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Abstract
Purpose 18F-labeled deoxy-fluorothymidine (FLT), a mark-
er of cellular proliferation, has been used in PET tumor
imaging. Here, the FLT kinetics of malignant brain tumors
were investigated.
Methods Seven patients with high-grade tumors and two
patients with metastases had 12 studies. After 1.5 MBq/kg
18F-FLT had been administered intravenously, dynamic
PET studies were acquired for 75 min. Images were
reconstructed with iterative algorithms, and corrections
applied for attenuation and scatter. Parametric images were
generated with factor analysis, and vascular input and
tumor output functions were derived. Compartmental
models were used to estimate the rate constants.
Results The standard three-compartment model appeared
appropriate to describe 18F-FLT uptake. Corrections for
blood volume, metabolites, and partial volume were
necessary. Kinetic parameters were correlated with tumor
pathology and clinical follow-up data. Two groups could be
distinguished: lesions that were tumor predominant (TumP)

and lesions that were treatment change predominant (TrcP).
Both groups had a widely varying k1 (transport across the
damaged BBB, range 0.02–0.2). Group TrcP had a
relatively low k3 (phosphorylation rate, range 0.017–
0.027), whereas k3 varied sevenfold in group TumP (range
0.015–0.11); the k3 differences were significant (p<0.01).
The fraction of transported FLT that is phosphorylated [k3/
(k2+k3)] was able to separate the two groups (p<0.001).
Conclusion A three-compartment model with blood vol-
ume, metabolite, and partial volume corrections could
adequately describe 18F-FLT kinetics in malignant brain
tumors. Patients could be distinguished as having: (1)
tumor-predominant or (2) treatment change-predominant
lesions, with significantly different phosphorylation rates.
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Introduction

Imaging of glucose utilization rate is a routine diagnostic
procedure in the work-up of cancer. Imaging cell prolifer-
ation has emerged as an avenue for characterizing and
classifying neoplastic disease. Labeling of the antiviral drug
3′-deoxy-3′-fluorothymidine (FLT) with the positron emitter
18F has provided a non-invasive way of studying the
salvage pathway of DNA synthesis. FLT is phosphorylated
by thymidine kinase-1 (TK1) and trapped inside the cell.
Phosphorylated FLT appears resistant to degradation and is
suitable for imaging with PET [1, 2]. The application of
FLT phosphorylation as a marker of cell proliferation is
based on the assumption that cellular FLT trapping is a
representation of thymidine incorporation into DNA. This
has been demonstrated in various tumor models, including
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two glioma cell lines [3]. The ATP level is very important
for the phosphorylation of FLT. ATP initiates a transition
from a dimer to a tetramer structure of TK, which is about
20-fold more effective regarding the phosphorylation of
FLT. Therefore, FLT can reflect cell proliferation, if there
are no major differences in ATP levels. FLT can be used as
a DNA chain terminator, but the incorporation of FLT into
DNA is low, as has been demonstrated [4].

The clinical application of 18F-labeled FLT in brain
gliomas has been reported by Chen et al. [5]. In their study,
the radiopharmaceuticals FDG and FLT were compared,
and the uptake ratio of tumor to normal tissue in patients
with brain gliomas was higher for FLT and the maximum
uptake was reached earlier (5–10 min after injection) than
for FDG. For high-grade gliomas, Chen et al. showed that
FLT is a surrogate marker of cell proliferation and superior
to FDG as a prognostic marker for patient survival.

FLT has also been used in lung cancer [6], colorectal
cancer [7], and laryngeal cancer [8]. Visvikis et al.
performed kinetic modeling of FLT in colorectal cancer
[9] and Muzi et al., of FLT in lung cancer [10]. These
studies revealed that metabolites play an important role.
After intracellular phosphorylation, FLT is not further
metabolized. The situation is entirely different in the
vascular space. The liver metabolizes FLT to FLT-gluco-
ronide in up to 40%, but the metabolite, fortunately, stays
within the vascular pool. Muzi et al. also studied the
mathematical aspects of the FLT model, and the boundary
conditions were adopted in our implementation of the FLT
kinetic model [11].

In the current study, we investigated the kinetics of
malignant brain tumors in detail, and applied compartmen-
tal modeling to estimate the rate constants. The tracer
kinetics were studied with an image-derived input and
output function, i.e., time-activity curve (TAC) of blood
clearance and tumor accumulation, respectively. Metabolite
and partial volume corrections were applied to estimate
FLT transport across the blood-brain barrier (BBB) and
FLT influx into malignant brain tumors.

Materials and methods

Patients

The study population consisted of nine patients, seven with
primary brain tumors and two with brain metastases. There
were five men and four women, with an average age of
48 years (range 24–65). The study was approved by the
Institutional Review Board, and all patients signed an
informed consent to participate in this imaging study. Two
patients were newly diagnosed, five had a recurrence, and
two had a brain metastasis from a somatic tumor.

Histopathology revealed glioblastoma multiforme (n=5),
oligodendroglioma (n=2, grade 3), lung cancer metastasis
(n=1), and melanoma metastasis (n=1). Three of these nine
patients had a repeat study, yielding a total of 12 studies.
Three patients had multiple tumor locations that could be
evaluated (two had three and one had two tumors). Thus,
there were 18 separate tumor TACs that could be analyzed
(Table 1).

Radiopharmaceutical preparation

FLT was synthesized by a modification of a previously
reported procedure [12]. A dose of 1.5 MBq/kg (0.04
mCi/kg) 18F-labeled FLT was used. No-carrier-added
18F-fluoride was produced by 11-MeV proton bombardment
of 95% 18O-enriched water via the 18O(p,n)18F nuclear
reaction. This aqueous 18F-fluoride ion (∼18,500 MBq)
was treated with potassium carbonate and Kryptofix 2.2.2.
(Aldrich Chemical Co.). Water was evaporated by azeo-
tropic distillation with acetonitrile. The dried K18F/Kryp-
tofix residue was reacted with the precursor of FLT (5′-O-
[4,4′-dimethoxytrityl]-2,3′-anhydrothymidine) and then
hydrolyzed with dilute HCl. The crude 18F-labeled product
was purified by semipreparative high-performance liquid
chromatography (HPLC) (Phenomenex Aqua column,
25 cm×1 cm; 10% ethanol in water; flow rate, 5.0 ml/
min) to give chemically and radiochemically pure 18F-FLT
in 555–1,110 MBq (6–12% radiochemical yield, decay
corrected) amounts per batch. The chemical radiochemical
purities of the product isolated from the semi-HPLC system
were confirmed by an analytic HPLC method (Phenomenex
Luna C18 column, 25 cm×4.1 mm; 10% ethanol in water;
flow rate, 2.0 ml/min; 287-nm ultraviolet and radioactivity
detection; specific activity, ∼74 Bq/mmol) and found to be
>99%. The product was made isotonic with sodium chloride
and sterilized by passing through a 0.22-μm Millipore filter
into a sterile multidose vial. The final product was sterile and
pyrogen free.

Image acquisition

PET imaging was performed using an ECAT HR+ system
(CTI/Siemens, Knoxville, TN). A transmission scan of
5 min duration was acquired first, in 2-D mode. Subse-
quently, FLT was administered intravenously and a dynam-
ic acquisition started. The emission images were acquired
in 3-D mode. Twenty-six frames were acquired of 12×15,
2×30, 2×60, and 14×300 s duration. The images were
reconstructed with iterative techniques, MAP (maximum a
posteriori maximization) [13] for the transmission scan and
OSEM (ordered subset expectation maximization consisting
of eight iterations with six subsets) [14] for the emission
scan. Corrections for attenuation and scatter were applied.
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A Gaussian kernel with 5 mm full-width at half-maximum
(FWHM) was used as a postreconstruction smoothing filter.
The intrinsic spatial resolution (FWHM) of the equipment
is 4.5 mm in the center of the field of view. In the
reconstructed images the spatial resolution was 6.8 mm.
The final reconstructed volume set had a matrix size of
128×128 and consisted of 63 planes, resulting in a voxel
size of 2.45×2.45×2.425 mm.

Processing

Factor analysis (FA) was performed on this volume of
reconstructed images [15]. After rebinning of the data into
larger voxels (to speed up processing), the algorithm
generated TACs for each voxel. The zooming, summation
of planes, and rebinning produced an isometric dataset with
4.9×4.9×4.9 mm3 voxels that was used for further
processing. TACs were generated for all voxels within the
head contour. Each TAC was represented as a vector in a
multidimensional space, and FA was performed on the
complete vector set for the patient. For our implementation,
three factors and their corresponding parametric or factor
images were generated, representing the vessels, tumor, and
residuals. Thresholding of the factor image representing
vascular structures, e.g., the transverse and cavernous
sinuses, with a 50% threshold created a volume of interest

(VOI). With this VOI, an image-based blood TAC was
generated from the reconstructed dynamic PET images.
Similarly, a tumor curve was created using a 75% threshold
on the tumor factor image. The blood and tumor TACs
were used for kinetic modeling.

Compartmental model

The model used is similar to the standard compartmental
model for FDG [16, 17]. A detailed version of the three-
compartment model for FLT, based on known biochemistry,
was published by Muzi et al. [11]. They studied the
mathematical behavior of the parameters, and provided a
range for optimization of these parameters. Briefly, the
model assumes a transport step of FLT from the vascular to
the tissue space. There is no partitioning in the vascular
space, and plasma and whole blood activity concentrations
are the same [11]. In the tissue space, there is an
exchangeable compartment (with intact FLT) and a trapped
compartment of phosphorylated FLT (mono-, di-, and
triphosphate-FLT). FLT is transported between plasma and
tissue by the same transporters as thymidine and is trapped
in the tissue. FLT is metabolized by the liver to FLT-
glucoronide, which is present only in the vascular space,
i.e., it is not transported into the brain tissue compartment.
Kinetic modeling was used to estimate the values of the

Table 1 Individual data of all patients with number of studies performed and tumors analyzed

Patient Pathology Tumor
grade

Type Group Time
DP

Outcome Study Tumor k1 k2 k3 k4 Vb K

1 GBM IV New TumP 0.5 1a 1 1 0.063 0.106 0.033 0.011 0.051 0.015
2 0.080 0.116 0.041 0.003 0.105 0.021
3 0.194 0.167 0.106 0.009 0.185 0.076

2 GBM IV Rec TumP 51 2a 1 1 0.058 0.072 0.059 0.020 0.090 0.026
2 0.041 0.051 0.015 0.018 0.097 0.009
3 0.075 0.122 0.051 0.017 0.086 0.022

2 1 0.066 0.170 0.091 0.021 0.063 0.023
2 0.074 0.069 0.042 0.007 0.106 0.028
3 0.085 0.131 0.060 0.019 0.096 0.027

3 GBM IV Rec TumP 7 4a 1 1 0.060 0.096 0.030 0.015 0.061 0.014
2 1 0.031 0.072 0.051 0.026 0.032 0.013

4 Oligodendr III New TumP 1 Alive 1 1 0.029 0.112 0.057 0.025 0.072 0.010
5 Oligodendr III Rec TumP 5 Alive 1 1 0.042 0.142 0.086 0.024 0.037 0.016
6 GBM IV Rec TrcP 39 7a 1 1 0.200 0.205 0.027 0.019 0.310 0.023
7 GBM IV Rec TrcP 4 5a 1 1 0.111 0.131 0.017 0.012 0.122 0.013

2 1 0.080 0.104 0.018 0.015 0.094 0.012
8 Lung

cancer
IV Met TrcP 7 Alive 1 1 0.025 0.069 0.021 0.012 0.052 0.006

9 Melanoma IV Met TrcP 10 7a 1 1 0.067 0.109 0.017 0.011 0.060 0.009

A total of 18 lesions and TACs were available for analysis
Time DP time from diagnosis to PET in months, GBM glioblastoma multiforme, Oligodendr oligodendroglioma, New newly diagnosed, Rec
recurrent disease, Met metastasis, TumP tumor-predominant lesions, TrcP treatment change-predominant lesions, k1–k4, Vb estimates of the five
fitted parameters, K influx rate constant

a Death in months after PET (Alive indicates >22 months after PET)
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four rate constants (k1, k2, k3, k4) from each tumor TAC.
The effects of correction for metabolites and partial volume
were investigated. The blood volume fraction in tissue was
included in the model and estimated as a fifth parameter.
The influx rate constant K was calculated as k1×k3/(k2+k3).

In our study, no blood metabolites were measured. The
metabolite data of the publications of Visvikis on FLT in
colorectal cancer [9] and of Muzi on FLT in lung cancer
[10] were extracted. The metabolite data of these two
studies appeared similar. They were pooled and fitted with
a theoretical curve, as an approximation of metabolite
fraction over time. For our experiments we used:

Metabolite Fraction ¼ 0:42� 1� exp �0:029� Tð Þð Þ

Partial volume

Another adverse effect in PET imaging is partial volume.
We determined the recovery coefficient experimentally
using commercially available i.v. tubings to simulate the
size of brain vessels. In Fig. 1 the measured recovery
coefficient is plotted as a function of tubing diameter for
our PET system. The size of the transverse sinuses is
estimated at 7–10 mm and a recovery coefficient of 0.7 was
chosen to convert the image-based measured blood TAC to
the input function. Since the tumors were relatively large
(>15 mm), compared with the image resolution, the
recovery coefficient of the output function was set to unity.

Statistical analysis

The two-sample rank test (Wilcoxon-Mann-Whitney or
Mann-Whitney U test) was used to compare the kinetic
parameters obtained under different conditions, and FLT
uptake between subgroups. Results are presented as the
mean±1 standard deviation. Linear regression analyses

were performed to study the correlation between subgroups,
and ANOVA to study differences between patient groups.

Results

Parametric images and time-activity curves

In Fig. 2a, typical slices are shown of the factor image
representing vascular structures, e.g., the transverse and
cavernous sinuses. The input function was derived from the
transverse sinuses by using a 50% threshold to create the
VOI and generate a TAC from the dynamic dataset with
this VOI. In Fig. 2b, the factor images of a right frontal
tumor are shown. Using a 75% threshold to generate the
VOI, the tumor TAC was generated, i.e., the output
function. The vascular and tumor curves of this patient
are shown in Fig. 2c.

Kinetic modeling

The kinetic parameters for all 18 tumors are given in Table 1,
using a three-compartment model with four rate constants
and the blood volume in tissue fraction (Vb) as a fifth
parameter. Metabolite correction resulted in a better fit of the
TACs. As an error estimate, the weighted sum of the square
of residuals was used, i.e., (fitted-measured value)2 weight-
ed by frame duration. These error estimates showed
significant differences with and without metabolite correc-
tion (p<0.001). Values for the influx rate constant K were
consistently, and for all cases, higher with metabolite
correction than without it (p<0.001, sign test). Inspection of
the fitted curves and the residuals revealed that correction for
metabolites was necessary. Partial volume correction only
affects k1 and, thus, the value of the influx rate constant K.

Patlak graphical analysis, using the frames between 15
and 75 min after injection, furnished a Kpatlak value that had
a high correlation (r=0.96) with the influx rate constant K.
The value of Kpatlak, however, was consistently lower, and
significantly different from K (p<0.002), with a mean of
0.013 for Kpatlak compared with 0.020 for K.

In our population we also measured the standardized
uptake value (SUV) of FLT. The uptake level in the upper
quartile of tumor voxels (from 75% to 100%) was used to
calculate this SUV. Since the FLT uptake often peaks early
[5], we calculated an early (from 15–25 min) and late (from
65–75 min) SUV. The average value for SUVearly was 1.13
and for SUVlate, 1.04. Both have a high correlation
coefficient to the influx rate constant K, 0.92 and 0.98,
respectively. The scatter diagram is shown in Fig. 3 with the
lines of the linear regression analysis. Eliminating the high
K values of 0.08/min, which may be considered outliers,
furnishes a correlation coefficient r=0.60 (SUVearly) and
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Fig. 1 Recovery coefficient as a function of tubing diameter in
millimeters for the ECAT HR+ system
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Fig. 2 Axial images from a 31-
year old male who had a newly
diagnosed glioblastoma multi-
forme located in the right frontal
lobe (patient 1 of Table 1).
a Factor images representing the
vascular component. Note the
transverse sinuses (arrowheads)
and cavernous sinuses
(arrows). b Factor images
representing the tumor
component. c TACs from the
transverse sinuses (squares) and
frontal brain tumor (triangles).
FLT uptake is expressed in SUV
(standardized uptake value)
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r=0.87 (SUVlate), and the slopes of the linear fits of K vs
SUVearly and SUVlate were not significantly different.

Comparison of tumor kinetics and biological behavior

Finally, kinetic parameters were correlated with tumor
pathology and clinical outcome data. We hypothesized that
lesions that consisted predominantly of tumor would have a
different kinetic behavior than lesions with predominantly
treatment-related changes, i.e., breakdown of the BBB with
necrosis and low intracellular metabolism. The time from
diagnosis to PET and the outcome in months after PET are
given in Table 1. Based on pathology (patients 1 and 4) and

clinical follow-up, two groups could be distinguished: (1)
patients with lesions that were tumor predominant (TumP)
and (2) patients with lesions that were treatment change
predominant (TrcP). The patients in the TumP group had a
poorer outcome, with a survival of 1–4 months after the FLT
study, except for the two patients with grade III tumors
(patients 4 and 5), who are still alive. The patients of the TrcP
group had large areas of tumor necrosis on the images and
tended to live longer than the patients in the TumP group.

The influx rate constant K=k1×k3/(k2+k3) can be rewrit-
ten as k1×f, with f the fraction of k1 that ends up in the
bound or phosphorylated FLT pool. A plot of this fraction,
k3/(k2+k3), or the slope between influx rate constant K
versus transport k1, is shown in Fig. 4. This fraction
represents the transported FLT that is ultimately phosphor-
ylated. ANOVA of the regression coefficients over groups
revealed highly significant (p< 0.001) differences in slopes.
Figure 4 shows that the phosphorylated fraction of FLT was
higher for the TumP group, with almost no overlap with the
TrcP group. The range of transport across the BBB was
similar for the two groups, but the influx rate constant was
lower for patients with predominantly post-treatment
changes (Table 1). This finding is a direct result of the
significantly lower phosphorylation rate, k3. The mean k3
was 0.02/min for the TrcP group, compared with 0.11/min
for the TumP group. Statistically significant differences
between the groups were found for k3 (p<0.01) but not for
k1 (p=0.3) or K (p=0.07).

All data were processed a second time, i.e., generation of
VOIs, TACs, and kinetic modeling, in order to assess
variations in the parameter estimates due to the data
processing procedure. Table 2 shows the results compared
with the standard error of the estimate (SEE) of the
parameters. The differences between processing runs were
much smaller than the standard error. With some smoothing
of the output function, i.e., a 1:2:1 averaging over frames,
the effect on the k1 estimate was the largest (almost
comparable to the SEE of k1), whereas the effect on the
other parameters was relatively small.
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Fig. 3 Scatter diagram of influx rate constant K in min−1 vs FLT
uptake in SUV. Gray diamonds represent the early uptake and black
squares, the late uptake. The lines are the results of the linear
regression analysis, r=0.92 (gray) and r=0.98 (black). Eliminating the
high K values of approx. 0.08 min−1 furnished r=0.60 (gray) and r=
0.87 (black), and yielded linear fit slopes that were statistically not
different
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Fig. 4 Plot of the phosphorylat-
ed fraction, k3/(k2+k3), for the
two patient groups: tumor pre-
dominant (TumP, diamonds) and
treatment change predominant
(TrcP, circles)

Table 2 Variations in parameter estimates

Parameter k1 k2 k3 k4 Vb

SEE 0.0060 0.0135 0.0053 0.0030 0.0151
Difference 0.0010 0.0029 0.0013 0.0002 0.0022
After smooth 0.0053 0.0051 0.0005 0.0010 0.0024

The top row gives the standard error of the estimate (SEE) of each
parameter, which is calculated from the covariance matrix
obtained during curve fitting. The middle row displays the average
difference between two processing runs. The bottom row shows
the average difference in parameter estimates with and without
smoothing of the output function (averaging over frames with a 1:2:1
kernel)
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Discussion

In this study, the kinetics of FLT in malignant brain tumors
were investigated and compared with clinical outcome data.
Our analysis is completely image based and virtually
operator independent. The factor analysis takes all voxels
within the head contour into account. A data-reduction step
entails rebinning to voxels of 4.9 mm in x, y, and z
dimensions. The factor (parametric) images yield the
vessels and tumors, which can be delineated by simple
thresholding techniques. The only manual step is to select
the structure for processing on the factor image by drawing
a large mask around this structure, i.e., the transverse sinus
or the tumor. The thresholding algorithm will automatically
create the VOI in x, y, and z dimensions within the mask.
The VOI comprises all voxels in the 3D volume set that
fulfill the criterion. These VOIs are used to generate the
TAC of the vascular structure and the tumor.

In earlier work, we have demonstrated that FA can
reliably generate an input function. FA-derived input curves
were compared with: (1) arterial plasma samples in bone
disorders with 18F-fluoride [18], (2) arterialized blood in
breast cancer with 18F-FDG [19] and prostate cancer with
11C-acetate [20, 21], and (3) regions drawn over the left
ventricular blood pool in myocardial perfusion and metab-
olism studies with 13N-ammonia and 18F-FDG [22], and
myocardial perfusion studies with 15O-water [23]. These
studies have shown consistently that kinetic parameters
obtained with an FA-based input function are similar to
those obtained with a sampled blood curve, and no
statistically significant differences were found for the rate
constants obtained with these TACs [15, 21].

In this study we used iterative algorithms to reconstruct the
images. In earlier work we have shown that the kinetic
parameters can be estimated reliably and accurately with these
less noisy reconstruction techniques [24, 25]. In many
studies, filtered back projection is used as the reconstruction
technique. This produces images with high noise levels,
especially when the activity is low, as in the current low-dose
FLT acquisitions. FA is sensitive to noise, and lower noise
levels lead to more accurate derivation of the vascular and
tumor factors. The spatial resolution is not constant through-
out the image with iterative reconstruction techniques; there-
fore, a Gaussian smooth was used to make it more uniform.

Corrections for blood volume, metabolites, and partial
volume are necessary to produce a good fit between the
measured and the model-generated tumor TAC. We did
not measure the individual metabolites, as this would have
increased the complexity of the study. Instead, we pooled
the data of two published studies, which had metabolite
curves that looked quite similar. About 2 h after FLT
administration, the metabolites comprise 40–42% of the
vascular compartment. Our data show that reliable fits can

be obtained with a theoretical metabolite curve. In
patients, the metabolites can be accurately fitted with a
monoexponential function, as was reported previously
[10]. The fact that the metabolite data were similar for
lung and colorectal cancer patients led us to believe that
they could also be used for brain tumors, which has not yet
been confirmed. The effect of metabolites is that the FLT
available for transport and phosphorylation is smaller than
the actual 18F measured by the PET scanner. On average,
metabolite correction causes an increase of approx. 25% in
k3 and K, a decrease of approx. 10% in k2, and no change
in k1 and k4 compared with no metabolite correction.
Overestimation of the metabolite fraction leads to a lower
value of k2 and a higher value of k3 and, thus, to a higher
influx rate constant K.

A partial volume correction was applied to the blood
curve derived from the images. We did not measure the
recovery coefficient for individual patients, but used 0.7 as
an estimate of the transverse sinus for our PET system. This
limitation can be easily overcome with the latest generation
of dual-modality scanners (PET/CT), which allow correction
for partial volume effects on an individual basis. Even VOI
generation may be simplified, by drawing directly onto the
anatomical images. Thus, the FA and vascular TAC
generation, which take about half an hour on our current
SUN UltraSPARC-60 workstation, might be eliminated. On
the other hand, FA will remain important for the generation
of the tumor TAC, since it highlights the metabolically active
and therefore viable part of the tumor. Parameters derived
from this part of the tumor turned out to correlate with the
biological behavior of the neoplasm, i.e., predominantly
tumor with rapid disease progression versus treated tumor
with a decreased phosphorylation rate (k3). Tumor heteroge-
neity can be taken into account by including more factors in
the FA. More studies are necessary to confirm our
observations in larger patient groups.

It is paramount to realize that only the top quartile of
voxels is used for analysis, by using a tumor threshold of
75%. Necrotic zones have insufficient FLT uptake and,
therefore, do not reach the threshold of 75% uptake of the
tumor maximum. The voxels with the top 25% values are
selected in order to reduce fluctuations. In this way, we
arrive at a less noisy estimate of the FLT uptake than by
using the TAC from the voxel with the maximum SUV.
Self-evidently, this leads to more reliable fitting and
estimation of tumor kinetic parameters. In other words,
the lower values in the predominantly post-treatment
changes group are not caused by an averaging effect from
macroscopic necrosis in the tumor. Areas with macroscopic
necrosis are explicitly excluded during the VOI creation
step, by ignoring areas of low FLT uptake.

Muzi et al. have shown in their mathematical studies of
FLT kinetics that the FLT transport (k1) can be estimated

Eur J Nucl Med Mol Imaging



with 15% accuracy, whereas FLT influx (K) can be estimated
with 5% accuracy [11]. The other parameter estimates are
less accurate, even with data acquisition times of 2 h.

The subdivision into groups with lesions that were tumor
predominant versus lesions that were treatment change
predominant was based on subsequent pathology and
clinical follow-up data. These two categories showed
different kinetics. The transport across the BBB was quite
similar, but the phosphorylation rate, k3, and the phos-
phorylated fraction, k3/(k2+k3), were significantly different
(p<0.001). The difference in the FLT influx rate constant K
did not reach statistical significance (p=0.07). These
findings are in agreement with the reported studies [2,
11], showing that transport into the cells is fast and primarily
determined by perfusion, whereas the phosphorylation
reaction, denoted by k3, is the rate-limiting step, determin-
ing uptake and retention of FLT in somatic tissue [11].
These FLT results are similar to those obtained with 11C-
thymidine PET imaging of malignant brain tumors [26].

For all analyses, k4 turned out to be quite low, and less
than 0.03/min for the various conditions. A significant
correlation was found between the influx rate constant
determined with Patlak graphical analysis and parameter
estimation with non-linear regression, i.e., Kpatlak and K
(r=0.96), but the absolute value was about 30% different.
This difference is in part related to the corrections applied.
In our Patlak implementation, no corrections are applied,
whereas compartmental modeling uses blood volume,
metabolite, and partial volume corrections. Eliminating all
these corrections provides an average value of 0.023/min
for K and 0.013/min for Kpatlak. The systematic difference
indicates that although k4 is small, it is not negligible, and
Patlak graphical analysis does not yield accurate estimates
of the FLT influx rate constant in brain tumors. No
statistically significant differences were found between k4
in the TumP group versus the TrcP group (p=0.4). In an
attempt to clarify the role of k4, the kinetic model with k4
fixed to zero was tested. This yielded lower values for the
kinetic parameters k1, k2, k3, and K, whereas blood volume
fraction Vb was not affected. The decreases for k1, k2, k3,
and K were all significant (p<0.001). For each and every
tumor, the influx rate constant K was lower for the k4=0
model than for the standard model. The error was
consistently higher for the k4=0 model, with the exception
of one tumor. Thus, it appears that k4 is important, and
cannot be neglected. This is in accordance with the findings
of Muzi et al. both in their clinical and in their theoretical
paper [10, 11].

Inspection of the individual TACs revealed that the
neoplasms with predominantly treatment-related changes
have a prominent descending branch with increasing time.
Evaluation of the early versus the late SUV furnished an
average ratio of 1.07 for the TumP group versus 1.40 for

the TrcP group. The difference between the groups was
statistically significant (p=0.01). In other words, the TumP
group had more of a plateau-shaped TAC, whereas the TrcP
group had an early peak followed by a clear decline in FLT
uptake. For this type of curve the k4 cannot be ignored and
Patlak graphical analysis yields incorrect estimates of the
influx rate constant. In their mathematical studies, Muzi et
al. reported that a model with three rate constants (setting k4
to zero) resulted in a loss of accuracy for K. They also
concluded that k4 cannot be neglected [11].

The blood volume term (Vb) with values ranging from
0.03 to 0.31 cannot be ignored. Although the differences
were not significant, there was a tendency toward higher
values for treatment change-predominant lesions, which
might suggest increased edema. This is supported by the
larger distribution volume [Vd=k1/(k2+k3)] of FLT in the
TrcP group (Vd=0.62) compared with the TumP group
(Vd=0.43; p=0.07).

Differences between newly diagnosed and recurrent
disease need to be investigated further in larger populations.
Our study was not focused on changes due to therapy, and
the effect of treatment on kinetic parameters needs to be
investigated in much larger patient groups. A high
correlation coefficient was found between the influx rate
constant in min−1 and FLT uptake in SUV, at both early
(from 15 to 25 min) and late (from 65 to 75 min) time
points. This indicates that simple semiquantitative analysis
(in SUV) might be sufficient for clinical applications, i.e.,
monitoring of therapy.

The limitations of this study are the heterogeneity of
tumors, resulting in small numbers per subgroup. Despite
the small numbers (e.g., only five lesions with predomi-
nantly treatment-related changes), robust effects were found
for phosphorylation rate, phosphorylated fraction, and
early-to-late uptake ratio, that were statistically significant.
The main objective of our study was to describe the FLT
kinetics in brain tumors, and to test whether a general three-
compartment model is adequate. The published model [11]
provided excellent fits if corrections were applied for
metabolites, blood volume, and partial volume.

The FLT model is an elegant, non-invasive way of
evaluating cellular proliferation [2] that is based on the
presumption that FLT influx is a representation of thymi-
dine flux or rate of incorporation into DNA [1]. This
hypothesis appears valid in glioma cell lines [3] but needs
to be confirmed in human gliomas in vivo. Recently, Muzi
et al. reported a study in 12 patients on FLT kinetics in
brain gliomas. Arterial blood sampling and metabolite
measurements were performed, and the same model as
described above was used [27]. These investigators found
that kinetic modeling yielded robust estimates of FLT
transport and influx. They also found a difference between
low- and high-grade tumors. Low phosphorylation rates
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appeared to limit the applicability for assessing cellular
proliferation.

Conclusion

The FLT kinetics were investigated in malignant brain
tumors. The standard three-compartment, two-tissue model
with corrections for blood volume, metabolites, and partial
volume appeared adequate. Factor analysis was applied to
provide image-derived blood clearance and tumor uptake
curves, which are not user dependent. Two groups could be
distinguished based on pathology and clinical follow-up
data: (1) lesions that were tumor predominant and (2)
lesions that were treatment change predominant. Signifi-
cantly different values were found for k3 between these
groups. A high correlation was found between FLT uptake
in tumor (SUV) and influx rate constant (K), indicating that
simple uptake measurements might be sufficient in clinical
practice, e.g., for monitoring of therapy.
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