed consent was obtained from
all patients studied.

Histopathological diagnosis and grading of brain tumors was
performed according to the WHO grading system (malignancy
scale) for CNS tumors [26]. The proliferative activity of each tumor
was measured by obtaining the Ki-67 proliferation index from
immunohistochemical staining of pathologic specimens. After cell
staining, a minimum of 500 cells in the region of the tumor with the
greatest density of staining was counted per tissue section. The Ki-
67 score (%) was estimated by counting the percentage of the
counted cells which stained with antibody to Ki-67 nucleus antigen.

[18F]FLT synthesis

ATracerLab MX (GEMS, Belgium) FDG module with a disposable
cassette was used for automatic preparation of [18F]FLT [27]. [18F]
FLT was prepared by [18F]fluorination of (5′-O-DMTr-2′-deoxy-3′-
O-nosyl-β-D-threo-pentofuranosyl)-3-N-BOC-thymine, followed by
hydrolysis with 1 N HCl. After HPLC purification, the yield of
radiochemical was 48.7±5.6%. The radiochemical purity of the [18F]
FLT injectable solution was 98±1.2%, and its specific activity was
3,225–7,692 Ci/mmol.

PET studies

The PET scans were performed with an ECAT EXACT HR+ PET
scanner (Siemens-CTI, Knoxville, TN, USA), which has a 50-cm
transaxial field of view and a 15.5-cm axial field of view, producing
128 image planes spaced 1.7 mm apart. The transaxial spatial
resolution was 4.5 mm full-width at half-maximum (FWHM) at the
center of the field of view, and the axial resolution was 4.2 mm
FWHM.

All patients fasted for at least 6 h prior to PET scanning. A 5-
min transmission scan and a 15-min emission scan were performed
60 min after the intravenous injection of FDG (370 MBq) or FLT
(370 MBq) in a quiet and dimly lit room. The transmission scan was
performed using an external source of 68Ge. All emission scans
were performed in 3D acquisition mode. Attenuation-corrected images
were reconstructed with ordered subset expectation maximization
(OSEM), with six iterations and 16 subsets. They were post-smoothed
with a Shepp filter.

Data analysis

Uptake of FDG and FLT by suspected brain tumors on MRI was
assessed visually and quantitatively. Visual analysis was performed
by two independent observers (S.J.C., J.S.K.). Anatomical local-
ization of the brain lesions was confirmed by visually comparing the
PET scan images with the corresponding MRI scans, and uptake of
the brain lesions was assessed by comparison with normal brain
tissue. On FDG PET, the degree of FDG uptake by the brain lesion
was scored as grade 1 (< normal white matter), grade 2 (= normal
white matter), grade 3 (> normal white matter but < normal gray
matter), grade 4 (= normal gray matter), or grade 5 (> normal gray
matter). On FLT PET, the degree of FLT uptake was scored as grade 1
(< normal brain background), grade 2 (= normal brain background),
grade 3 (> normal brain background), or grade 4 (>> normal brain
background); brain lesions with grade 3 or 4 uptake were considered
tumors.

For quantitative analysis, two regions of interest (ROIs) of
3×3×1 (5.1×5.1×2.4 mm) and 6×6×1 (10.2×10.2×2.4 mm)voxels
were manually placed on the highest uptake area of the lesion and
the normal brain tissue of the contralateral side, respectively. In
cases of cerebellum or brain stem lesions, the ipsilateral cerebral
hemisphere was selected as the reference. When the margin and
uptake of brain lesions were difficult to define, the location of ROIs
for brain lesions was facilitated by use of coregistration of PET and
MR images. Using the mean standardized uptake value (SUV) of
each ROI, the uptake ratio of the lesion to normal brain tissue was
calculated.

Statistical analysis

The sensitivity and specificity of FLT PET for the differential di-
agnosis of tumors and nontumorous lesions were calculated. The
Wilcoxon signed rank test was used to evaluate the differences
between FDG and FLT uptake in brain tumors. The Kruskal-Wallis
test and the Mann-Whitney test were used to compare FLT and FDG
uptake among low-grade tumors, high-grade tumors, and non-
tumorous lesions. Spearman’s correlation was used to assess the
relationship between the uptake of FDG and FLT in brain tumors,
and between the proliferation index and tumor uptake in gliomas.
A p value of <0.05 was considered significantly significant.
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Results

Of the 26 lesions, 18 were brain tumors and 8 were non-
tumorous lesions (Table 1). Of the 18 tumors, 12 were high
grade (III or IV), while six were low grade (I or II). Among
the benign lesions, two cases with postoperative change
showed fluid collection or hemorrhage with gadolinium
enhancement at the operation site on MRI. These two cases
were confirmed as nontumorous lesions by clinical andMR
follow-up. Another two cases with inflammation were non-
specific inflammatory granulomas of unknown etiology.
One case with subacute infarction was 17-day-old ischemic
infarct at the time of the FDG PET study. All but one brain
tumor showed various degrees of enhancement on gadolin-
ium-enhanced MR.

The results of pathology and ROI-based uptake ratio
according to the visual grade of FDG and FLT uptake are
summarized in Tables 2 and 3. All six lesions showing
increased (grade 5) or similar uptake (grade 4) compared
with normal gray matter on FDG PET were malignant tu-
mors. Twenty lesions with decreased uptake (grades 1–3)

Table 1. Clinical and PET findings of the 26 patients

No. Age
(years)

Sex Diagnosis Location FDG uptake FLT uptake Ki-67
index

Visual
grade

Lesion/
GM

Lesion/
WM

Visual
grade

Lesion/
Bkg

1 48 F Lymphoma Basal ganglia 5 4.5 10.3 4 28.6 –
2 40 F Glioblastoma multiforme Right frontal 5 2.7 5.6 4 9.4 16.9
3 8 F PNET Thalamus 5 1.7 2.6 3 3.1 –
4 34 M Metastatic squamous cell ca. Left parietal 5 1.6 4 4 22.9 –
5 48 M Glioblastoma multiforme Right temporal 4 1.2 3.5 4 8.2 18.3
6 42 M Glioblastoma multiforme Left frontal 4 0.9 2.2 4 6.5 5.8
7 2 M Ganglioglioma Right temporal 3 0.7 1.9 3 3.6 –
8 7 F DNET Right parietal 3 0.8 2.4 3 2.1 –
9 11 M Germinoma Basal ganglia 3 0.8 2.3 4 8.3 –
10 13 M PNET Right frontal 3 0.7 1.8 3 1.8 –
11 58 M Grade III astrocytoma Right parietal 3 0.5 2.0 3 1.8 14
12 34 F Glioblastoma multiforme Pons 3 0.6 1.5 3 4.4 10
13 33 F Grade II astrocytoma Right frontal 2 0.7 1.8 2 1.2 3.7
14 35 M Grade II astrocytoma Both frontal 2 0.6 1.7 2 1.1 1.0
15 24 M Ganglioglioma Right temporal 2 0.6 1.7 3 3.4 –
16 39 M Grade II astrocytoma Left frontal 2 0.6 1.3 2 1.4 3.3
17 5 F Recurrent PNET Right parietal 2 0.3 1.1 3 3.5 –
18 35 M Recurrent astrocytoma Left temporal 2 0.3 1.0 4 6.0 11.2
19 37 F Multiple sclerosis Right temporal 2 0.7 1.5 3 1.6 –
20 20 M Inflammatory granuloma Hypothalamus 2 0.7 1.6 2 1.0 –
21 67 F Subacute infarction Left temporal 2 0.6 1.5 3 4.4 –
22 9 M Postoperative change Left frontal 2 0.5 1.7 2 0.9 –
23 49 F Inflammatory granuloma Cerebellum 2 0.4 0.9 1 0.6 –
24 47 F Radiation necrosis Left frontal 2 0.3 1.7 3 2.2 –
25 10 M Postoperative change Left temporal 2 0.3 1.2 2 1.3 –
26 23 F Benign cyst Left thalamus 1 0.3 0.8 1 1.4 –

PNET primitive neuroectodermal tumor, DNET dysembryoplastic neuroepithelial tumor, GM normal gray matter, WM normal white matter,
Bkg normal brain background

Table 2. Visual grade of 18F-FDG and 18F-FLT uptake by 26 brain
lesions according to the final diagnosis (n=26 patients)

Visual grade High-grade
tumor (n=12)

Low-grade
tumor (n=6)

Nontumorous
lesion (n=8)

FDG uptakea

Grade 5 4 0 0
Grade 4 2 0 0
Grade 3 4 2 0
Grades 1 and 2 2 4 8
FLT uptakeb

Grade 4 7 0 0
Grade 3 5 3 3
Grades 1 and 2 0 3 5

aFDG uptake of brain lesion ≤ white matter (grades 1 and 2), >
white matter but < gray matter (grade 3), = gray matter (grade 4)
or > gray matter (grade 5)

bFLT uptake of brain lesion ≤ normal brain background (grades 1
and 2), > normal brain background (grade 3), or >> normal brain
background (grade 4)
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compared with normal gray matter showed variable pa-
thology. On FLT PET, 12 of 18 lesions with increased
uptake (grades 3 and 4) were high-grade tumors. However,
none of eight lesions without increased uptake (grades 1
and 2) were high-grade tumors. Of 18 brain tumors, FLT
PET showed increased uptake in all 12 high-grade tumors,
but FDG uptake was variable.

FLT uptake ratios of 18 brain tumors were correlated
with lesion to normal gray matter (rho=0.54, p=0.02) and
also lesion to white matter ratios (rho=0.55, p=0.019) of
FDG uptake, but FLT uptake ratios were significantly
higher than lesion to normal gray matter (p<0.001) and
lesion to white matter ratios (p=0.035) of FDG uptake.

Except in four patients who underwent FLT PET during
the initial period of the study, we did not perform FLT PET
in patients with brain lesions showing increased uptake
compared with normal gray matter on FDG PET. We
therefore assessed the diagnostic ability of FLT PET in 22
patients whose brain lesions showed decreased or similar

uptake (grades 1–3, or 4) compared with normal gray matter
on FDG PET. FLT PETwas successful in detecting 11 of the
14 brain tumors (Figs. 1, 2), with all three false negatives
being grade II astrocytomas (Fig. 3). Of the eight nontu-
morous lesions, five showed no uptake of FLT (Table 1).
The three false positive cases consisted of one case each
of subacute infarction (Fig. 4), multiple sclerosis, and
radiation necrosis. Thus, the diagnostic sensitivity and
specificity of FLT PET were 78.6% and 62.5%, respec-
tively. In this population, the FLT uptake ratios of the 14
brain tumors were significantly higher than lesion to white

Table 3. Comparison of FDG and FLT uptake ratio according to
visual grade of FDG uptake in 26 patients

Visual grade
of FDG uptakea

FDG uptake ratio FLT uptake ratio
(lesion/background)

Lesion/
gray
matter

Lesion/
white
matter

Grade 5 (n=4) 2.6±1.4 5.6±3.4 16.0±11.8
Grade 4 (n=2) 1.1±0.3 2.8±0.9 7.3±1.2
Grade 3 (n=6) 0.7±0.1 2.0±0.3 3.7±2.5
Grades 1 and 2
(n=14)

0.3±0.2 1.4±0.3 2.1±1.6

aFDG uptake of brain lesion ≤ white matter (grades 1 and 2), > white
matter but < gray matter (grade 3), = gray matter (grade 4), or >
gray matter (grade 5)

Fig. 1. An 11-year-old male with a germ cell tumor of the basal
ganglia. MRI shows subtle changes (arrow) in the right basal ganglia.
On FDG PET, the right basal ganglia lesion shows slightly decreased
uptake compared with contralateral basal ganglia but increased
uptake compared with normal white matter. FLT PET, however, re-
veals intensely increased uptake, suggesting the presence of a malig-
nant tumor (arrow). Based on the FLT PET results, a stereotactic
biopsy could be performed in the right basal ganglia

Fig. 2. A 5-year-old female with a recurrent primitive neuroec-
todermal tumor. Gadolinum-enhanced MRI and FLT PET reveal a
recurrent tumor (arrow), although FDG PET shows no increase in
uptake

Fig. 3. A 33-year-old female with a grade II astrocytoma. FDG and
FLT PET reveal no demonstrable tumor uptake in the right frontal
lobe (arrow)

Fig. 4. A 67-year-old female with a subacute infarction mimicking a
malignant tumor on MRI. FLT PET reveals abnormal uptake (false
positive) by the lesion, which shows gadolinum enhancement
(arrow). FDG PET, however, shows it is hypometabolic
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matter ratios (p=0.036) as well as the lesion to gray matter
ratios (p=0.012) of FDG uptake. When we compared the
FLT uptake by high-grade and low-grade tumors and non-
tumorous lesions showing isometabolism or hypometab-
olism in relation to normal gray matter on FDG PET, we
found that FLT uptake by high-grade tumors was signif-
icantly higher than that by low-grade tumors (p= 0.029),
whereas the difference between low-grade tumors and non-
tumorous lesions was not significant (p=0.414). The dif-
ferences in FDG uptake among these three groups were
not significant in this population (Table 4).

In the nine gliomas, we evaluated the relationship be-
tween tumor uptake and proliferative activity, as measured
by the Ki-67 index, and as well as tumor grade. We found
that the FLT uptake by gliomas was significantly correlated
with tumor grade (rho=0.871, p=0.001) and also with cel-
lular proliferation (rho=0.817, p=0.007) (Fig. 5). However,
lesion to gray matter ratios and lesion to white matter ratios
of FDG uptake were not significantly correlated with either
tumor grade or cellular proliferation.

Discussion

For the diagnosis and treatment of brain tumors, it is es-
sential to evaluate the grade of the malignancy and the
extent of the tumor [16]. The results of this study revealed
that FLT PET is useful for evaluating the histologic grade
and cellular proliferation of brain tumors, as well as for
the detection and delineation of brain tumors that show
decreased or similar uptake compared with normal gray
matter on FDG PET (Figs. 1, 2). FLT PET, however, did
not appear sufficiently useful for differentiating tumors
from nontumorous lesions, inasmuch as we observed sev-
eral false negative and false positive cases (Figs. 3, 4).

FLT uptake is related to proliferation and tumor grade.
FLT permeates the cell membrane by facilitated diffusion
[19, 25] and is phosphorylated by the S-phase-specific
enzyme thymidine kinase 1 to 3′-fluorothymidine mono-
phosphate (FLT-MP), which leads to intracellular trapping
due to the lack a hydroxyl group on the monophosphate
[18, 19, 21]. During DNA synthesis, the concentration of
thymidine kinase 1 increases almost tenfold and it is thus
an accurate marker of cellular proliferation [1, 18]. With
respect to the mechanism of FLT uptake by brain tumors,
the permeability of the blood–brain barrier (BBB) should
be considered, insofar as under normal conditions FLT is
poorly transported across the BBB. We have shown here
that FLT uptake can be correlated with cellular prolifer-
ation and grading of brain tumors. However, we found
that three nontumorous lesions with gadolinium enhance-
ment on MRI showed increased FLT uptake, despite
showing no significant uptake on FDG PET.

FDG uptake by brain tumors is not correlated with
abnormality in BBB and is relatively independent of blood
flow [28–30]. In contrast, the uptake of 201Tl, which is
poorly transported across the BBB, like FLT, has been
found to reflect the degree of proliferative activity in brain
tumor cells when combined with disruption of the BBB
[31]. Our results suggest that both thymidine kinase 1
activity and BBB permeability are major factors in the
FLT uptake by brain lesions, although we did not com-
pare FLT uptake with the severity of BBB disruption. This

Table 4. Comparison of 18F-FLT and 18F-FDG uptake by 22 brain lesions showing decreased or similar uptake compared with normal gray
matter on FDG PET, according to the final diagnosis

Diagnosis FLT uptake ratio (lesion/background) FDG uptake ratio

Lesion/white matter Lesion/gray matter

High-grade tumors (n=8) 5.1±2.6 (1.7–8.3)a, b, c, d 1.9±0.8 (1.0–3.5)d 0.7±0.3 (0.3–1.2)
Low-grade tumors (n=6) 2.1±1.1 (1.1–3.6)d 1.8±0.4 (1.3–2.4)d 0.7±0.1 (0.6–0.8)
Nontumorous lesions (n=8) 1.7±1.2 (0.6–4.4)d 1.4±0.4 (0.8–1.8)d 0.5±0.2 (0.3–0.7)

ap<0.05 in comparison with low-grade tumors
bp<0.05 in comparison with nontumorous lesions
cp<0.05 in comparison with lesion to white matter ratios of FDG uptake
dp<0.05 in comparison with lesion to gray matter ratios of FDG uptake

Fig. 5. Correlation of FLT uptake ratio and cellular proliferative
activity (Ki-67 index) in nine gliomas
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factor may limit the clinical usefulness of FLT PET in the
differential diagnosis of brain tumors and nontumorous
lesions.

In this study, FLT PET showed high sensitivity and
good contrast in evaluating brain lesions showing de-
creased or similar uptake compared with normal gray
matter on FDG PET. However, we observed three false
negative cases, all of which were grade II astrocytomas
(Fig. 3). These false negative results may have been due to
the partial volume effect, as well as to the low cellular
density and proliferative activity of these tumor cells. In
addition, our finding that the other low-grade tumors (two
gangliogliomas and one DNET) showed increased FLT
uptake suggests that decreased uptake of FLT by grade II
astrocytomas may reflect some metabolic property of as-
trocytoma cells.

During the first 2 months of this study, we performed
FLT PET on nine consecutive patients regardless of their
FDG PET results. In these patients, four tumors showing
increased uptake compared with normal gray matter on
FDG PET showed intensely increased FLT uptake and
were high-grade tumors. Thus, in these cases, FLT PET
seemed to have no advantage over FDG PET in evaluating
the lesions. Although increased FDG uptake by various
types of inflammatory lesion can cause false positive re-
sults, the detection of brain tumors and their differentiation
from benign lesions are frequently complicated when tu-
mors show decreased or similar uptake compared with
normal gray matter on FDG PET [12], and the tumor grade
is least predictable when tumor FDG uptake is less than
gray matter uptake but higher than white matter uptake
[8, 9]. Subsequently, therefore, we performed FLT PET
only in 17 patients whose brain lesions showed decreased
or similar uptake compared with normal gray matter on
FDG PET. As a result, we could not evaluate the diagnostic
ability of FDG PET and directly compare it with that of
FLT PET in all brain lesions of the study period. Although
FDG uptake has been reported to correlate positively with
the histological malignancy of gliomas [29, 32], contra-
dictory results have also been reported [11, 30, 31]. In this
study, brain lesions showing decreased uptake compared
with normal gray matter (grades 1–3) on FDG PETwere of
various histological types and malignancies. In contrast,
FLT uptake showed significant correlations with the
histological grade, even in brain tumors showing decreased
or similar uptake compared with normal gray matter on
FDG PET, and the uptake ratio of tumor to normal brain
background on FLT PET was significantly higher than
those of tumor to normal gray matter or white matter on
FDG PET. These results suggest that FLT PET is superior
to FDG PET in the delineation of brain tumors and in eval-
uating their histological grade and proliferative activity. So,
it may be possible that the role of FLT in assessing response
would be more relevant.

In conclusion, we have shown here that FLT PET is use-
ful for the evaluation of tumor grade and cellular prolif-
eration in brain tumors. In addition, FLT PET shows high
sensitivity and good contrast in evaluating brain lesions dis-
playing decreased or similar uptake compared with normal

gray matter on FDG PET. This method, however, does not
appear to be capable of differentiating tumors from non-
tumorous lesions. Further studies including a larger number
of patients with nontumorous lesions are needed. These
studies should evaluate the impact of FLT PET on the prog-
nosis and therapeutic response of brain tumors in order to
clarify further the clinical usefulness of FLT PET.
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