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Previous positron emission tomography (PET) studies with levodopa analogs have revealed a modestly increased capacity for dopamine
synthesis in the striatum of patients with schizophrenia compared with healthy age-matched control subjects. We hypothesized that not
just the synthesis but also the turnover of radiolabeled dopamine is elevated in patients. To test the hypothesis, we reanalyzed 2-h-long
[ 18F]fluorodopa (FDOPA)/PET recordings from eight unmedicated patients with schizophrenia and 15 healthy age-matched control
subjects, using new methods for the quantification of [ 18F]fluorodopamine steady-state kinetics. The fractional rate constant for the
catabolism and elimination of [ 18F]fluorodopamine was elevated nearly twofold in striatum, the largest biochemical difference in brain
of schizophrenics yet reported. The magnitude of the intrinsic blood– brain FDOPA clearance with correction for this loss of [ 18F]fluoro-
dopamine metabolites was increased by 20% in caudate and putamen and by 50% in amygdala and midbrain of the patients. However, the
magnitude of the steady-state storage of FDOPA and its decarboxylated metabolites (Vd) was reduced by one-third in the caudate nucleus
and amygdala of the schizophrenic group. Thus, reduced steady-state storage of [ 18F]fluorodopamine occurs in the midst of accelerated
synthesis in brain of untreated patients. Positive scores of the positive and negative syndrome scale correlated inversely with the
magnitude of Vd in amygdala, suggesting an association between positive symptoms and impaired steady-state storage of FDOPA
metabolites in that structure.
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Introduction
Positron emission tomography (PET) studies with the L-3,4-
dihydroxyphenylalanine (DOPA) decarboxylase substrates
[ 18F]fluorodopa (FDOPA) (Gjedde et al., 1991; Huang et al.,
1991; Kuwabara et al., 1993; Cumming et al., 2001) and
L-[ 11C]DOPA reveal the retention of decarboxylated metabolites
in synaptic vesicles, which are highly concentrated in nigrostriatal
dopamine fibers. In an early quantitative FDOPA/PET study, the
relative activity of DOPA decarboxylase (k3

D, (min�1) was in-
creased in the striatum of unmedicated patients with schizophre-
nia (Reith et al., 1994), a finding subsequently replicated in
several other studies with FDOPA (Hietala et al., 1995, 1999;
Meyer-Lindenberg et al., 2002) and L-[ 11C]DOPA (Lindström et
al., 1999; Gefvert et al., 2003); particularly high net clearance of
FDOPA to the ventral striatum was noted in a group of patients

with schizophrenia (McGowan et al., 2004). These previous PET
studies of schizophrenia, in analogy to the classic deoxyglucose
model for measuring metabolic rate (Gjedde, 1981, 1982; Patlak
et al., 1983; Patlak and Blasberg, 1985), have all assumed irrevers-
ible trapping of tracer metabolites formed in brain. However, this
assumption was shown to be violated in one of the earliest pre-
sentations of the FDOPA compartmental analysis (Huang et al.,
1991; Cumming and Gjedde, 1998), a violation resulting in un-
derestimation of the true magnitude of FDOPA utilization in
living brain (Cumming et al., 2001). To date, PET studies with
DOPA decarboxylase substrates in patients with schizophrenia
have used incomplete kinetic models, not accommodating the
dynamics of the entire pathway for dopamine synthesis and turn-
over but incorrectly assuming irreversible trapping of the decar-
boxylated radiotracers.

To correct for violation of the assumption of irreversible me-
tabolite trapping, steady-state FDOPA kinetics have been esti-
mated from time–activity curves recorded during 240 min
(Holden et al., 1997; Cumming et al., 2001; Sossi et al., 2001), a
requirement that can be very difficult to satisfy in clinical PET
studies. Early attempts to estimate FDOPA steady-state kinetics
during 120 min recordings failed to yield stable parameter esti-
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mates (Danielsen et al., 1999). Consequently, we recently devel-
oped advanced methods for calculating the intrinsic unidirec-
tional clearance of FDOPA to brain (K, ml � g�1 � min�1), the
fractional rate constant for elimination of [ 18F]fluorodopamine
and its metabolites from brain (kloss) (min�1), and the steady-
state distribution volume of the total radioactive tracer concen-
tration in brain (Vd, ml/g) (Kumakura et al., 2005, 2006), using
time–activity curves of only 120 min duration. We hypothesized
that not just the rate of synthesis but also the steady-state turn-
over of [ 18F]fluorodopamine is elevated in striatum of untreated
patients with schizophrenia. To test this hypothesis, we used our
new methods to calculate the magnitudes of the steady-state pa-
rameters K, kloss, and Vd in brain of eight nonmedicated male
patients with schizophrenia and in 15 age-matched healthy male
control subjects.

Materials and Methods
Subject recruitment. Eight male patients with diagnosis of schizophrenia
(Diagnostic and Statistical Manual of Mental Disorders, Ed 4; age, 37.3 �
6.3 years) and 15 male healthy volunteers (mean � SD age, 37.3 � 6.4
years) were selected from cohorts in previously published FDOPA/PET
studies; in the present reanalysis of subjects from the original group of
nine unmedicated patients with schizophrenia (Gründer et al., 2003), a
single patient was excluded as a result of uncorrectable head motion
during the later PET scanning period (60 –120 min), i.e., in the interval
that had been excluded from the previous non-steady-state analysis. The
present control subjects were selected from several previously published
cohorts of normal subjects (Gründer et al., 2003; Heinz et al., 2005;
Vernaleken et al., 2006) so as to obtain an age composition identical to
that of the eight patients. All subjects had provided written informed
consent for the previous studies, which had been approved by the Re-
search and Ethics Committee of the University of Mainz. Exclusion cri-
teria for the control group included current neurological, psychiatric, or
systemic disease and current use of drugs affecting the CNS. Patients were
free from any psychoactive medication for at least 6 months before the
PET study. Three patients were entirely drug-naive, whereas the remain-

der had been treated previously with various
doses of oral neuroleptics, with pause of medi-
cation to the PET session. Trained raters as-
sessed psychopathological symptoms on the
day of the PET scan (Gründer et al., 2003). The
mean positive and negative syndrome scale
(PANSS) was 80.1 � 4.7, of which the positive
score was 15.4 � 3.5 and the negative score was
23.6 � 4.0.

PET scanning and plasma sampling proce-
dures. Subjects fasted overnight before the PET
recording. Carbidopa (Merck Sharp & Dohme,
Whitehouse Station, NJ) was administered at a
dose of 2 mg/kg (orally) 1 h before the PET
recording to minimize the decarboxylation of
FDOPA in peripheral tissues (Cumming et al.,
1993). Subjects reclined on the scanning bed of
the ECAT EXACT 47 whole-body PET (CTI/
Siemans, Knoxville, TN), with their heads com-
fortably immobilized using a custom-made
head holder. One of the eight patients had been
scanned with the GE4096 tomograph (GE
Healthcare, Little Chalfont, UK). After a brief
attenuation scan, dynamic three-dimensional
emission recording of 120 min duration was
initiated at the moment of intravenous bolus
injection of FDOPA (200 MBq). A series of 40
arterial blood samples was collected at intervals
increasing from 1 s to 10 min, and the total
[ 18F] radioactivity in plasma was measured in a
well counter cross-calibrated to the tomograph.
The fractions of untransformed FDOPA and its

major plasma metabolite 3-O-methyl-FDOPA (OMFD) were measured
in nine selected plasma samples (5, 10, 15, 20, 30, 45, 60, 90, and 120 min)
by reverse-phase HPLC (Cumming et al., 1993). Continuous plasma
input functions for FDOPA and OMFD were calculated by fitting biex-
ponential functions to the measured fractions (Gillings et al., 2001).

Image preprocessing for kinetic analysis. The dynamic PET sequences
were realigned and corrected framewise for head motion and then
summed and registered to the Montreal Neurological Institute (MNI)
stereotaxic brain using the AIR (automatic image registration) algorithm
(Woods et al., 1992) and the mutual information maximization algo-
rithm (Collignon et al., 1995), as described previously (Kumakura et al.,
2004). Time–radioactivity curves (TACs) were then extracted by mask-
ing volumes of interest (VOIs) for bilateral caudate (8.5 cm 3 total), bi-
lateral putamen (9.7 cm 3 total), bilateral amygdala (3.7 cm 3 total), mid-
brain (5.9 cm 3), bilateral ventral striatum (2.3 cm 3), and cerebellum
(48.3 cm 3) based on the magnetic resonance imaging (MRI) gray matter
probabilistic atlas of the MNI stereotaxic brain (Fig. 1).

Conventional quantification of unidirectional blood– brain clearance.
Magnitudes of the unidirectional net blood– brain clearance of FDOPA
in VOIs were calculated by graphical analysis (Kin

app, ml � g �1 � min �1)
(Martin et al., 1989) based on the definition of the unidirectional blood–
brain clearance of a tracer (Gjedde, 1981, 1982; Patlak et al., 1983; Patlak
and Blasberg, 1985). Metabolite-corrected arterial inputs for FDOPA
and emission frames recorded in the interval of 20 – 60 min were used for
this linear graphical analysis. The method of Kin

app implicitly assumes no
loss of decarboxylated metabolites from brain tissue for the initial period
of 60 min and uses framewise subtraction of total radioactivity in cere-
bellum, in which tissue the radioactivity fractions for FDOPA and
OMFD are continuously changing (Kumakura et al., 2005).

Outline of new compartment model. A reversible trapping model for
FDOPA was first introduced in 1991 (Huang et al., 1991) but suffered
from instability when only 2-h FDOPA emission recordings were avail-
able (Danielsen et al., 1999). A modified graphical method with a correc-
tion term for loss of decarboxylated metabolites was introduced for the
analysis of FDOPA/PET studies (Holden et al., 1997; Sossi et al., 2001).
However, this model required very prolonged (4 h) emission recordings
to satisfy the implicit requirement that the total radioactivity concentra-

Figure 1. An example of PET image registration to the MNI stereotaxic brain, displayed together with template VOI. A–G,
Spatially normalized maps of the total distribution volume of FDOPA (Vd, ml/g) from a patient with schizophrenia (A), the MRI gray
matter template of the MNI stereotaxic brain (B), the Vd image superimposed onto the MRI template (C), and template VOIs for
caudate, putamen, midbrain amygdala, and ventral striatum drawn on the MNI stereotaxic brain (D–G).
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tion of the cerebellum could serve as a surrogate for the brain concentra-
tion of the inert plasma metabolite OMFD. To circumvent this problem,
we used a constrained compartmental analysis to calculate the OMFD
curve in cerebellum (Gjedde et al., 1991; Huang et al., 1991). The dy-
namic OMFD brain curve was then subtracted from the entire brain
volume to isolate TACs consisting only of the composite radioactivities
attributable to FDOPA and its decarboxylated metabolites (Kumakura et
al., 2005). Finally, we have shown that the “cleaned-up” TACs (i.e., with
mathematical subtraction of the contribution to brain radioactivity of
OMFD) could be analyzed using a robust linear solution for a model with
reversible kinetics (Kumakura et al., 2006), described in terms of the
three steady-state kinetic parameters: K, kloss, and Vd (definitions of ki-
netic terms are summarized in Table 1).

Calculation of brain OMFD TAC for mathematical subtraction. Each
frame of the dynamic emission recording was corrected for the radioac-
tivity contribution from the brain-penetrating FDOPA metabolite
OMFD. To this end, individual cerebellum TACs were analyzed by a
modified one-tissue compartment model to calculate the blood– brain
clearance (K1, ml � g �1 � min �1), the diffusion rate constant from brain
(k2, min �1), and their ratio (Ve, ml/g) in the presence of a dual plasma
input consisting of changing proportions of FDOPA and OMFD. This
model entails the constraints of a common blood– brain partition ratio
for the two large neutral amino acids (FDOPA, K1

D/k2
D; OMFD, K1

M/
k2

M; ml/g) and that the unidirectional clearances of the two large neutral
amino acids (K1

M/K1
D) should be in a constant ratio (q) (Gjedde et al.,

1991) of magnitude fixed at 1.5 based on the mean of all published
estimates (Cumming and Gjedde, 1998) and based on a systematic study
of the effect of q on the calculation of FDOPA kinetics (Leger et al., 1998).
The global brain TAC of OMFD for each experimental subject was then
recovered from the following calculation:

MM�t� � K1
M �

0

t

CP
M���e�k2

M�t���d� � V0CP
M�t� , (1)

where MM is total mass of OMFD in brain tissue, Cp
M is OMFD plasma

input function, and V0 is effective plasma volume in brain tissue, which

was set to 5% for this calculation. OMFD radioactivity at each time point
in the recovered TACs was subtracted from the appropriate dynamic
emission time frame, assuming uniform distribution of OMFD in brain.
The OMFD subtraction process and its underlying assumptions have
been described in detail previously (Kumakura et al., 2005).

Quantification of turnover and steady-state storage. The reversible phar-
macokinetic model used in the present study has been described in detail
previously (Kumakura et al., 2006). This reversible model for FDOPA
kinetics (implemented after mathematical subtraction of brain OMFD
radioactivity) has recently been simplified by our concept of an “inlet and
outlet” model (Fig. 2), which accommodates the intrinsic blood– brain
clearance of FDOPA corrected for elimination of the decarboxylated
metabolites (K, ml � g �1 � min �1) and a first-order rate constant, ex-
pressing the diffusion from brain of [ 18F]fluorodopamine together with
its acidic metabolites from brain as a single compartment (kloss, min �1).
Of necessity, and by definition, the term kloss is a kinetic simplification
based on the assumption that an equilibrium is obtained between the
sum of all [ 18F]fluorodopamine pools in the vesicles and cytosol of do-
pamine neurons, and other cells containing DOPA decarboxylase, and

Table 1. Definitions of abbreviations and kinetic terms used in the text

Term Units Definition

FDOPA 6-�18F�fluoro-3,4,-dihydroxyphenyl-L-alanine
OMFD O-methyl-FDOPA
K1 ml � g�1 � min�1 Unidirectional blood– brain clearance of a tracer, K1

D

for FDOPA and K1
M for OMFD

k2 min�1 Fractional rate constant for the diffusion of a tracer
from brain, k2

D for FDOPA and k2
M for OMFD

Ve ml/g The equilibrium distribution volume of a tracer in a
nonbinding region (K1/k2)

k3
D min�1 The relative activity of DOPA decarboxylase with

respect to FDOPA, calculated assuming irreversible
trapping of decarboxylated metabolites in brain

Kin
app ml � g�1� min�1 The net blood– brain clearance of FDOPA in a region

of interest calculated by graphical analysis, with
subtraction of the total radioactivity measured in a
nonbinding region and assuming no loss of decar-
boxylated metabolites

K ml � g�1 � min�1 The intrinsic blood– brain clearance of a tracer de-
fined kinetically in terms of K1, k2, and k3.

kloss min�1 The rate constant for the elimination of decarboxy-
lated FDOPA metabolites from brain

EDV ml/g The ratio K/kloss, an index of the dopamine storage
capacity in brain, following our previous definition
of EDV2 (Kumakura et al., 2005, 2006).

V0 ml/g Effective plasma volume
Vf ml/g Distribution volume of precursor pool
Vd ml/g Total distribution volume in brain tissue

(� EDV � Vf � V0)

Figure 2. A schema describing distinctions between conventional (A) and new kinetic (B, C)
models of [ 18F]FDOPA. For clarity, the radioactivity contribution from OMFD, which has under-
gone mathematical subtraction (dark boxes of B), is not included in C. The conventional irre-
versible model (A) defines the net unidirectional uptake, not correctly accounting for the pro-
gressive loss of [ 18F]fluorodopamine and its metabolites from brain during the recording
period. The new reversible inlet and outlet kinetic model (C) in the present study defines the
intrinsic blood– brain clearance of FDOPA (K, ml � g �1 � min �1) and the first-order rate con-
stant for the diffusion of decarboxylated metabolites ([ 18F]fluorodopamine and its subsequent
metabolites) from brain (kloss, min �1). The total distribution volume (Vd, ml/g) reported in the
present study comprises three compartments: intravascular space (Vo, ml/g), extravascular
tissue (precursor pool, Vf, ml/g), and metabolite compartment (trapped tracer, EDV, ml/g).
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the several pools of deaminated metabolites, re-
gardless of their site of formation (Cumming et
al., 1997; Deep et al., 1997a,b). The magnitude
of the ratio K/kloss is a quantitative measure-
ment of the distribution volume specifically for
decarboxylated FDOPA metabolites trapped in
brain, and the ratio K/kloss was defined as the
steady-state effective distribution volume
(EDV, ml/g) in this article, following our previ-
ous definition (EDV 2, ml/g) (Kumakura et al.,
2005, 2006) and modified from a similar
method using subtraction of total cerebellum
radioactivity (Martin et al., 1989; Holden et al.,
1997; Sossi et al., 2001) The “content” of brain
radioactivity then includes the effective plasma
volume (V0, ml/g), the distribution volume of
the precursor pool (Vf, ml/g) (which ap-
proaches a constant after 10 –20 min after the
tracer administration), and the EDV (ml/g).
The composite of these three distribution vol-
umes (V0, Vf, and EDV) constitutes the total
tracer distribution volume (Vd, ml/g), which is
the index of the steady-state dopamine storage
used in the present study (Fig. 2). This inlet and
outlet model can be described by a set of first-
order differential equations, which rearranges
to the linearized solution below (Kumakura et
al., 2006):

�
0

t

M���d� � 	EDV � �Vf � V0�
�
0

t

Cp���d�

�
M�t�

kloss
�

�Vf � V0�

kloss
Cp�t� , (2)

where M is the total mass of the tracer in VOIs
after subtraction of OMFD, and Cp is the arterial FDOPA concentration.
By applying multiple time points of OMFD-subtracted brain TACs to
this linearized solution, a set of system equations enables calculation for
the magnitudes of the three coefficients (macroparameters) on the right-
hand side: p(1) � Vd � {EDV � (Vf � V0)}, p(2) � 1/kloss, p(3) � (Vf �
V0)/kloss. Here, Vd equals p(1). The parameter kloss was calculated as the
reciprocal of the second macroparameter, p(2), and K was calculated
from the magnitudes of EDV and kloss, using all three macroparameters.

Statistics for VOI-based analysis. Significance of differences in the mean
estimates between groups was tested using the two-tailed unpaired Stu-
dent’s t test in cases of equal variances and Welch’s unpaired t test in cases
of unequal variances. Because of relatively small sample size in the group
of patients with schizophrenia, we also used the Mann–Whitney non-
parametric test for significant differences in medians.

Parametric mapping. Parametric maps of the total distribution volume
(Vd, ml/g) were calculated voxelwise by Matlab (MathWorks, Natick,
MA) as the magnitude of the first macroparameter p(1) of the linearized
equation (Eq. 2) using the head-motion-corrected dynamic PET record-
ings in the native PET space, as described previously (Kumakura et al.,
2006). All parametric maps were transformed into the MNI stereotaxic
space using the individual transformation matrices obtained from the
previous image preprocessing. For visual presentation, the mean para-
metric images were then calculated for the groups of normal controls and
patients with schizophrenia.

Correlation analysis. Using a simple linear regression model, the
PNASS positive and negative scores were correlated with individual esti-
mates of the magnitudes of Kin

app, K, kloss, and Vd in bilateral caudate,
putamen, amygdala, midbrain, and ventral striatum.

Mean input functions and tissue TACs normalized to a common FDOPA
area under the curve. The individual magnitudes of the area under the
curve (AUC) for plasma FDOPA inputs during the 120 min recording
interval were calculated for each subject and normalized to a common

plasma FDOPA availability with an arbitrary AUC of 500
MBq � ml �1 � min �1. Individual plasma OMFD inputs were then
rescaled using the same individual normalization factors. The group
mean normalized FDOPA and OMFD inputs were then calculated. Like-
wise, individual tissue TACs extracted from VOIs of putamen and amyg-
dala with and without mathematical subtraction of OMFD radioactivity
were also rescaled using the same individual normalization factors, and
the corresponding group mean normalized tissue TACs were calculated
for the two VOI regions.

Results
The kinetic results of VOIs for caudate, putamen, amygdala, mid-
brain, and ventral striatum are summarized in Table 2. Results
from the patient scanned with the GE4096 were within the range
of estimates from the Siemens tomograph. Mean magnitudes of
the conventional unidirectional net blood– brain clearance of
FDOPA (Kin

app, ml � g�1 � min�1) did not reveal any significant
difference between normal controls and patients with schizo-
phrenia in the five regions analyzed. However, the intrinsic
FDOPA clearance, corrected for loss of [ 18F]fluorodopamine (K,
ml � g�1 � min�1), was 20 –50% greater in all VOIs of the schizo-
phrenic group than in the control group, whereas the fractional
rate constant for [ 18F]fluorodopamine elimination (kloss,
min�1), was 75–90% greater in all VOIs of the schizophrenic
group. The magnitude of the total distribution volume of
FDOPA (Vd, ml/g) was 37% lower in caudate and 27% lower in
amygdala of the schizophrenic group. The mean magnitude of
the common distribution volume for FDOPA and OMFD in cer-
ebellum (Ve) was 0.72 � 0.18 ml/g in the normal controls and
0.75 � 0.11 ml/g in the patients with schizophrenia ( p � 0.7),

Table 2. Summary of kinetic estimates for FDOPA utilization and turnover in brain regions of age-matched
control subjects and drug-free patients with schizophrenia

Controls (n � 15) Schizophrenia (n � 8) p value

Caudate
Kin

app 0.0081 � 0.0018 0.0071 � 0.0021 (p � 0.24), p� � 0.458
K 0.0144 � 0.0033 0.0175 � 0.0028 (p � 0.033), p� � 0.0421
kloss 0.0041 � 0.0012 0.0080 � 0.0038 �p � 0.026�, p� � 0.0003
Vd 4.04 � 1.82 2.53 � 0.77 �p � 0.012�, p� � 0.0185

Putamen
Kin

app 0.0117 � 0.0019 0.0126 � 0.0019 (p � 0.29), p� � 0.29
K 0.0181 � 0.0036 0.0237 � 0.0042 (p � 0.0032), p� � 0.0074
kloss 0.0037 � 0.0015 0.0063 � 0.0029 �p � 0.043�, p� � 0.0061
Vd 5.92 � 2.70 4.29 � 1.13 �p � 0.056�, p� � 0.208

Amygdala
Kin

app 0.0038 � 0.0013 0.0027 � 0.0015 (p � 0.077), p� � 0.147
K 0.0116 � 0.0026 0.0177 � 0.0054 �p � 0.018�, p� � 0.013
kloss 0.0090 � 0.0024 0.0166 � 0.0057 �p � 0.0070�, p� � 0.0014
Vd 1.61 � 0.66 1.17 � 0.22 �p � 0.031�, p� � 0.0759

Midbrain
Kin

app 0.0033 � 0.0012 0.0030 � 0.0006 (p � 0.51) p� � 0.54
K 0.0113 � 0.0031 0.0172 � 0.0064 �p � 0.042�, p� � 0.0421
kloss 0.0087 � 0.0029 0.0150 � 0.0057 �p � 0.017�, p� � 0.0061
Vd 1.78 � 0.93 1.35 � 0.24 �p � 0.12�, p� � 0.186

Ventral striatum
Kin

app 0.0109 � 0.0024 0.0114 � 0.0018 (p � 0.57), p� � 0.50
K 0.0198 � 0.0044 0.0238 � 0.0036 (p � 0.039), p� � 0.049
kloss 0.0053 � 0.0015 0.0074 � 0.0023 (p � 0.020), p� � 0.031
Vd 4.15 � 1.68 3.41 � 0.72 �p � 0.16�, p� � 0.38

The magnitude of the net blood– brain clearance of FDOPA during 60 min (Kin
app, ml � g�1 � min�1) was calculated using the conventional method based on

Patlak linear graphical analysis (Martin et al., 1989). The intrinsic blood– brain FDOPA clearance corrected for loss of trapped metabolites (K,
ml � g�1 � min�1), the fractional rate constant for elimination of decarboxylated FDOPA metabolites during 120 min (kloss, min�1), and steady-state storage
of �18F�DOPA and its metabolites (Vd, ml/g) were calculated using the linear solution (Kumakura et al., 2006). Each estimate is the mean � SD of 15 normal
controls or eight patients with schizophrenia. p values in parentheses were calculated using Welch’s t test for the cases of different variances, whereas those
in brackets denote use of an unpaired t test. p values were also calculated using Mann–Whitney nonparametric test for differences in median, as denoted as
p�.
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indicating nearly identical blood– brain
distribution of the large neutral amino ac-
ids in the two subject groups.

Mean parametric maps of Vd in the
three horizontal planes are illustrated in
Figure 3, along with the MRI gray matter
brain template of the Montreal Neurolog-
ical Institute. The magnitude of Vd was
conspicuously lower in the extended stria-
tum of the patient group than in the con-
trol group. Linear regression analysis re-
vealed a significant negative correlation
between the positive score of PANSS and
the individual steady-state storage (Vd) in
the bilateral amygdala (Fig. 4) (r �
�0.775; p � 0.024). There were no signif-
icant correlations between the negative
PANSS scores and the kinetic estimates.

Whereas the normalized plasma
FDOPA inputs were nearly identical in the
two groups (Fig. 5A), plasma OMFD in-
puts were higher in the schizophrenia
group (Fig. 5D), apparently attributable
to relatively slow elimination of OMFD
from plasma (data not shown). Also il-
lustrated for the two populations are the
mean normalized total TACs for amyg-
dala (Fig. 5B) and after subtraction of
OMFD (Fig. 5C), as well as the mean
normalized total TACs for putamen
(Fig. 5E) and after subtraction of OMFD
(Fig. 5F ).

Discussion
Since the first PET study showing in-
creased uptake of FDOPA in striatum of
patients suffering from epilepsy with in-
terictal psychosis and in patients with
schizophrenia (Reith et al., 1994), in-
creased capacity for dopamine synthesis in
the basal ganglia of patients with schizo-
phrenia has been reported in several laboratories (Hietala et al.,
1995, 1999; Lindström et al., 1999; Meyer-Lindenberg et al., 2002;
Gefvert et al., 2003; McGowan et al., 2004). This robust finding
may be consistent with other PET studies showing elevated
psychostimulant-evoked dopamine release in the benzamide
competitive binding paradigm (Laruelle et al., 1996; Breier et al.,
1997; Abi-Dargham et al., 1998). Together, these findings lend
support to a hypothesis linking the positive symptoms of schizo-
phrenia with a functional excess of dopamine (McKenna, 1987;
Davis et al., 1991), thus supporting aspects of a dopamine model
of schizophrenia.

The interpretation of previous DOPA-decarboxylase PET
studies of schizophrenia is complicated by two main issues. First,
pharmacokinetic models have incorrectly assumed irreversible
trapping of [ 18F]fluorodopamine formed in brain during the re-
cording interval (Gjedde et al., 1991; Cumming et al., 2001).
Second, graphical analysis of unidirectional FDOPA clearance
has been applied previously to brain TACs that are incompletely
corrected for OMFD, which ultimately constitutes the majority
of radioactivity in most brain regions (Cumming and Gjedde,
1998; Leger et al., 1998). These approximations in pharmacoki-
netic analysis result in biased estimates of the rate of substrate

utilization (Kumakura et al., 2005), whereas failing to correct for
the turnover of [ 18F]fluorodopamine results in underestimation
of the true rate of FDOPA consumption in brain (Huang et al.,
1991; Kuwabara et al., 1993; Cumming and Gjedde, 1998; Cum-
ming et al., 2001; Kumakura et al., 2005). No compartmental PET
model can accommodate the entire complexity of the catechol-
amine pathway; of necessity, the [ 18F]fluorodopamine formed in
living brain is assumed in the present study to occupy a single
compartment together with its deaminated metabolites, a condi-
tion that is satisfied when an dynamic equilibrium is obtained
between these compartments (Deep et al., 1997a,b).

In the present study, we calculated the intrinsic utilization of
plasma FDOPA (K) in brain, using an accurate subtraction of
brain OMFD, and a correction for the eventual loss of [ 18F]flu-
orodopamine and its acidic metabolites. Although the magnitude
of Kin

app did not significantly differ between groups, the magni-
tude of K was elevated in caudate and putamen of the patients
with schizophrenia, indicating that FDOPA utilization in stria-
tum is inherently elevated. Furthermore, the magnitude of K was
also elevated in extrastriatal structures, i.e., amygdala and mid-
brain of the patients. Trapping of DOPA decarboxylase sub-
strates may also be associated with serotonin innervations in ex-

Figure 3. Group mean parametric maps of the total distribution volume (Vd, ml/g) of the FDOPA, representing the steady-state
storage of FDOPA together with its decarboxylated metabolites. A–I, Each map is the mean of individual Vd maps obtained from
healthy age-matched controls (n � 15) (A–C), and drug-free patients with schizophrenia (n � 8) (D–F ), after spatial transfor-
mation to the gray matter atlas in common stereotaxic coordinates (G–I ). Planes in each row are passing through caudate and
putamen (A, D, G), ventral striatum (B, E, H ), and amygdala (C, F, I ).
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trastriatal regions (Cumming et al., 1997; Brown et al., 1999).
Thus, the extrastriatal findings in the present study may in part re-
flect the composite contributions of serotonin and dopamine fibers
to FDOPA metabolism, especially, perhaps, in the amygdala.

Unlike previous FDOPA/PET studies of schizophrenia, we
also calculate the magnitude of the rate constant for the elimina-
tion of [ 18F]fluorodopamine and its deaminated metabolites
[ 18F]fluoro-DOPAC and [ 18F]fluoro-homovanillic acid (HVA)
from brain (kloss). As noted above, uncorrected loss of these acidic
metabolites from brain progressively results in the observed un-
derestimation of FDOPA utilization. The magnitude of kloss was
nearly twofold elevated in striatum, midbrain, and amygdala of
the patients relative to age-matched control subjects, whereas K
was increased only by 25–50%. The increase in kloss suggests a
primary abnormality in the storage or retention of labeled dopa-
mine within synaptic vesicles in brain of unmedicated patients
with schizophrenia; the estimated half-life of striatal [ 18F]fluoro-
dopamine was 2 h in the healthy young control group versus 1 h
in the patients. With respect to retention of decarboxylated
FDOPA metabolites in brain, the present young adult schizo-
phrenic group (mean age of 37 years) resembles the condition of
healthy elderly subjects, in whom the half-life of striatal [ 18F]flu-
orodopamine is reduced by 50% relative to healthy young control
subjects (Kumakura et al., 2006), with the important distinction that
K is significantly increased in the patients with schizophrenia.

The shapes of the mean normalized plasma FDOPA inputs are
nearly identical in the two groups (Fig. 5A), indicating that the
differences in steady-state kinetics cannot be attributed to the
precursor availability. In contrast, the mean normalized plasma
OMFD input in the patient group exceeded that in the control
group (Fig. 5D), a difference attributable to an inexplicable im-
pairment in the elimination of OMFD from plasma in the sub-
jects with schizophrenia. Thus, the more rapid washout of total
radioactivity from amygdala (Fig. 5B) and putamen (Fig. 5E) in
the patient group might plausibly be a trivial consequence of
different pharmacokinetics of plasma of OMFD. However, the
present methods are designed to isolate mathematically the brain
TACs from the contribution of plasma OMFD. After subtraction
of OMFD from the brain TACs, it is evident that the early phase of
net FDOPA clearance to amygdala (Fig. 5C) and putamen (Fig.
5F), which reflects the magnitude of K, is enhanced in the pa-
tients. Conversely, the washout phase is more rapid in the patient
group in both tissues, entirely consistent with the kinetic finding
of elevated kloss in the brain of the patients. Thus, we conclude
that the present findings of elevated [ 18F]fluorodopamine turn-
over cannot be attributed to pharmacokinetic differences in the
handling of OMFD, although PET studies with concomitant
catechol-O-methyltransferase inhibition might be required to
prove this conjecture.

Our pharmacokinetic approach uses a robust linearized equa-
tion, with three macroparameters used to calculate the magni-
tudes of Kd, kloss, and Vd. Two parameters at most can be opti-
mized simultaneously, because the third necessarily entails a
combination of the other two. In general, the propagation of
measurement error into parameter error is dependent on the
model formulation describing the relationship between the mea-
sured data and the fitted parameters. However, it has been argued
that robustness of fits can compensate for the risk of inappropri-
ate propagation of measurement error to parameter error
(Holden et al., 2002), although this risk must always be consid-
ered. Furthermore, the present inlet and outlet model, from
which the linearized equation was derived (Kumakura et al.,
2006), is substantiated by previous knowledge of the underlying

Figure 4. Linear regression analysis for correlation between the positive score of the PANSS
in patients with schizophrenia and FDOPA kinetics. There was a significant negative correlation
between the positive PANSS score and the magnitude of the steady-state storage capacity for
[ 18F]fluorodopamine (Vd) in the bilateral amygdala.

Figure 5. The mean normalized plasma FDOPA inputs (A) and mean normalized plasma
OMFD inputs (D), all scaled to an arbitrary common AUC for FDOPA. Also illustrated are the mean
normalized total TACs for amygdala (B) and after subtraction of OMFD (C), and the mean nor-
malized total TACs for putamen (E) and after subtraction of OMFD (F ). Each point represents the
mean for eight patients with schizophrenia (F) or 15 healthy control subjects (E).
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biochemistry and physiology of dopamine, which has a half-life
of close to 2 h in rodent striatum.

Parametric maps of Vd show globally decreased steady-state
storage in the patients with schizophrenia (Fig. 3). However, the
abundance of vesicular monoamine transporters (VMAT2) in
synaptic vesicles measured by [ 11C]dihydrotetrabenazine-PET
was normal in patients (Taylor et al., 2000), so the present finding
cannot be attributed to inadequate storage capacity per se, as-
suming that VMAT2 function is normal in patients with schizo-
phrenia. Indeed, important linkage to VMAT2 polymorphism
has been excluded (Persico et al., 1995). Furthermore, the activity
of monoamine oxidase is entirely normal in postmortem brain of
patients dying with schizophrenia (Crow et al., 1979). Thus, the
present findings in the patient group are likely occurring in the
presence of a biochemically normal dopamine innervation and
must consequently reflect a functional dysregulation of dopa-
mine catabolism. Most likely, the reduced Vd is an indication of
increased efflux of [ 18F]fluorodopamine from a secure vesicular
compartment, resulting in more rapid catabolism and washout.

Reduced task-related cerebral blood flow activation of the
frontal cortex correlates with increased FDOPA utilization in
striatum of patients with schizophrenia (Meyer-Lindenberg et
al., 2002), consistent with our finding of increased turnover of
[ 3H]dopamine in the striatum of rats treated with an NMDA
antagonist (Reith et al., 1998), a pharmacological treatment in-
tended to emulate loss of corticostriatal input. Abnormal dopa-
mine transmission in schizophrenia may thus reflect the cerebro-
metabolic response of a striatal dopamine innervation that is
“mis-informed” with respect to its modulation by the frontal
cortex. Indeed, dopamine has been described previously as the
“wind propagating the fire of schizophrenia” (Laruelle and Abi-
Dargham, 1999).

The present finding of increased kloss in brain of patients with
schizophrenia predicts that the turnover of endogenous dopa-
mine should likewise be elevated. Whereas the dopamine con-
centration was elevated in postmortem caudate and putamen of
patients with schizophrenia, the concentration of acidic dopa-
mine metabolites was not significantly increased (Crow et al.,
1979). The concentration of HVA may actually be decreased in
plasma and CSF of patients with schizophrenia (Davidson and
Davis, 1988; Tuckwell and Koziol, 1993). However, previous
studies have reported elevated HVA concentration in CSF of pa-
tients with schizophrenia compared with other psychiatric
groups (Bowers et al., 1969; Rimón et al., 1971) and higher in
schizophrenic patients with a family history of schizophrenia
(Sedvall and Wode-Helgodt, 1980). Furthermore, factor analysis
has revealed dispersion of cerebrospinal HVA levels between
clinical subgroups of patients (Frecska et al., 1989) and a negative
correlation between CSF HVA and the extent of atrophy of the
prefrontal cortex (Doran et al., 1987). Of course, FDOPA kinetics
cannot be extrapolated directly to predictions about the flux of
native dopamine, which is primarily determined by the activity of
tyrosine hydroxylase, the classical rate-limiting step for catechol-
amine synthesis. However, we contend that [ 18F]fluorodopam-
ine should have obtained equilibrium with native dopamine in
the present study. If so, the elevated [ 18F]fluorodopamine turn-
over in brain of the schizophrenic patients predicts increased
turnover of endogenous dopamine.

We report a significant negative correlation between steady-
state storage (Vd) in bilateral amygdala and the severity of posi-
tive PANSS scores of a group of drug-free patients. The amygdala
is a key locus for the modulation of emotional processing by
dopamine (Fudge and Emiliano, 2003; Salgado-Pineda et al.,

2005). In a recent PET study, the density of dopamine D2/3 recep-
tors was reduced in the amygdala of patients with schizophrenia
(Buchsbaum et al., 2006), which might be consistent with our
present observation of decreased Vd. Dampening by dopamine of
the inhibition of neurons in the basolateral amygdala evoked by
stimulation of the prefrontal cortex (Grace and Rosenkranz,
2002) suggests a mechanism by which elevated dopamine turn-
over in the extended amygdala might contribute to the positive
and affective symptoms of schizophrenia. In summary, the
present steady-state analysis revealed reduced storage of FDOPA
metabolites in brain, suggesting that schizophrenia may be char-
acterized by “poverty in the midst of plenty,” with respect to the
dynamics of dopamine metabolism.
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