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L-3,4-Dihydroxy-6-18F-fluoro-phenyl-alanine (18F-FDOPA) is an
amino acid analog used to evaluate presynaptic dopaminergic
neuronal function. Evaluation of tumor recurrence in neurooncol-
ogy is another application. Here, the kinetics of 18F-FDOPA in
brain tumors were investigated. Methods: A total of 37 patients
underwent 45 studies; 10 had grade IV, 10 had grade III, and 13
had grade II brain tumors; 2 had metastases; and 2 had benign
lesions. After 18F-DOPA was administered at 1.5–5 MBq/kg, dy-
namic PET images were acquired for 75 min. Images were recon-
structed with iterative algorithms, and corrections for attenuation
and scatter were applied. Images representing venous struc-
tures, the striatum, and tumors were generated with factor anal-
ysis, and from these, input and output functions were derived
with simple threshold techniques. Compartmental modeling was
applied to estimate rate constants. Results: A 2-compartment
model was able to describe 18F-FDOPA kinetics in tumors and
the cerebellum but not the striatum. A 3-compartment model
with corrections for tissue blood volume, metabolites, and partial
volume appeared to be superior for describing 18F-FDOPA kinet-
ics in tumors and the striatum. A significant correlation was found
between influx rate constant K and late uptake (standardized up-
take value from 65 to 75 min), whereas the correlation of K with
early uptake was weak. High-grade tumors had significantly
higher transport rate constant k1, equilibrium distribution vol-
umes, and influx rate constant K than did low-grade tumors
(P , 0.01). Tumor uptake showed a maximum at about 15 min,
whereas the striatum typically showed a plateau-shaped curve.
Patlak graphical analysis did not provide accurate parameter es-
timates. Logan graphical analysis yielded reliable estimates of
the distribution volume and could separate newly diagnosed
high-grade tumors from low-grade tumors. Conclusion: A
2-compartment model was able to describe 18F-FDOPA kinet-
ics in tumors in a first approximation. A 3-compartment model
with corrections for metabolites and partial volume could ade-
quately describe 18F-FDOPA kinetics in tumors, the striatum,
and the cerebellum. This model suggests that 18F-FDOPA
was transported but not trapped in tumors, unlike in the stria-
tum. The shape of the uptake curve appeared to be related to
tumor grade. After an early maximum, high-grade tumors had
a steep descending branch, whereas low-grade tumors had a
slowly declining curve, like that for the cerebellum but on a
higher scale.
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Imaging of glucose utilization is a routine diagnostic
procedure in the evaluation of cancer. Imaging of brain tumors
with labeled amino acids or analogs, such as methionine,
tyrosine, leucine, alanine, and isobutyric acid, has been
reported (1–5). An evaluation of cellular proliferation in brain
gliomas with 18F-fluorothymidine in comparison with 18F-
FDG was published earlier (6). Kinetic modeling of 18F-
fluorothymidine in brain tumors was reported elsewhere (7).

The clinical application of L-3,4-dihydroxy-6-18F-fluoro-
phenyl-alanine (18F-FDOPA) in brain tumors has been
reported as a case report (1), as a clinical study (5), and from
our institution (8). Chen et al. (8) showed that high 18F-
FDOPA uptake was a predictor of tumor recurrence, and
tumor uptake higher than uptake in the striatum had overall
sensitivity of 92% and specificity of 95% for recurrence. The
main advantage of 18F-FDOPA was with low-grade tumors,
which showed higher uptake of 18F-FDOPA than of 18F-
FDG, with mean standardized uptake values (SUVs) of 2.5
and 1.2, respectively.

The kinetics of 18F-FDOPA in the striatum and cerebellum
of volunteers were investigated by Huang et al., and a model
for the human brain was published (9). In the present study,
we investigated the kinetics in brain gliomas, brain metasta-
ses, and benign lesions. The tracer kinetics were studied with
image-derived time–activity curves, that is, tracer clearance
from the vascular space and uptake in the striatum, the cere-
bellum, and tumors. Kinetic modeling was used to estimate
the rate constants for the various compartments. Two- and
3-compartment models were tested, and Patlak (10) and
Logan (11) graphical analyses were evaluated. Metabolite
and partial-volume corrections were applied to estimate
18F-FDOPA transport across the blood-brain barrier (BBB)
and 18F-FDOPA influx into brain tissues or tumors.

MATERIALS AND METHODS

Patients
The study population consisted of 37 patients, 33 with primary

brain tumors, 2 with brain metastases from somatic cancers, and 2
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with benign lesions. There were 21 men and 16 women, with an
average age of 45 y (range, 20–69 y). The study was approved by
the local Office for Protection of Research Subjects (Institutional
Review Board), and all patients gave written informed consent to
participate in the imaging study. Nine patients had newly diag-
nosed tumors, and 24 had recurrences. Histopathologic analysis
revealed glioblastoma multiforme (n 5 10; World Health Orga-
nization [WHO] grade IV), anaplastic oligodendroglioma (n 5 7;
WHO grade III), anaplastic oligoastrocytoma (n 5 3; WHO grade
III), astrocytoma (n 5 5; WHO grade II), oligoastrocytoma (n 5

3; WHO grade II), oligodendroglioma (n 5 5; WHO grade II),
lung cancer metastasis (n 5 1); and melanoma metastasis (n 5 1).
Six of these 35 patients had tumors with predominantly posttreat-
ment changes detected by clinical follow-up and imaging (range,
2–5 y) and were analyzed as a separate group. Two patients had
benign lesions: one had gliosis, and one had no pathologic
diagnosis but had normal 3-y follow-up MRI and PET results.
Four of the 33 patients with primary brain tumors had repeat
studies, and 2 had 2 repeat studies, amounting to a total of 45
studies. Thus, 45 time–activity curves were available for the
striatum and the cerebellum. Eleven patients had multiple tumor
locations; thus, 61 separate malignant tumor time–activity curves
and 2 benign lesion time–activity curves could be analyzed.

Acquisition
18F-FDOPA was synthesized according to a previously reported

procedure (12). An 18F-FDOPA dose of 1.5–5 MBq/kg (0.05–0.15
mCi/kg) was administered intravenously.

PET imaging was performed with an ECAT HR1 system (CTI/
Siemens). A transmission scan of 5-min duration was acquired
first, in the 2-dimensional mode. Subsequently, 18F-FDOPA was
administered intravenously, and a dynamic acquisition was
started. The emission scan was acquired in the 3-dimensional
mode. A total of 26 frames were acquired at 8 · 15 s, 2 · 30 s, 2 ·
60 s, and 14 · 300 s. The images were reconstructed with iterative
techniques: maximum a posteriori maximization (13) for the
transmission scan and ordered-subset expectation maximization
consisting of 6 iterations with 8 subsets (14) for the emission scan.
Corrections for attenuation and scatter were applied. A gaussian
kernel with a 5-mm full width at half maximum was used as a
postreconstruction smoothing filter. The final 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 mm3.

Processing
Factor analysis (FA) was performed on the reconstructed

images (15). To speed up processing, data were resampled into
larger voxels. Zooming, summation of planes, and rebinning
produced an isometric dataset of 4.9 · 4.9 · 4.9 mm3 voxels that
was used for further processing. Time–activity curves were gen-
erated for every voxel within the head contour. Each time–activity
curve could be represented as a vector in a multidimensional
space. FA with a positivity constraint was performed on the vector
set. For our implementation, 3 factors and their corresponding
images (factor images) were generated. Factor 1 represents the
venous structures, factor 2 represents the striatum, and factor 3
represents the remainder. The tumor was usually seen in factor 2
images and, if not, was found in factor 3 images. FA could not
separate the arterial vessels from the venous vessels (sampling of
15 s). The 18F-FDOPA extraction was low, and the arterial-venous
difference was small; therefore, our input function was a close

approximation of a local arterial blood curve. Simple threshold
techniques were used to create a volume of interest (VOI) from the
corresponding factor image. For the transverse sinuses, a threshold
of 50% was used (the usual at our institution), and for tumors,
75% was used to exclude any potential necrotic zones. The
threshold for the striatum was also set at 75%, whereas that for
the cerebellum was set at 67%.

With the created VOIs and the reconstructed dynamic dataset,
image-based time–activity curves were generated. The time–
activity curve for the transverse sinuses served as the blood curve.
The time–activity curves for tumors, the striatum, and the cere-
bellum were used for kinetic modeling. For patients with tumors
close to the striatum, the contralateral basal ganglion was used for
the striatal time–activity curve to avoid possible adverse effects
(such as tumor infiltration or a radiation or chemotherapy re-
sponse) on the ipsilateral part of the striatum.

Compartmental Model
The model for 18F-FDOPA kinetics, based on known biochem-

ical pathways, was described elsewhere (Fig. 1). In the approach
of Huang et al. (16), a 3-compartment model is used for the
striatum and a 2-compartment model is used for the cerebellum.
This model is complex, uses 2 input functions, both measured with
blood sampling, and needs extra constraints to achieve conver-
gence and acceptable variability in the parameter estimates. The
model of Huang et al. (16) is not practical clinically, and a simpler
approach is desirable for routine applications. For the present study,
the kinetic model was adapted to the standard 3-compartment
model that is generally used for 18F-FDG (17,18). The same
model is proposed for striatal, neoplastic, and cerebellar tissues,
and exactly the same model structure was used. In brief, the model
assumes the transport of 18F-FDOPA from the vascular space to
the tissue space. No partitioning is considered in the vascular

FIGURE 1. Biochemical pathways of 18F-FDOPA after admin-
istration in venous circulation. Metabolite OMFD is produced in
blood and liver and in negligible amounts in brain and is
transported bidirectionally. Because this metabolite still has 18F
label, it cannot be distinguished from injected tracer 18F-
FDOPA. In brain, 2 compartments are considered: one with
unbound 18F-FDOPA and another with bound (metabolized)
tracer. Question mark indicates that role of 18F-FDOPA in third
compartment of tumors is not known. FDA 5 6-fluorodopamine;
FDOPAC 5 6-fluoro-3,4-dihydroxyphenylacetic acid; FHVA 5

6-fluorohomovanillic acid. Adapted from Huang et al. (16).
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space; plasma and blood activity concentrations are the same after
5 min (see Fig. 3 in the article by Huang et al. (16)). 18F-FDOPA is
transported between plasma and tissue through amino acid chan-
nels (19). In the tissue space, there is an exchangeable compart-
ment (with unbound 18F-FDOPA) and a compartment with bound
18F-FDOPA. In addition, 18F-FDOPA is metabolized in the body
tissues and in the liver to L-3,4-dihydroxy-6-fluoro-3-O-methyl-
phenylalanine (OMFD), which can cross the BBB bidirectionally
(20). Metabolism of 18F-FDOPA to OMFD inside the brain is
negligible, as demonstrated by Huang et al. (9,16). In the striatum,
18F-FDOPA is converted to 6-fluorodopamine, represented by the
third compartment. Whereas the third compartment is well defined
for the striatum, it is not for tumors, as indicated by the question
mark in Figure 1.

The effects of corrections for tissue blood volume, metabolites,
and partial volume were investigated. Kinetic modeling with 3
compartments yielded 4 rate constants (k1, k2, k3, and k4) from
which the influx rate constant K was calculated as (k1 · k3)/(k2 1

k3). The blood volume fraction in tissue was estimated as a fifth
parameter. Patlak graphical analysis was performed by use of an
input function without metabolite correction to estimate the influx
rate constant Kpatlak. A 2-compartment model was also tested by
merging compartments 2 and 3 and estimating 2 rate constants and
the blood volume fraction in tissue.

In the present study, no metabolites were measured; instead,
data from an earlier publication (16) were retrieved. As reported
previously, carbidopa blocks the peripheral decarboxylation of
18F-FDOPA almost completely (9,16). In that situation, only the
metabolite OMFD needs to be considered; other, peripheral,
metabolites (MET) are negligible (9). The serum metabolites of
volunteers who received pretreatment with carbidopa were pooled
and fitted with a theoretic curve, which appeared to provide a good
approximation of OMFD in the blood. At 2 h, OMFD comprised
approximately 82% of the activity in the vascular compartment
(16). For our experiments, a monoexponential function was used:

OMFD fraction 5 0:84 · ð1 2 e20:028 · TÞ: Eq. 1

In this equation, time (T) is given in minutes after injection.
In our population, one third of the patients were studied with

200 mg of carbidopa given orally 1 h before 18F-FDOPA admin-
istration, but two thirds of the patients were studied without
premedication. For this group, MET could not be ignored. The
MET fraction was estimated by use of data from earlier work (9),
which were fitted with a biexponential function:

MET fraction 5 ½0:6 · ð1 2 e20:08 · TÞ� 2 0:1 · e10:01 · T: Eq. 2

The 2 groups of patients were analyzed with different metab-
olite corrections: only OMFD for cases in which carbidopa pre-
treatment was used and both OMFD and MET for all other cases.

The distribution volume for free 18F-FDOPA was calculated
as k1/(k2 1 k3), and the equilibrium distribution volume was
calculated as k1/k2. To investigate the distributions of 18F-FDOPA
and metabolites in more detail, Logan graphical analysis was
performed (by use of an input function consisting of 18F-FDOPA
and OMFD). The cerebellum shows no specific binding of 18F-
FDOPA and OMFD, which are transported through large neutral
amino acid channels and, in some cases, the sodium-dependent
transport systems in the BBB.

The recovery coefficient for converting the transverse sinus
time–activity curve to the input function was 0.7 for our PET sys-
tem (7). The tumors were at least 15 mm; the recovery coefficient
for tumors, the striatum, and the cerebellum was set to unity to
obtain the output function. Partial-volume correction affects only
k1 and, therefore, the influx rate constant K, the distribution vol-
ume, and the equilibrium distribution volume.

Statistical Analysis
Group results are presented as mean 6 SD. The Student t test

was used to compare the kinetic parameters and 18F-FDOPA
uptake between subgroups. For small sample sizes (n , 10), the
Wilcoxon–Mann-Whitney U test (2-sample rank test) was applied.
Pearson correlation and linear regression analyses were used to
study the correlations among subgroups, tumor types, and patients.
Differences between kinetic models were analyzed with the F test
to correct for the different numbers of parameters involved in the
various models (21,22).

RESULTS

In Figure 2A, typical images are displayed for factor 1,
representing the vascular structures, for example, the trans-
verse and cavernous sinuses. Figure 2B shows the images
of a right frontal tumor, and Figure 2C shows the images of
the striatum. In general, tumors and the striatum were
visualized in the same factor image (factor 2). This finding
indicated that the temporal behavior of 18F-FDOPA was
similar for tumors and the striatum. In 7 studies (5 patients),
tumors were not seen in factor 2 images, indicating that
these tumors had a temporal pattern different from that of
the striatum. In 10 studies (7 patients), tumors were seen in
2 types of factor images, that is, factor 2 and factor 3; in
another patient, with 3 tumor locations, one tumor was
represented in both factor 2 and factor 3 images. The latter
finding suggests that these tumors had 2 different uptake
patterns. VOIs were created from the factor images, and
time–activity curves were generated; typical examples of
uptake curves are shown in Figure 3.

Striatal 18F-FDOPA Kinetics

The kinetic parameters of the striatum are shown in
Table 1. The 2-compartment model using an input function
without metabolite correction failed, as expected. The fits
between the model-generated curve and measured points
were not tight. A 3-compartment model produced superior
results. Metabolite correction resulted in a better fit of the
time–activity curves. As an error estimate, the weighted
residual sum of squares (WRSS) was used (Table 1). WRSS
was calculated as follows:

WRSS 5 S
26

i 5 1
ðYfitted

i 2 Ymeasured
i Þ2 · ðduration of

frame i=maximum frame durationÞ; Eq. 3

where Yi
fitted is the radioactivity concentration in frame i

calculated with kinetic modeling and Yi
measured is the
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FIGURE 2. Factor images for 24-y-old
woman with newly diagnosed brain tu-
mor. Pathology revealed grade III oligo-
dendroglioma. (A) Vascular factor images
of transverse (arrows) and cavernous
(arrowhead) sinuses. (B) Factor images
of tumor located in right frontal lobe. (C)
Striatum with some asymmetry in cau-
date nucleus and globus pallidus be-
cause of head tilt. Note inferior edge of
right frontal tumor in plane P 27.
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radioactivity concentration in frame i measured by the PET
scanner. A dramatic decrease in the error estimate was
observed when a 3-compartment model was used instead of
a 2-compartment model, revealing highly significant dif-
ferences (P , 0.01, as determined by an F test) for every
patient (Table 1). Corrections for metabolites and partial
volume further improved the fits and reduced the error
estimates (Table 1). A comparison of no metabolite cor-
rection and metabolite correction revealed significantly
different (P , 0.01) error estimates (Table 1). An addi-
tional model was tested by fixing k4 at zero; this model
yielded generally lower estimates, except for the distribu-
tion volume. Finally, graphical analysis was performed with

Patlak and Logan plots. The influx rate constant Kpatlak was
significantly lower than the influx rate constant K estimated
by compartmental modeling; Logan plots produced reliable
estimates of the distribution volume. From these analyses, it
is clear that a 3-compartment model with metabolite cor-
rection is necessary to describe 18F-FDOPA kinetics in the
striatum.

Tumor Kinetic Model

The same model structures as those used for the striatum
were investigated and compared for tumors (Table 2).
Visual inspection of the curves revealed that tumors could
be fitted with a 2-compartment model. Moving from a
2-compartment model to a 3-compartment model decreased
the error estimates and improved the goodness of fit. The
error estimates obtained with the 2-compartment and
3-compartment models were significantly different for 48
of 61 tumors (P , 0.05, as determined by an F test (21,22)).
Group comparisons showed the error estimates to be sig-
nificantly smaller for the 3-compartment model than for
the 2-compartment model (P , 0.01, as determined by a
sign test). When metabolite correction was not applied,
values for the influx rate constant K were consistently—
that is, for each tumor in every patient—lower (P , 0.01,
as determined by a sign test).

The average results for the striatum, tumors, and the
cerebellum are shown in Figure 4. In general, tumors had
the highest transport rate, the cerebellum had the lowest
transport rate, and the striatum had an intermediate trans-
port rate. Detailed inspection revealed significant differ-
ences between the striatum and tumors for all parameters
(P , 0.001) except k2 (P 5 0.3). The striatum–cerebellum
comparison revealed significant differences for all param-
eters (P , 0.001). Comparison of the cerebellum and

TABLE 1
Kinetic Modeling of Striatum*

Parameter 2C-3p 3C-5p 3C-5p 3C-4p with k4 5 0 Patlak-2p Logan-2p

Metabolite correction No No Yes Yes No No
k1 0.108 6 0.023 0.163 6 0.044 0.124 6 0.034 0.088 6 0.020

k2 0.052 6 0.007 0.165 6 0.072 0.199 6 0.084 0.084 6 0.024 0.047 6 0.007

k3 0.029 6 0.017 0.075 6 0.019 0.034 6 0.004
k4 0.014 6 0.011 0.010 6 0.004

K 0.023 6 0.009 0.034 6 0.008 0.025 6 0.005 0.015 6 0.003

Vb 0.01 6 0.01 0.14 6 0.05 0.10 6 0.03 0.12 6 0.03

Ved 2.09 6 0.41 1.10 6 0.39 0.69 6 0.23 1.12 6 0.36 1.28 6 0.26 1.61 6 0.31
WRSS 1,811 6 823 178 6 137 150 6 98 229 6 128

n (P , 0.05) Reference 45 45 45

*Estimates of fitted parameters k1–k4, influx rate constant K, blood volume fraction in tissue (Vb), and equilibrium distribution volume (Ved)

were determined. Results are expressed as mean 6 SD for 45 studies in 37 patients. Partial-volume correction was applied. Input function

was corrected for metabolites as indicated. Error estimate WRSS was measure of goodness of fit between measured and calculated output

functions. Graphical analysis with Patlak and Logan plots was applied to images obtained between 15 and 75 min. n (P , 0.05) denotes
number of studies with significantly lower error than 2C-3p (reference), as determined by F test.

2C 5 2-compartment model; 3p 5 3 parameters; 3C 5 3-compartment model; 5p 5 5 parameters; 4p 5 4 parameters; 2p 5 2

parameters.

FIGURE 3. Typical time–activity curves for striatum (h),
cerebellum (n), and tumor ()). Maximum uptake in tumor
was higher than that in striatum. Note early steep ascent in
tumor curve and parallel patterns of tumor and cerebellum
curves. In contrast, striatum had active metabolism, leading to
plateau-shaped curve.
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tumors yielded significant differences for all parameters
(P , 0.001) except k4 (P 5 0.7). Thus, a 3-compartment
model with correction for metabolites improves fit, reduces
errors, and appears to be the best model for describing 18F-
FDOPA kinetics in tumors.

Tumor Kinetics and Grade

Tumors were classified as high grade, low grade, or meta-
static according to their pathology. From a clinical perspec-
tive, tumors could be categorized with respect to their biologic
behavior as newly diagnosed tumors (9 patients, 16 tumors),
recurrent tumors (18 patients, 35 tumors), tumors with pre-
dominantly posttreatment changes (6 patients, 10 tumors),
and benign lesions (2 patients, 2 lesions). Figure 5 shows
the kinetic parameters for the tumor types; the data sug-
gested that high-grade tumors had the highest transport rate
constant k1, whereas tumors with posttreatment changes
tended to have the lowest. The other parameters did not

show specific trends, although k3 appeared to be somewhat
higher for tumors with predominantly posttreatment changes.
Statistically significant differences (P , 0.01) for k1 and
distribution volume were found between newly diagnosed
high-grade tumors and low-grade tumors and between
newly diagnosed high-grade tumors and tumors with pre-
dominantly posttreatment changes (Fig. 5). No statistically
significant differences were found between low-grade tu-
mors and tumors with predominantly posttreatment changes.

The uptake in the upper quartile of voxels (from 75% to
100%) was used to calculate the SUV. Because 18F-FDOPA
uptake usually has an early maximum, we calculated an
early SUV (SUVearly; from 15 to 25 min) and a late SUV
(SUVlate; from 65 to 75 min). The average value for
SUVearly was 2.32, and that for SUVlate was 1.44; the
differences were statistically significant (P , 0.001).
Pearson coefficients of correlation with the influx rate

FIGURE 4. Kinetic parameters obtained with 3-compartment
model and corrections for metabolites and partial volume.
Average results for 45 studies of different structures are shown.
Error bars denote SDs. Only one malignant tumor was selected
per patient. Values for k1–k4 and K are given in minutes21. Vb 5

blood volume fraction in tissue.

FIGURE 5. Average values of kinetic parameters for high-
grade tumors (n 5 18), low-grade tumors (n 5 11), tumors with
predominantly posttreatment (Rx) changes (n 5 6), and benign
lesions (n 5 2) in brain. Error bars denote SDs. Values for k1–k4

and K are given in minutes21. Vb 5 blood volume fraction in
tissue.

TABLE 2
Kinetic Modeling of Tumors*

Parameter 2C-3p 3C-5p 3C-5p 3C-4p with k4 5 0 Patlak-2p Logan-2p

Metabolite correction No No Yes Yes No No

k1 0.347 6 0.399 0.271 6 0.259 0.225 6 0.179 0.206 6 0.178

k2 0.219 6 0.188 0.205 6 0.134 0.169 6 0.077 0.129 6 0.073 0.143 6 0.495
k3 0.003 6 0.004 0.031 6 0.019 0.014 6 0.005

k4 0.011 6 0.025 0.016 6 0.011

K 0.003 6 0.004 0.028 6 0.016 0.017 6 0.007 0.001 6 0.006

Vb 0.03 6 0.02 0.15 6 0.10 0.18 6 0.11 0.18 6 0.11
Ved 1.44 6 0.56 1.23 6 0.52 1.27 6 0.58 1.52 6 0.65 2.10 6 0.89 1.53 6 0.57

WRSS 2,370 6 3,372 1,632 6 3,512 470 6 685 903 6 1,657

n (P , 0.05) Reference 22 48 33

*Estimates of fitted parameters k1–k4, influx rate constant K, blood volume fraction in tissue (Vb), and equilibrium distribution volume (Ved)

were determined. Results are expressed as mean 6 SD for 61 malignant tumors in 35 patients. Same model structures and corrections as

those described in Table 1 were tested. See Table 1 for definitions of abbreviations as well.
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constant K were 0.44 for SUVearly and 0.71 for SUVlate.
Significant differences for SUVearly and SUVlate were found
between newly diagnosed high-grade tumors and low-grade
tumors, between newly diagnosed high-grade tumors and
tumors with posttreatment changes, and between recurrent
tumors (both high grade and low grade) and tumors with
posttreatment changes. No differences were found between
newly diagnosed low-grade tumors and tumors with pre-
dominantly posttreatment changes, which had, overall, the
lowest 18F-FDOPA uptake.

The ranges of rates of transport across the BBB appeared
to be similar for high-grade and low-grade tumors and
types, whereas tumors with predominantly posttreatment
changes had a limited range, up to 0.2 min21. No corre-
lation was found with the influx rate constant K. This
finding suggested that K for 18F-FDOPA and, therefore,
SUVlate were not dependent on transport rates for the
different tumor types and grades. There were great varia-
tions in k1, with a large degree of scatter, but the regression
lines for k1 versus K had a slope of zero for each tumor
type, that is, high-grade tumors, low-grade tumors, and
tumors with predominantly posttreatment changes.

Patlak graphical analysis carried out with images ob-
tained between 15 and 75 min after injection and an input
function without metabolite correction furnished a Kpatlak

value for malignant tumors that had a weak correlation with
the influx rate constant K (r 5 0.56 with metabolite cor-
rection and r 5 0.54 without). The mean Kpatlak value (mean,
0.001) was significantly different (P , 0.001) from the K
value (0.028 with metabolite correction and 0.004 without).
The low value for Kpatlak indicated that 18F-FDOPA and
OMFD were not specifically sequestered in tumors and that
Logan graphical analysis was more appropriate.

Two patients in the group that had tumors with predom-
inantly posttreatment changes had a stable clinical course;
they were studied 1 y apart without any intervening treat-
ment. The first study was performed 1 h after the oral
administration of 200 mg of carbidopa, and the second
study was performed without any premedication. After
carbidopa pretreatment, early uptake increased by 1.3–1.7
times and late uptake increased by 1.6–1.8 times relative to
uptake in the study without pretreatment. These changes
were seen for all structures—the striatum, the cerebellum,
and tumors. On average, pretreatment with carbidopa in-
creased early uptake by 50% and late uptake by 70%.

Distribution Volumes for 18F-FDOPA and OMFD

Newly diagnosed tumors were not subjected to any
therapy and constituted a ‘‘naive’’ subgroup. Of the patients
with such tumors, 4 had high-grade tumors and 5 had low-
grade tumors. In Figure 6, the equilibrium distribution
volumes are plotted for both 2- and 3-compartment models,
and separation by tumor grade was obtained. These results
indicated that high-grade tumors had a higher distribution
volume and, therefore, higher uptake of 18F-FDOPA than
did low-grade tumors. The clear separation of the 2 groups

by the 2-compartment model and the 3-compartment model
without metabolite correction suggested that the 18F label
measured by the PET scanner, that is, the total amount of
18F-FDOPA plus OMFD, moved into the tumor and washed
out as a function of time. Correction for metabolites, that is,
considering 18F-FDOPA accumulation alone, revealed a
minor overlap; overall, however, the separation of the
equilibrium distribution volumes between high- and low-
grade tumors was maintained (Fig. 6).

Logan graphical analysis (using an input function with-
out metabolite correction) was applied, and the average
distribution volumes for the striatum and malignant tumors
are given in Tables 1 and 2, respectively. For malignant
tumors, the Pearson correlation coefficients for the distri-
bution volume calculated by Logan graphical analysis and
the equilibrium distribution volumes calculated by other
models were 0.99 (2-compartment model with 3 parame-
ters), 0.99 (3-compartment model with 5 parameters and
without metabolite correction), and 0.92 (Patlak graphical
analysis).

The Logan graphical analysis results obtained for the 2
patients with a stable clinical course and with or without
carbidopa pretreatment are shown in Table 3 for the cerebel-
lum. An excellent correspondence was found between the
distribution volume with pretreatment and the distribution
volume without pretreatment after correction for the MET
fraction. These results suggested that Logan graphical anal-
ysis yielded reliable estimates of the distribution volume for
18F-FDOPA plus OMFD after application of the appropriate
correction.

Table 4 shows the distribution volumes for tumors in the
patients with and the patients without carbidopa pretreat-
ment and the corresponding metabolite corrections. There
was good agreement between the compartment models and

FIGURE 6. Plot of equilibrium distribution volume (Ved 5 k1/k2)
for newly diagnosed tumors. High- and low-grade tumors
formed separate subgroups. High grade: 4 patients with 9
tumors. Low grade: 5 patients with 7 tumors. 2C 5

2-compartment model; 3C2 5 3-compartment model without
metabolite correction; 3C1 5 3-compartment model with
metabolite correction.
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the Logan plots within each patient group. Correction for
the MET fraction increased the distribution volume in the
patients who were not pretreated to values just above those
in the patients who were pretreated, and the differences
between the groups were not significant (P . 0.1).

18F-FDOPA Uptake Patterns

The striatal time–activity curve showed an initial incline
that approached a plateau, reaching the maximum, on
average, at 37.5 min, as expected. Analysis of the individ-
ual tumor time–activity curves revealed that the early
maximum values in tumor uptake occurred at 12.7 min
(high-grade tumors), 15.7 min (low-grade tumors), and 19.6
min (tumors with predominantly posttreatment changes).
The maximum for metastases occurred at 20 min, and that
for benign lesions occurred at 15 min. In general, high-
grade tumors showed a higher maximum (mean SUVearly,
2.64) followed by a rapid decline (mean SUVlate, 1.55),
whereas low-grade tumors showed a lower maximum
(mean SUVearly, 1.99) followed by a slower decline (mean

SUVlate, 1.25). The time–activity curve for low-grade
tumors resembled that for the cerebellum (Fig. 2C). The
sharp decline seen for high-grade tumors was never ob-
served for the cerebellum.

DISCUSSION

In the present study, the kinetics of 18F-FDOPA in brain
tumors were investigated, and a 3-compartment model
appeared to describe the data best. Our method of analysis
is completely image based and virtually operator indepen-
dent. FA takes all voxels within the head contour into
account. The factor images are parametric images, yielding
the structures of interest. The threshold algorithm automat-
ically creates the VOI in the x-, y-, and z-dimensions
from the factor image. The VOIs are used to generate the
time–activity curves from the dynamic dataset. In the past,
we demonstrated that FA can reliably generate an input
function for various radiopharmaceuticals and organ sys-
tems (15,23–25). These studies showed that kinetic param-
eters obtained with an FA-based input function are very
similar to those obtained with a sampled blood curve, and
no statistically significant differences were found for the
rate constants obtained with these time–activity curves. Cor-
rections for tissue blood volume, metabolites, and partial
volume are necessary to produce adequate fits between the
measured and the model-generated time–activity curves.
We did not measure individual metabolites but used data
from an earlier study (16).

The compartmental model used in the present study to
describe 18F-FDOPA kinetics in brain tissues is a simplified
form adapted to the clinical environment. Therefore, the values
of the rate constants cannot be compared directly with those
from the full 18F-FDOPA model (16), and the meaning of
some rate constants is quite different. For example, k3 in
the simplified model does not necessarily represent the
decarboxylation of 18F-FDOPA to 6-fluorodopamine. Because
tissue contains OMFD, which is a product of 18F-FDOPA
converted peripherally and transported from plasma, it will be
reflected as a non-zero k3 value when the simplified model is
used along with the metabolite-corrected input function. In
fact, the k3 value obtained for the cerebellum with the

TABLE 4
Equilibrium Distribution Volumes (Ved) for Tumors in Patient Groups With and Without Oral Pretreatment With 200 mg of

Carbidopa*

With carbidopa pretreatment Without carbidopa pretreatment

Model No. of patients No. of tumors Ved No. of patients No. of tumors Ved

2C-3p 12 17 1.70 6 0.38 31 44 1.34 6 0.58

2C-3p1 31 44 2.01 6 0.85

Logan 12 17 1.79 6 0.39 31 44 1.43 6 0.60
Logan1 31 44 2.26 6 0.95

*Results are represented as mean 6 SD. See Table 3 for conditions and definitions of abbreviations.

TABLE 3
Equilibrium Distribution Volumes (Ved) for Cerebellum in

Patients With and Without Oral Pretreatment With 200 mg of
Carbidopa*

With carbidopa

pretreatment

Without

carbidopa

pretreatment

Patient Model Study Ved Study Ved

A 2C-3p 1 1.49 2 1.98
2C-3p1 2 1.21
Logan 1 1.14 2 1.88

Logan1 2 1.16
B 2C-3p 1 1.08 2 1.77

2C-3p1 2 1.03
Logan 1 1.11 2 1.82

Logan1 2 1.21

*Values were obtained with 2-compartment model (2C) with 3

parameters (3p) or Logan graphical analysis. 1 indicates that MET

correction was applied to input function (Eq. 2). Effect of peripheral
MET correction is shown in last column. Bold type indicates directly

comparable conditions.
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simplified model is similar to the previously reported rate
constant for the conversion of 18F-FDOPA to plasma OMFD:
0.024 6 0.012 in the present study and 0.025 6 0.019
in the 1991 study (16); this result suggests that our current
k3 value mainly reflects OMFD in tumor tissue that was
transported from plasma. In other words, the non-zero k3

value obtained with our current model (the question mark in
Fig. 1) does not represent 18F-FDOPA metabolism inside
tumor cells.

The individual recovery coefficients were not measured
with our PET system, but we used 0.7 for the transverse
sinus and 1.0 for tumors, the striatum, and the cerebellum
(7). With PET/CT scanners, correction for partial-volume
effects can be performed on an individual basis. VOI
generation may be simplified by generating VOIs directly
from the high-resolution anatomic images fused to the
metabolic images. FA remains important for the generation
of time–activity curves because it highlights metabolically
active and viable tissue. The threshold of 75% takes only
the top quartile of voxels into account, that is, tumors with
the most active metabolism. Necrotic zones have insuffi-
cient accumulation of 18F-FDOPA and, therefore, do not
reach 75% of the maximum accumulation in tumors. Areas
with macroscopic necrosis are explicitly excluded during
this VOI generation step. In the present study, the top
quartile of voxels was selected to reduce fluctuations and to
obtain a less noisy estimate of 18F-FDOPA uptake relative
to the maximum SUVestimated from one voxel. This method
leads to more reliable fitting and parameter estimation.
Parameters derived from this part of the tumor were corre-
lated with the biology of the neoplasm, that is, high-grade
tumors, low-grade tumors, or tumors with predominantly
posttreatment changes (Fig. 5). Further studies with larger
groups of patients are needed to confirm these observations.

Data obtained from the striatum of patients (Table 1)
were different from data obtained from healthy volunteers
(16). The values for k1 and k2 were 4 times higher and the
values for k3 and k4 were 2 times higher in patients than in
volunteers, whereas the distribution volumes were similar.
These differences are related, in part, to our simplification
of the original model of Huang et al. (16). On the other
hand, these differences are not surprising, given the pres-
ence of tumors, possible medications (steroids), and ther-
apy effects (radiation or chemotherapy) in patients.
Although the k4 value for the striatum was still low, the
different absolute values of the parameter estimates ob-
tained with the model in which k4 was fixed at zero, and
Patlak graphical analysis (Table 1), suggested that the k4

value was not negligible. This suggestion, in turn, indicates
that Patlak graphical analysis does not yield adequate esti-
mates of 18F-FDOPA kinetic parameters for the striatum of
the diseased brain.

Tumor Kinetics and Biology

Figure 5 shows that high-grade tumors had the highest
transport rate constant k1. Significant differences (P ,

0.01) between high- and low-grade tumors were found for
k1, k2, K, SUVearly, and SUVlate. Comparison of high-grade
tumors and tumors with predominantly posttreatment
changes revealed significant differences for k1, the blood
volume fraction in tissue, SUVearly, and SUVlate. No sig-
nificant differences in parameters were found between low-
grade tumors and tumors with predominantly posttreatment
changes. These findings suggest that high-grade tumors
have overall higher transport rate and influx rate constants
as well as higher early and late 18F-FDOPA accumulation
than do other tumor types.

Figure 4 and Tables 1 and 2 show that the mean k3 value
in the striatum was twice as high as those in malignant
tumors and the cerebellum, whereas the k4 values were the
same. The interpretation of this finding is clear for the stri-
atum, in which 18F-FDOPA is converted to 6-fluorodopamine.
The small values obtained for k3 and k4 in tumors and the
cerebellum with our current model cannot be interpreted as
bound 18F-FDOPA in the third compartment but rather in-
clude metabolites in these brain structures, for example, tissue
OMFD transported from plasma. A 2-compartment model
appeared to be sufficient to describe 18F-FDOPA kinetics in
tumors and the cerebellum when plasma OMFD was not
removed from the determination of the input function (i.e.,
without metabolite correction), at least as a first approxima-
tion. The combined activities of 18F-FDOPA and OMFD mea-
sured by the PET scanner appeared to move in and out of
tumor tissue and the cerebellum. The differences between the
k1 and k2 values in tumors and the cerebellum could be at-
tributed to differences in distribution volumes (Fig. 6). Logan
graphical analysis produced reliable estimates of the distri-
bution volumes for 18F-FDOPA plus OMFD (Tables 3 and 4).

For all malignant tumors, the k4 value was less than 0.07
min21. A weak correlation was found between the influx
rate constants determined by Patlak graphical analysis and
kinetic modeling (Pearson r 5 0.55); the absolute value
obtained by Patlak graphical analysis was about 25 times
lower. This large and systematic difference indicates that
when blood time–activity curves are not corrected for me-
tabolites, the combined activities of 18F-FDOPA and OMFD
are not sequestered in tumor tissue.

These observations permit the formulation of a hypothesis
regarding tumor kinetics. The available 18F-labeled pool, that
is, 18F-FDOPA plus OMFD, is transported into tumor cells.
This 18F-labeled pool has a larger distribution volume in tu-
mors than in the cerebellum, and the use of a 2-compartment
model or Logan plots provides adequate estimates. When the
18F-FDOPA fraction alone is considered, that is, when the
input function is corrected for metabolites, a 3-compartment
model is necessary to adequately describe the kinetics. In
that case, the rate constant k3 does not represent trapped 18F-
FDOPA in the third compartment but rather OMFD periph-
erally metabolized from 18F-FDOPA and transported to the
brain and into tumor cells. This notion is supported by the
observation that the k3 estimate for tumors was independent
of the tumor grade (Fig. 5), comparable to that for the
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cerebellum (no specific binding; Fig. 4), and similar to that
for the peripheral conversion of 18F-FDOPA to OMFD in
normal volunteers (16). There is no indication that 18F-
FDOPA and OMFD are metabolized or trapped inside
tumors. They stay in the amino acid pool, which is larger
in tumors than in normal brain tissue (e.g., cerebellum and
cortex), and are reflected in the increased radioactivity levels
in tumors. The utility of OMFD as an amino acid analog for
brain tumor imaging has been reported elsewhere (20,26).
Thus, the increased uptake in tumors is an effect of the
increased transport of and distribution volumes for amino
acids and not the metabolism of 18F-FDOPA inside tumor
cells. For clinical purposes, the use of blood 18F-FDOPA
plus OMFD as the input function allows estimation of the
transport rate and distribution volumes for amino acids in
tumors (Tables 2 and 4).

Clinical Applications

In a previous clinical study (8), no differences in 18F-
FDOPA uptake were found between high- and low-grade
tumors. This result has been reported for amino acid
analogs, for example, methylmethionine, fluorotyrosine,
and 18F-FDOPA, by others (2,3,27). The similarity between
high-grade tumor uptake and low-grade tumor uptake is
usually interpreted as 18F-FDOPA accumulation via a
specific transport system (sodium-independent amino acid
transport system L (19) but not system A (28)) rather than a
breakdown of the BBB. This specific transport (19) and the
low background activity (nonspecific amino acid uptake)
explain the superiority of amino acid tracers over 18F-FDG
in evaluating tumor recurrence.

Differences in uptake between high-and low-grade tu-
mors, however, have been reported for tyrosine (29) and
ethyltyrosine (30). In the present study, a relationship
between 18F-FDOPA uptake and tumor grade was found.
The main difference between the present study and the
study of Chen et al. (8) relates to the timing and duration of
imaging. In the study of Chen et al. (8), the images acquired
from 10 to 30 min after tracer administration were summed
(image duration, 20 min) and evaluated. In the present
study, we found high variability in early uptake (;15 min),
with a tendency for higher values for high-grade tumors but
with a large overlap between tumor grades. Late uptake
(;70 min), however, appeared to correlate better with
influx rate constant K and was able to differentiate between
high- and low-grade tumors. In an attempt to elucidate the
optimal timing, the first derivative of the tumor uptake
curve was calculated, and the initial steepest decline was
determined. The maxima of the first derivative occurred, on
average, at 28, 32, 37, and 33 min for high-grade tumors,
low-grade tumors, tumors with predominantly posttreat-
ment changes, and benign lesions, respectively. Except for
3 tumors, the maximum slope occurred within 40 min after
tracer administration. These results suggest that for clinical
applications, a shorter acquisition duration is sufficient to
separate tumors. A 30-min study starting 15 min after 18F-

FDOPA administration and terminating at 45 min, with com-
parison of the SUVs at 20 and 40 min, should be sufficient
to separate low- and high-grade tumors. For visual analysis,
the entire 30-min study may be used to create images of
high quality with low noise levels. Tumor uptake may be
compared directly with uptake in the striatum, resulting in a
sensitivity of 92% and a specificity of 95% for tumor
recurrence, as reported earlier (8).

Given the much larger variations in SUVearly than in SUVlate,
many of the sharp declines seen in high-grade tumors were
averaged out (during image summation), leading to overall
lower uptake and masking of high-grade tumors in the pop-
ulation. Current data revealed that high-grade tumors have
higher and widely varying transport rates, with a rapid
decline after the initial surge of 18F-FDOPA uptake. These
data suggest a breakdown of the BBB as an influx and
efflux pathway in addition to specific transport through
amino acid channels, as demonstrated earlier for 11C-
labeled methionine (31). In the previous clinical study
(8), no differences in 18F-FDOPA uptake were found
between contrast-enhancing and nonenhancing tumors on
MRI, suggesting that a BBB breakdown does not play a
major role in 18F-FDOPA levels in tumors. A further
careful side-by-side comparison of dynamic contrast-
enhanced MRI and dynamic 18F-FDOPA PET is needed
to elucidate the role of a BBB disruption and 18F-FDOPA
uptake in malignant tumors. Kinetic modeling suggests that
18F-FDOPA and OMFD are transported into tumors and
have different distribution volumes that are dependent on
tumor grade and tumor type. In other words, tumors have
different levels of uptake on PET images. The amino acids
are transported into tumors and are not metabolized. This
transport is probably mediated by amino acid transporters
that are not very specific. Altered amino acid transport in
tumors has been demonstrated with cell lines (26,32–35)
and human tumors (19,36).

The limitations of our study include tumor heterogeneity,
which resulted in small numbers of metastatic and benign
lesions. Data for these tumor types need to be expanded.
Robust effects were found for high-grade tumors, revealing
significantly higher transport (k1), influx (K), and equilib-
rium distribution volumes for these tumors than for other
tumors. These differences were found for newly diagnosed
tumors as well as recurrent tumors. On the other hand, no
relationship was found between transport and influx for any
of the tumor types.

CONCLUSION

18F-FDOPA kinetics in brain tumors were investigated.
FA was applied to provide image-derived blood clearance
and tumor uptake curves that were not user dependent. A
3-compartment model with corrections for tissue blood
volume, metabolites, and partial volume appeared to be
adequate to describe the kinetics in the striatum, tumors,
and the cerebellum. The same model structure was used for
tumors, the striatum, and the cerebellum for reasons of
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simplicity and the known applicability of the standard
3-compartment model for 18F-FDG under clinical circum-
stances. Significant differences were found between high-
and low-grade brain tumors in k1 and K as well as in the
equilibrium distribution volume. A high correlation was
found between SUVlate in tumors and influx rate constant
K, indicating that simple uptake measurements at 60–70
min should be sufficient in clinical practice, for example,
for monitoring of the response to therapy.
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