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Background: Alterations in striatal dopamine neurotrans-
mission are central to the emergence of psychotic symp-
toms and to the mechanism of action of antipsychotics.
Although the functional integrity of the presynaptic system
can be assessed by measuring striatal dopamine synthesis
capacity (DSC), no quantitative meta-analysis is available.
Methods: Eleven striatal (caudate and putamen) [11C/18F]-
DOPA positron emission tomography studies comparing
113 patients with schizophrenia and 131 healthy controls
were included in a quantitative meta-analysis of DSC. De-
mographic, clinical, and methodological variables were
extracted from each study or obtained from the authors
and tested as covariates. Hedges’ g was used as a measure
of effect size in Comprehensive Meta-Analysis. Publication
bias was assessed with funnel plots and Egger’s intercept.
Heterogeneity was addressed with the Q statistic and I2 in-
dex. Results: Patients and controls were well matched in
sociodemographic variables (P > .05). Quantitative evalua-
tion of publication bias was nonsignificant (P 5 .276).
Heterogeneity across study wasmodest inmagnitude and sta-
tistically nonsignificant (Q5 19.19; P5 .078; I 2 5 39.17).
Patients with schizophrenia showed increased striatal DSC
as compared with controls (Hedges’ g 5 0.867, CI 95%
from 0.594 to 1.140, Z 5 6.222, P < .001). The DSC
schizophrenia/control ratio showed a relatively homoge-
nous elevation of around 14% in schizophrenic patients
as compared with controls. DSC elevation was regionally
confirmed in both caudate and putamen. Controlling for po-
tential confounders such as age, illness duration, gender, psy-
chotic symptoms, and exposure to antipsychotics had no
impact on the results. Sensitivity analysis confirmed robust-
ness of meta-analytic findings. Conclusions: The present
meta-analysis showed consistently increased striatal DSC
in schizophrenia, with a 14% elevation in patients as com-
pared with healthy controls.
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Introduction

While it is now generally accepted that schizophrenia is
a neurodevelopmental disorder whose initial pathophys-
iology begins long before the initial clinical manifesta-
tion,1 consensus is building that the emergence of the
psychotic symptoms reflect a final common pathway
that remains of central clinical relevance.2 Subcortical
and striatal hyperdopaminergia are fundamental to the
emergence of these psychotic symptoms and to the mech-
anism of action of antipsychotics.2 A number of striatal
structural and functional alterations in established
schizophrenia3 and in subjects4 at risk for the disease sup-
ports this finding. Over the past 15 years, neurochemical
imaging techniques have enabled to characterize the
striatal dopaminergic alterations separately at the pre-
synaptic and postsynaptic levels.5 It is also possible to in-
vestigate both the functional and the structural integrity
of the presynaptic dopamine (DA) neurotransmission in
schizophrenia, by adopting different molecular imaging
approaches. In the companion study6 published in this
issue, we showed no structural abnormalities in the
number of dopaminergic neurons or the density of the
synaptic connections they make in striatum of patients
with schizophrenia. We complete here the previous anal-
ysis by assessing the compound functional state of
presynaptic dopaminergic neurotransmission, investigat-
ing functional alterations in amount or regulation of DA
released, bound and taken up into the synapse, or both
(dopamine synthesis capacity [DSC] see below).
Early studies addressing the functional integrity of

striatal presynaptic neurotransmission have employed
radiotracers whose receptor binding is sensitive to endog-
enous DA levels. They found that the baseline levels of
striatal synaptic DA and the DA release in response to
amphetamine are increased in patients with schizophre-
nia.7 Moreover, the magnitude of that increase was re-
lated to the severity of amphetamine-induced psychotic
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symptoms and the response to subsequent antipsychotic
treatment. Availability of new radiotracers such as car-
bon [11C] and [18F]-DOPA has allowed researchers to
use another functional index of presynaptic DA neuro-
transmission, the DSC. The molecular regulation of
DSC is detailed in figure 1. DA cannot enter the brain
to an appreciable degree because it is a polar molecule
and the blood-brain barrier does not contain carriers
for DA. The blood-brain barrier and brain cells do con-
tain carrier systems for amino acids, and one of these is
able to transport the L-DOPA. Because the amino acid
transporter and aromatic amino acid decarboxylase
(AAADC) also recognize radiolabeled analogs of L-
DOPA, a 11C label can be introduced in the b-carbon

atom as in the case of [b-11C]-L-DOPA and a 18F label
can be introduced as in the case of [18F]-L-DOPA.
Thus, in the case of [18F]-DOPA positron emission to-
mography (PET), once entering striatum, [18F]-DOPA
is decarboxylated by AAADC, yielding [18F]-fluorodop-
amine, which is retained for a time withinDA vesicles and
ultimately decomposed (figure 1). DSC can be computed
with a number of different kinetic approaches reflecting
all of the above pathways.
Several [11C] and [18F]-DOPA studies in schizo-

phrenia have been published to date8; however, the
results are contrasting including both significant7, 9–15

and inconclusive16–18 outcomes. Potential confounding
factors that could contribute to these conflicting results

Fig. 1.Molecularbasisofpresynapticdopamine (DA) regulation.Themajorityof circulatingL-tyrosine (Tyr)originates fromdietary sources,
but small amounts are derived fromhydroxylation of phenylalanine by the liver. Blood-borne Tyr is taken up into the brain by a low-affinity
amino acid transport systemand subsequently frombrain extracellular fluid intodopaminergic neuronsbyhigh- and low-affinity amino acid
transporters. In the presynaptic dopaminergic neuron, Tyr is converted to L-3,4-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine
hydroxylase (TH). TH does so using tetrahydrobiopterin (bh4) and dihydrobiopterin (bh2) as coenzymes and dihydrobiopterin reductase
(DDR)withNADPþ/NADH.THisa rate-limiting enzyme inDAsynthesis and is inhibitedby itsownsubstrate.DAcannot enter thebrain to
an appreciable degree but the blood-brain barrier contains the large (L)-type amino acid transporter (L-AAT), which is able to transport the
DA precursor, L-DOPA, and its radiolabelled analogs. Subsequently, DOPA decarboxylase or aromatic amino acid decarboxylase
(AAADC) converts L-DOPA to DA (3) using pyridoxal phosphate (PP). DA is then transported and concentrated from the cytoplasm to
specialized storage vesicles by the vesicularmonoamine transporter (VMAT).MostDAispackaged invesicles fromwhich it is releasedon the
arrival of action potentials. This process relies on the activity of anATP-dependent vesicular proton pump (Hþ-ATPase) usingATP formed
during oxidative phosphorylation (Ox Phos) at local mitochondria. Synaptic DA release is regulated by tonic activity and bursts by a large
number of receptors and second messengers at the level of the dendrites. The secretory response at the neuronal terminal is regulated by the
complex interplay of DA autoreceptors (D2) and heterosynaptic receptors (metabotropic glutamate, mGlu; nicotinic and muscarinic
acetylcholine, nAChandmAChR;GABAandopiate,K). Their secondmessengersmodulate different pathways andultimately the voltage-
gated Caþþ channels, affecting the targeting of the vescicles to the active zone of the presynaptic membrane, docking, fusion, release of the
vescicular content, retrieval by endocytosis, and refilling with the neurotransmitter. After release, DA is rapidly taken up by dopamine
transporters (DAT) on the terminal regulating extracellular dopamine homeostasis. Cytosolic DA is catabolized by monoamine oxidase
(MAO) and aldehyde dehydrogenase (AD) to 3,4-dihydroxyphenylacetaldehyde (DOPAL), which is exported from the neuron and
methylated by catecholaminemethyl transferase (COMT) to homovanillic acid (HVA). ExtracellularDAcatabolism is regulated byCOMT,
whichwith extraneuronalMAOandADproduce againHVA.The overall dopamine synthesis capacity (DSC) reflects the complex interplay
of the above synthesis, storage, release, and reuptake processes.

P. Fusar-Poli & A. Meyer-Lindenberg

2

could be different imaging methods across centers, socio-
demographic and clinical characteristics of the samples
and exposure to medications. In addition, the magnitude
of striatal DSC in schizophrenia has yet to be consistently
measured across different studies. Although some
reviews have addressed presynaptic DA functioning in
schizophrenia,8,19,20 no quantitative meta-analysis has
ever measured the [11C/18F]-DOPA striatal abnormalities
in schizophrenia controlling for the modulating effect of
potential confounders. In the present article, we sought to
address these issues, focusing on [11C/18F]-DOPA PET
investigations of striatum in schizophrenia. Our first
aim was to examine the evidence for a consistent func-
tional alteration of striatal presynapticDAneurotransmis-
sion in schizophrenia.We then estimated the magnitude of
putative differences in synthesis capacity between patients
with schizophrenia and matched controls. Finally, we
assessed the potential confounding role played by a num-
ber of moderators such as sociodemographic characteris-
tics of the sample, illness duration, severity of psychotic
symptoms, and exposure to antipsychotics.

Methods

Selection Procedures

Search Strategies. A systematic search strategy was
used to identify relevant studies. Two independent
researchers conducted a 2-step literature search. First,
we carried out a PubMed, Science Direct, and Scopus
search to identify putative [11C/18F]-DOPA studies in
subjects affected with schizophrenia. The search was con-
ducted inMarch 2011, and no time span was specified for
date of publication. We combined the following search
terms: ‘‘fluoro-dopa,’’ ‘‘carbon-dopa,’’ ‘‘psychosis,’’
‘‘schizophrenia,’’ ‘‘PET.’’ In a second step, the reference
lists of the articles included in the review were manually
checked for relevant studies not identified by computer-
ized literature searching. Next, the corresponding
authors were contacted by e-mail requesting any detail
not included in the original manuscripts. There was no
language restriction, though all included articles were
in English.

Selection Criteria. Studies were included according to
the following criteria: (a) being an original article in
a peer-reviewed journal, (b) having enrolled a group of
subjects affected with Diagnostic and Statistical Manual
of Mental Disorders (DSM)/or International Classification
of Diseases schizophrenia and a matched control group (c)
having analyzed the 2 groups with [18F] or [11C]-DOPA
PET, and (d) having reported the mean (SD) for striatal
DSC in both groups. In cases of 2 or more studies from
the same center, we have carefully checked for overlapping
samples by contacting the authors to verify there was not
a significant overlap in the samples.

RecordedVariables. The recorded variables for each ar-
ticle included in the meta-analysis were disease stage (first
episode and chronic), illness duration, gender (propor-
tion of females), mean age of participants, striatal areas
analyzed, exposure to antipsychotics (proportion of drug
naive subjects), type of radiotracer, severity of psychotic
symptoms, and modeling approach. Results are reported
in tables to assist the reader in forming an independent
view on the core findings (see online supplementary
diagram 1).

Quality Assessment. We used a simple objective rating
system21 that coded studies on a scale of 0–10, assigning
2 points each for sampling method, presence of clearly
stated inclusion criteria, sociodemographic diversity,
and response assessment. Studies that did not report
these methodological issues received lower scores. To
achieve a high standard of reporting, we adopted the
MOOSE22 approach of broadly including studies and us-
ing sensitivity analysis to determine incremental effects of
lower quality studies.

Molecular Imaging of DSC

A molecular imaging summary of DSC detailing the dif-
ferent kinetic approaches employed across each study is
available as online supplementary material. The molecu-
lar regulation of DSC is detailed in figure 1.

Statistical Analysis. Data were then entered in an elec-
tronic database and analyzed with a meta-analytical ap-
proach by using ComprehensiveMeta-Analysis Software
version 2 (Biostat, Inc.).23 This package employs the
same computational algorithms used by the Cochrane
Collaborators to weight studies. The primary outcome
was the striatal DSC in the patient and in the control
group. As a measure of effect size, the Hedges’ g was
adopted, in order to correct for bias from small sample
sizes.24 This metric is normally computed by using the
square root of the mean square error from the ANOVA
testing for differences between the 2 groups, as indicated
by the formula:

g =M1�M2=Spooled;

where

S =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX �MÞ2=ðN � 1Þ

q

and

Spooled =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSwithin

p
;

where X is the raw score, M is the mean, and N is the
number of cases.24

In a secondary step, we conducted additional meta-
analyses to regionally address DSC in the caudate and
putamen. Finally, we tested the potential confounding
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and the blood-brain barrier does not contain carriers
for DA. The blood-brain barrier and brain cells do con-
tain carrier systems for amino acids, and one of these is
able to transport the L-DOPA. Because the amino acid
transporter and aromatic amino acid decarboxylase
(AAADC) also recognize radiolabeled analogs of L-
DOPA, a 11C label can be introduced in the b-carbon

atom as in the case of [b-11C]-L-DOPA and a 18F label
can be introduced as in the case of [18F]-L-DOPA.
Thus, in the case of [18F]-DOPA positron emission to-
mography (PET), once entering striatum, [18F]-DOPA
is decarboxylated by AAADC, yielding [18F]-fluorodop-
amine, which is retained for a time withinDA vesicles and
ultimately decomposed (figure 1). DSC can be computed
with a number of different kinetic approaches reflecting
all of the above pathways.
Several [11C] and [18F]-DOPA studies in schizo-

phrenia have been published to date8; however, the
results are contrasting including both significant7, 9–15

and inconclusive16–18 outcomes. Potential confounding
factors that could contribute to these conflicting results
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transporters. In the presynaptic dopaminergic neuron, Tyr is converted to L-3,4-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine
hydroxylase (TH). TH does so using tetrahydrobiopterin (bh4) and dihydrobiopterin (bh2) as coenzymes and dihydrobiopterin reductase
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(AAADC) converts L-DOPA to DA (3) using pyridoxal phosphate (PP). DA is then transported and concentrated from the cytoplasm to
specialized storage vesicles by the vesicularmonoamine transporter (VMAT).MostDAispackaged invesicles fromwhich it is releasedon the
arrival of action potentials. This process relies on the activity of anATP-dependent vesicular proton pump (Hþ-ATPase) usingATP formed
during oxidative phosphorylation (Ox Phos) at local mitochondria. Synaptic DA release is regulated by tonic activity and bursts by a large
number of receptors and second messengers at the level of the dendrites. The secretory response at the neuronal terminal is regulated by the
complex interplay of DA autoreceptors (D2) and heterosynaptic receptors (metabotropic glutamate, mGlu; nicotinic and muscarinic
acetylcholine, nAChandmAChR;GABAandopiate,K). Their secondmessengersmodulate different pathways andultimately the voltage-
gated Caþþ channels, affecting the targeting of the vescicles to the active zone of the presynaptic membrane, docking, fusion, release of the
vescicular content, retrieval by endocytosis, and refilling with the neurotransmitter. After release, DA is rapidly taken up by dopamine
transporters (DAT) on the terminal regulating extracellular dopamine homeostasis. Cytosolic DA is catabolized by monoamine oxidase
(MAO) and aldehyde dehydrogenase (AD) to 3,4-dihydroxyphenylacetaldehyde (DOPAL), which is exported from the neuron and
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could be different imaging methods across centers, socio-
demographic and clinical characteristics of the samples
and exposure to medications. In addition, the magnitude
of striatal DSC in schizophrenia has yet to be consistently
measured across different studies. Although some
reviews have addressed presynaptic DA functioning in
schizophrenia,8,19,20 no quantitative meta-analysis has
ever measured the [11C/18F]-DOPA striatal abnormalities
in schizophrenia controlling for the modulating effect of
potential confounders. In the present article, we sought to
address these issues, focusing on [11C/18F]-DOPA PET
investigations of striatum in schizophrenia. Our first
aim was to examine the evidence for a consistent func-
tional alteration of striatal presynapticDAneurotransmis-
sion in schizophrenia.We then estimated the magnitude of
putative differences in synthesis capacity between patients
with schizophrenia and matched controls. Finally, we
assessed the potential confounding role played by a num-
ber of moderators such as sociodemographic characteris-
tics of the sample, illness duration, severity of psychotic
symptoms, and exposure to antipsychotics.

Methods

Selection Procedures

Search Strategies. A systematic search strategy was
used to identify relevant studies. Two independent
researchers conducted a 2-step literature search. First,
we carried out a PubMed, Science Direct, and Scopus
search to identify putative [11C/18F]-DOPA studies in
subjects affected with schizophrenia. The search was con-
ducted inMarch 2011, and no time span was specified for
date of publication. We combined the following search
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‘‘schizophrenia,’’ ‘‘PET.’’ In a second step, the reference
lists of the articles included in the review were manually
checked for relevant studies not identified by computer-
ized literature searching. Next, the corresponding
authors were contacted by e-mail requesting any detail
not included in the original manuscripts. There was no
language restriction, though all included articles were
in English.

Selection Criteria. Studies were included according to
the following criteria: (a) being an original article in
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of Mental Disorders (DSM)/or International Classification
of Diseases schizophrenia and a matched control group (c)
having analyzed the 2 groups with [18F] or [11C]-DOPA
PET, and (d) having reported the mean (SD) for striatal
DSC in both groups. In cases of 2 or more studies from
the same center, we have carefully checked for overlapping
samples by contacting the authors to verify there was not
a significant overlap in the samples.

RecordedVariables. The recorded variables for each ar-
ticle included in the meta-analysis were disease stage (first
episode and chronic), illness duration, gender (propor-
tion of females), mean age of participants, striatal areas
analyzed, exposure to antipsychotics (proportion of drug
naive subjects), type of radiotracer, severity of psychotic
symptoms, and modeling approach. Results are reported
in tables to assist the reader in forming an independent
view on the core findings (see online supplementary
diagram 1).

Quality Assessment. We used a simple objective rating
system21 that coded studies on a scale of 0–10, assigning
2 points each for sampling method, presence of clearly
stated inclusion criteria, sociodemographic diversity,
and response assessment. Studies that did not report
these methodological issues received lower scores. To
achieve a high standard of reporting, we adopted the
MOOSE22 approach of broadly including studies and us-
ing sensitivity analysis to determine incremental effects of
lower quality studies.
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A molecular imaging summary of DSC detailing the dif-
ferent kinetic approaches employed across each study is
available as online supplementary material. The molecu-
lar regulation of DSC is detailed in figure 1.

Statistical Analysis. Data were then entered in an elec-
tronic database and analyzed with a meta-analytical ap-
proach by using ComprehensiveMeta-Analysis Software
version 2 (Biostat, Inc.).23 This package employs the
same computational algorithms used by the Cochrane
Collaborators to weight studies. The primary outcome
was the striatal DSC in the patient and in the control
group. As a measure of effect size, the Hedges’ g was
adopted, in order to correct for bias from small sample
sizes.24 This metric is normally computed by using the
square root of the mean square error from the ANOVA
testing for differences between the 2 groups, as indicated
by the formula:
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effect of moderators on the meta-analytical estimates:
year of publication, age of participants, severity of psy-
chotic symptoms (as measured with the Positive andNeg-
ative Syndrome Scale [PANSS]), gender (proportion of
females), duration of illness (months), type of radiotracer
(18F/11C), modeling approach (see online supplementary
materials), and exposure to antipsychotics (proportion of
drug naive subjects). The influence of continuous moder-
ators was tested using meta-regression analyses. The
slope of meta-regression (b-coefficient: direct [þ] or in-
verse [�]) of the regression line indicated the strength
of a relationship between moderator and outcome. To
limit risk of false positive (type I) errors arising frommul-
tiple comparisons, we adjusted P< .05 by dividing awith
the number of meta-regressions.

Heterogeneity among study point estimates was
assessed with theQ statistic with magnitude of heterogene-
ity being evaluated with the I2 index. In general, random-
effects models are more conservative than fixed-effect
models and argued to better address heterogeneity (even
at trend level as in the present study) between studies
and study populations, allowing for greater flexibility in
parsing effect size variability.Moreover, they are less influ-
enced by extreme variations in sample size. The possibility
of publication bias was examined by visually inspecting
funnel plots and applying the regression intercept of Egger
et al.25 In this way, we assessed whether there was a ten-
dency for selective publication of studies based on the na-
ture and direction of their results. In addition, we used the
fail-safe procedure,26 to generate a number of unpublished
studies that would be needed to move estimates to a non-

significant threshold. To assess the robustness of the
results, we performed sensitivity analyses by sequentially
removing each study and rerunning the analysis. We
also conducted a separate analysis excluding studies
with quality ratings in the lowest third to determine if
potential methodological weaknesses influenced meta-
analytic estimates.

Results

Studies Found and Sample Characteristics

Eleven studies published between 1994 and 2011 met in-
clusion criteria (see online supplementary diagram 1).
The overall database contained 113 subjects with schizo-
phrenia (mean age 35.1 y, 24% females) and 131 controls
(mean age 33.6 y, 25% females). Duration of illness
ranged from few months to several years. Patients and
controls were well matched with respect to age, gender,
and IQ (allP> .05).Most studies have assessed psychotic
positive and negative symptoms by using the
PANSS.7,10,11,14,16,18,27 Although some of them have
assessed potential correlations betweenDSC and psycho-
pathology, only 2 of them uncovered significant positive
correlations between striatal DSC and psychotic symp-
toms.7,27 One study employed the Comprehensive Assess-
ment of Symptoms and history12 uncovering no
significant correlation with symptoms. The remaining
studies did not report any psychopathological assess-
ment.13,15,17 The sociodemographic details of the whole
sample are presented in table 1.

Table 1. Striatal [18F]-/[11C]-DOPA Studies Included in the Meta-Analysis

Author Year Radiotracer
Illness
Stage

Illness
Duration
(mo)

Schizophrenia Controls

Treatment DSC SCZ/CN Females Age N Females Age

Reith et al11 1994 [18F]-DOPA C 168 5 0 38 13 4 36 4DN,1DF 1.20 (sig)

Dao-Castellana et al16 1997 [18F]-DOPA C 72 6 0 26 7 0 25 2DN, 4DF 1.05 (ns)

Hietala et al27 1999 [18F]-DOPA FEP 49 10 6 30 13 5 30 DN 1.18 (sig)

Lindstrom et al13 1999 [11C]-DOPA FEP, C 252 12 2 31 10 2 ? 10DN, 2DF 1.16 (sig)

Elkashef et al17 2000 [18F]-DOPA C 204 19 4 36 13 5 35 9DF, 10T 1.00 (ns)

Meyer-Lindenberg et al15 2002 [18F]-DOPA C ? 5 1 35 6 1 34 DF 1.19 (sig)

McGowan et al12 2004 [18F]-DOPA C 132 16 0 38 12 0 40 T 1.15 (sig)

Kumakura et al10 2007 [18F]-DOPA C ? 8 0 37 15 0 37 3DN,5DF 1.40 (sig)a

Nozaki et al14 2009 [11C]-DOPA FEP, C 26 18 8 36 20 10 36 14DN, 4DF 1.14 (sig)

Howes et al7 2009 [18F]-DOPA C ? 7 3 36 12 4 24 3DN, 4DF 1.11 (sig)

Shotbolt et al18 2011 [18F]-DOPA Cb ? 7 3 43 10 5 39 T 1.02 (ns)

Note: C, chronic schizophrenia; FEP, first-episode schizophrenia; DN, drug naive; DF, drug free; T, treated with antipsychotics; DSC
SCZ/C, striatal dopamine synthesis capacity ratio (schizophrenia/controls); sig, significant difference between patients and controls; ns,
nonsignificant result.
aA post hoc reanalysis employing a different kinetic model is provided as online supplementary materials.
bTwin study.
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Tests for Heterogeneity

According to the criteria set by Higgins and Thompson,
the heterogeneity in published studies was modest in
magnitude and statistically nonsignificant (Q = 19.19;
P = .078; I2 = 39.17).

Tests for Publication Bias

Visual inspection of funnel plots revealed no evidence of
publication bias. Additionally, quantitative evaluation of
publication bias, as measured by the Egger intercept, was
nonsignificant (P = .276). Finally, the fail-safe procedure
determined that 115 unpublished studies would be
needed to bring the overall meta-analytic estimate to
a nonsignificant threshold.

DSC in Striatum

Three of 11 studies reported no significant differences
between DSC of the schizophrenic group and controls
(P > .05, see table 1). However, the meta-analysis of
the whole database provided strong statistical evidence
for a significant difference between the 2 groups. Striatal
DSC was higher in subjects with schizophrenia as
compared with controls (Hedges’ g = 0.867, CI 95%
from 0.594 to 1.140, Z = 6.222, P < .001, figure 2). The
DSC schizophrenia/control ratio ranged from 1 to 1.40,
with an average increase of 14% in schizophrenic patients
as compared with controls.

DSC in Caudate and Putamen

Meta-analysis of studies investigating the caudate con-
firmed an increased DSC in the patient group (Hedges’
g = 0.569, CI 95% from 0.176 to 0.961, Z = 2.839, P =
.005). Similarly, DSC was increased in the putamen of
schizophrenics as compared with controls (Hedges’ g =
0.643, CI 95% from 0.098 to 1.189, Z = 2.311, P = .021).

Effect of Moderators

The type of radiotracer (18F/11C) did not influence the
meta-analytical results (Q = 3.8100, P = .701). The
meta-regressions revealed no significant effects for the ex-
amined moderators (year of publication b = .008, CI 95%
from �0.041 to 0.059, Z = 0.349, P = .727; age of partic-
ipants b = .006, CI 95% from �0.059 to 0.071, Z = 0.181,
P = .856; duration of illness b = �.001, CI 95% from
�0.004 to 0.003, Z = �0.337, P = .736; psychotic symp-
toms b = .004 CI 95% from �0.031 to 0.023, Z = �.274,
P = .783; exposure to antipsychotics b = .239, CI 95%
from �0.457 to 0.934, Z = 0.674, P = .501, figure 3;
and gender of patients b = �.813, CI 95% from
�2.345 to 0.719, Z = �1.039, P = .299) on the findings
reported above here. No effect for modeling approach
was detected (see online supplementary material).

Sensitivity Analyses

Robustness of themeta-analytic findings was examined by
sequentially removing each study and reanalyzing the
remaining data set (producing a new analysis for each
study removed). No study affected the overall meta-
analytic estimate more than 5%. Removing studies with
quality ratings in the lowest 30% influenced the meta-
analytic estimate by 9% (Hedges’ g = 0.787, P < .05).
The pattern of differences across the subanalyses remained
essentially unchanged in direction and magnitude.

Discussion

Ourmeta-analysis for striatal [11C/18F]-DOPAPET stud-
ies in schizophrenia found strong evidence supporting an
overall increase (on average 14%) in striatal DSC in
schizophrenia as compared with controls. This result
was regionally evident both in the putamen and in the
caudate. Age of subjects, gender, year of publication, du-
ration of illness, psychotic symptoms, or exposure to

Fig.2.Meta-analysisofstriataldopaminesynthesiscapacity(DSC)inschizophreniaemployingrandomeffectmodels (test forheterogeneityQ5
19.19; P 5 .078; I2 5 39.17). Positive values of Hedges’ g indicate greater DSC in patients as compared with controls.
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effect of moderators on the meta-analytical estimates:
year of publication, age of participants, severity of psy-
chotic symptoms (as measured with the Positive andNeg-
ative Syndrome Scale [PANSS]), gender (proportion of
females), duration of illness (months), type of radiotracer
(18F/11C), modeling approach (see online supplementary
materials), and exposure to antipsychotics (proportion of
drug naive subjects). The influence of continuous moder-
ators was tested using meta-regression analyses. The
slope of meta-regression (b-coefficient: direct [þ] or in-
verse [�]) of the regression line indicated the strength
of a relationship between moderator and outcome. To
limit risk of false positive (type I) errors arising frommul-
tiple comparisons, we adjusted P< .05 by dividing awith
the number of meta-regressions.

Heterogeneity among study point estimates was
assessed with theQ statistic with magnitude of heterogene-
ity being evaluated with the I2 index. In general, random-
effects models are more conservative than fixed-effect
models and argued to better address heterogeneity (even
at trend level as in the present study) between studies
and study populations, allowing for greater flexibility in
parsing effect size variability.Moreover, they are less influ-
enced by extreme variations in sample size. The possibility
of publication bias was examined by visually inspecting
funnel plots and applying the regression intercept of Egger
et al.25 In this way, we assessed whether there was a ten-
dency for selective publication of studies based on the na-
ture and direction of their results. In addition, we used the
fail-safe procedure,26 to generate a number of unpublished
studies that would be needed to move estimates to a non-

significant threshold. To assess the robustness of the
results, we performed sensitivity analyses by sequentially
removing each study and rerunning the analysis. We
also conducted a separate analysis excluding studies
with quality ratings in the lowest third to determine if
potential methodological weaknesses influenced meta-
analytic estimates.

Results

Studies Found and Sample Characteristics

Eleven studies published between 1994 and 2011 met in-
clusion criteria (see online supplementary diagram 1).
The overall database contained 113 subjects with schizo-
phrenia (mean age 35.1 y, 24% females) and 131 controls
(mean age 33.6 y, 25% females). Duration of illness
ranged from few months to several years. Patients and
controls were well matched with respect to age, gender,
and IQ (allP> .05).Most studies have assessed psychotic
positive and negative symptoms by using the
PANSS.7,10,11,14,16,18,27 Although some of them have
assessed potential correlations betweenDSC and psycho-
pathology, only 2 of them uncovered significant positive
correlations between striatal DSC and psychotic symp-
toms.7,27 One study employed the Comprehensive Assess-
ment of Symptoms and history12 uncovering no
significant correlation with symptoms. The remaining
studies did not report any psychopathological assess-
ment.13,15,17 The sociodemographic details of the whole
sample are presented in table 1.

Table 1. Striatal [18F]-/[11C]-DOPA Studies Included in the Meta-Analysis

Author Year Radiotracer
Illness
Stage

Illness
Duration
(mo)

Schizophrenia Controls

Treatment DSC SCZ/CN Females Age N Females Age
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Dao-Castellana et al16 1997 [18F]-DOPA C 72 6 0 26 7 0 25 2DN, 4DF 1.05 (ns)

Hietala et al27 1999 [18F]-DOPA FEP 49 10 6 30 13 5 30 DN 1.18 (sig)

Lindstrom et al13 1999 [11C]-DOPA FEP, C 252 12 2 31 10 2 ? 10DN, 2DF 1.16 (sig)

Elkashef et al17 2000 [18F]-DOPA C 204 19 4 36 13 5 35 9DF, 10T 1.00 (ns)

Meyer-Lindenberg et al15 2002 [18F]-DOPA C ? 5 1 35 6 1 34 DF 1.19 (sig)

McGowan et al12 2004 [18F]-DOPA C 132 16 0 38 12 0 40 T 1.15 (sig)

Kumakura et al10 2007 [18F]-DOPA C ? 8 0 37 15 0 37 3DN,5DF 1.40 (sig)a

Nozaki et al14 2009 [11C]-DOPA FEP, C 26 18 8 36 20 10 36 14DN, 4DF 1.14 (sig)

Howes et al7 2009 [18F]-DOPA C ? 7 3 36 12 4 24 3DN, 4DF 1.11 (sig)

Shotbolt et al18 2011 [18F]-DOPA Cb ? 7 3 43 10 5 39 T 1.02 (ns)

Note: C, chronic schizophrenia; FEP, first-episode schizophrenia; DN, drug naive; DF, drug free; T, treated with antipsychotics; DSC
SCZ/C, striatal dopamine synthesis capacity ratio (schizophrenia/controls); sig, significant difference between patients and controls; ns,
nonsignificant result.
aA post hoc reanalysis employing a different kinetic model is provided as online supplementary materials.
bTwin study.
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Tests for Heterogeneity

According to the criteria set by Higgins and Thompson,
the heterogeneity in published studies was modest in
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P = .078; I2 = 39.17).

Tests for Publication Bias
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publication bias, as measured by the Egger intercept, was
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the whole database provided strong statistical evidence
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compared with controls (Hedges’ g = 0.867, CI 95%
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P = .856; duration of illness b = �.001, CI 95% from
�0.004 to 0.003, Z = �0.337, P = .736; psychotic symp-
toms b = .004 CI 95% from �0.031 to 0.023, Z = �.274,
P = .783; exposure to antipsychotics b = .239, CI 95%
from �0.457 to 0.934, Z = 0.674, P = .501, figure 3;
and gender of patients b = �.813, CI 95% from
�2.345 to 0.719, Z = �1.039, P = .299) on the findings
reported above here. No effect for modeling approach
was detected (see online supplementary material).

Sensitivity Analyses

Robustness of themeta-analytic findings was examined by
sequentially removing each study and reanalyzing the
remaining data set (producing a new analysis for each
study removed). No study affected the overall meta-
analytic estimate more than 5%. Removing studies with
quality ratings in the lowest 30% influenced the meta-
analytic estimate by 9% (Hedges’ g = 0.787, P < .05).
The pattern of differences across the subanalyses remained
essentially unchanged in direction and magnitude.

Discussion

Ourmeta-analysis for striatal [11C/18F]-DOPAPET stud-
ies in schizophrenia found strong evidence supporting an
overall increase (on average 14%) in striatal DSC in
schizophrenia as compared with controls. This result
was regionally evident both in the putamen and in the
caudate. Age of subjects, gender, year of publication, du-
ration of illness, psychotic symptoms, or exposure to

Fig.2.Meta-analysisofstriataldopaminesynthesiscapacity(DSC)inschizophreniaemployingrandomeffectmodels (test forheterogeneityQ5
19.19; P 5 .078; I2 5 39.17). Positive values of Hedges’ g indicate greater DSC in patients as compared with controls.
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medication did not influence DSC, and there was no
evidence for publication bias.

The present meta-analysis tested the hypothesis that
striatal hyperdopaminergia in schizophrenia is accompa-
nied by functional alterations of presynaptic integrity.
We identified 13 [11C/18F]-DOPA PET studies of striatal
DSC comparing patients with schizophrenia and con-
trols. We found statistical evidence that elevation in
DSC represents a reliable and consistent neurobiological
marker of manifest schizophrenia. On average, schizo-
phrenia was associated with an increase of 14% in
DSC as compared with controls. As the Q statistic was
modest in magnitude and not statistically significant,
there was sufficient homogeneity between the results
of the different studies. We therefore present formal
meta-analytic support for increased striatal presynaptic
DSC as one of the most widely replicated brain dopami-
nergic abnormalities in schizophrenia. Our result is
consistent with the studies of amphetamine-induced dis-
placement of DA D2 receptor radioligands28 indicating
that there are increased levels of striatal DSC in schizo-
phrenia. The results of the present study are of particular
interest when they are interpreted in the light of the neg-
ative findings of our companion meta-analysis, which
suggested no structural alterations of DA neurotransmis-
sion.6 A change in the integrity of presynaptic DS termi-
nals is thus unlikely to contribute to the pathogenesis,
course, or treatment of schizophrenia. With the present
meta-analysis available, we conclude that altered presyn-
aptic DA neurotransmission in schizophrenic patients
likely reflects a true difference in functional status rather
than an epiphenomenon of structural- or treatment-
related changes. Our result is also in line with studies
employing other indexes of striatal functional integrity
such as DA release, which can be indirectly measured
by assessing changes in binding of D2 radiotracers after

pharmacological manipulation with DA releasing or de-
pleting agents. Most of these studies confirm altered DA
neurotransmission in schizophrenia.8

Striatal presynaptic hyperdopaminergia is of crucial rel-
evance for understanding the symptoms of psychosis in the
light of the crucial role played by the striatum in cognition3

and salience.29 Because the striatum and the prefrontal
cortex are anatomically interconnected and prefrontal
dysfunction is linked to cognitive symptoms of schizophre-
nia, corticostriatal pathways are critical in the generation
of cognitive symptoms in schizophrenia, which may be
mediated by DA. In fact, there is evidence supporting
a strong correlation between DSC in striatum of healthy
volunteers and performance of cognitive tasks linked to
the prefrontal cortex.30 Other studies have confirmed a sig-
nificant relationship between striatal DSC and prefrontal
cortex activation in subjects with established schizophre-
nia15 or in subjects experiencing prodromal symptoms
for psychosis.31 In addition to executive cognition, the
signaling of salience and reward is also dependent on mid-
brain DA neurons projecting to the ventral striatum and
dorsolateral prefrontal cortex. Functional neuroimaging
studies show that the abnormal engagement of striatum
is associated with altered reward response in schizophre-
nia.32 Despite this convergent evidence for a strong link
between prefrontal cortex alterations and striatal DA
abnormalities, the direction of this relationship is still un-
known andmay operate in both directions. The prefrontal
cortex projects directly to the striatum and to the cell bod-
ies of the midbrain DA neurons that project to the stria-
tum.33 Prefrontal cortical lesions in experimental animals
result in elevated striatal DA function, and prefrontal ac-
tivity is correlated with midbrain DA function in human
volunteers.15 Activity in DA terminals within the striatum
may thus be controlled by prefrontal cortex, and it has
been proposed that these serve as a ‘‘brake’’ on the striatal

Fig. 3. Meta-regression of antipsychotic exposure (proportion % of drug naive subjects) on striatal dopamine synthesis capacity point
estimates (Hedges’ g). Circle size reflects theweight a study obtained in themeta-regression.Note that excluding the potential outliers did not
affect statistical significance (P > .05).
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DA system.34 A primary dysfunction of prefrontal cortex,
or of it’s glutamatergic efferents, could thus lead to in-
creased striatal dopaminergic function15 and the develop-
ment of the positive and cognitive symptoms of manifest
schizophrenia. This account agrees with the concept of
schizophrenia as a neurodevelopmental disorder and the
observation that both candidate35 and genome-wide sig-
nificant36 risk genes for the disorder have been observed
to impact on prefrontal cortex connectivity. On the other
hand, there are also indirect projections to prefrontal cor-
tex from the striatum via the thalamus.37 Animal studies
indicate that experimentally elevated striatal dopaminergic
function leads to impaired behavioral flexibility and cog-
nitive functioning and reduced DA turnover and DA re-
ceptor levels in prefrontal cortex.38 This suggests that
striatal hyperdopaminergia can have downstream effects
in prefrontal cortex and impair neurocognitive function
in schizoprenia.3 In summary, therefore, pathways to
DAabnormality exist inwhich striatal hyperdopaminergia
is primary or secondary, for example as a consequence
of prefrontal dysfunction, and further work is necessary
to define which of these routes are common in the
prepsychotic stage of the illness.
Since antipsychotics are effective and used clinically in

nonschizophrenic psychosis, for example in bipolar disor-
der, major depression, or delirium, progress in defining
a specific role of striatal DA for schizophrenia can be
made by comparing PET findings across these nosological
categories. Striatal presynaptic hyperdopaminergia seems
indeed to be somewhat specific to schizophrenia as DSC is
not elevated in patients with affective illnesses although
this distinction merits further study, in particular in
patients without schizophrenia, which are and are not psy-
chotic. A [18F]-DOPA PET study in subjects with acute
mania found no significant differences in the striatal
DSC, which was numerically lower for the patients
than that for the comparison subjects.39 Another study
of change in D2 receptor availability after amphetamine
challenge in euthymic bipolar disorder patients failed to
demonstrate enhanced DA release.40 Similarly, DSC
was lower in unipolar depressed patients as compared
with controls.41 In addition, no significant correlations be-
tween striatal DSC and acute symptoms were observed in
subjects experiencing affective psychoses.42 Conversely, in
schizophrenia, greater elevation in striatal DSC has been
found to be associated with greater symptom severity.27

We uncovered no significant association between DSC
and severity of psychotic symptoms, although this may
be the consequence of limited statistical power of the
meta-regression analysis. However, all the studies included
in the present meta-analysis where patients were acutely
psychotic at the time of the scanning, there was a signifi-
cant increased level of striatal DSC, in agreement with the
hypothesis linking striatal hyperdopaminergia to positive
symptoms. Conversely, studies in patients who were not
acutely psychotic have reported no difference from con-

trols or even a reduction in synthesis capacity.16,17 Inter-
estingly, the few catatonic subjects tested in some of the
included studies showed DSC that were by far the lowest
of any of the schizophrenic subjects and were also lower
than controls, with values comparable in magnitude to
those measured in Parkinson disease. Although this is con-
sistent with a number of parallel features in the catatonic
syndrome and neurological extrapyramidal disorders, sug-
gesting that the catatonic subtype of schizophrenia might
be associated with abnormally low levels of DA, more
patients need to be studied to substantiate this finding.
The finding of increased striatal synthesis capacity is

also of potential practical interest to preventive interven-
tions in psychosis. In fact, one study has demonstrated
that DA synthesis is already increased in patients with
prodromal symptoms of schizophrenia, prior to the onset
of frank psychosis.7 Identification of early neurobiolog-
ical markers of an impending psychosis (see reviews of
structural43,44 and functional45,46 markers of psychosis)
may increase the low predictive value of available diag-
nostic instruments. These are currently based on psycho-
pathological assessment of ‘‘attenuated’’ psychotic
symptoms that are present below the threshold of full
psychosis, brief and self-limiting psychotic symptoms,
or a significant decrease in functioning in the context
of a genetic risk for schizophrenia as well as early subjec-
tive disturbances of cognitive processes and the percep-
tion of the self and the world.1 However, despite the
growing interest in the field—which has lead to the pro-
posal to include the psychosis risk syndrome as a new di-
agnosis in the coming DSM-547— the predictive validity
of current prodromal criteria is low.1 The finding of in-
creased DSC in subjects at clinical risk for psychosis
could therefore be used as a neurobiological marker of
an impending risk of psychosis. In support of this
idea, the striatal DSC was positively related to the sever-
ity of psychotic symptoms,27 irrespective of whether the
rating was of symptoms associated with the risk or
schizophrenia.7 However, before such a proposal could
enter clinical practice, it is imperative to clarify the posi-
tion of striatal hyperdopaminergia in the natural course
of the illness. Currently, it is not clear whether the in-
creased striatal DSC is specific to true prodromal subjects
(who will later develop psychosis) as opposite to subjects
who are at high risk but will not become psychotic. Some
studies have begun to address the question of where in the
risk architecture of schizophrenia striatal hyperdopami-
nergia comes into play, suggesting progressive DA
increases with the onset of overt psychosis.48 However,
a study using [18F]-DOPA PET in nonpsychotic first-
degree relatives of patients with schizophrenia4 found
an elevation of striatal DSC as compared with healthy
controls. Because the majority of the nonpsychotic rela-
tives had passed the highest risk age of schizophrenia,
and the overall risk in this population is around 10%,
a later conversion to psychosis was unlikely in a relevant
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medication did not influence DSC, and there was no
evidence for publication bias.

The present meta-analysis tested the hypothesis that
striatal hyperdopaminergia in schizophrenia is accompa-
nied by functional alterations of presynaptic integrity.
We identified 13 [11C/18F]-DOPA PET studies of striatal
DSC comparing patients with schizophrenia and con-
trols. We found statistical evidence that elevation in
DSC represents a reliable and consistent neurobiological
marker of manifest schizophrenia. On average, schizo-
phrenia was associated with an increase of 14% in
DSC as compared with controls. As the Q statistic was
modest in magnitude and not statistically significant,
there was sufficient homogeneity between the results
of the different studies. We therefore present formal
meta-analytic support for increased striatal presynaptic
DSC as one of the most widely replicated brain dopami-
nergic abnormalities in schizophrenia. Our result is
consistent with the studies of amphetamine-induced dis-
placement of DA D2 receptor radioligands28 indicating
that there are increased levels of striatal DSC in schizo-
phrenia. The results of the present study are of particular
interest when they are interpreted in the light of the neg-
ative findings of our companion meta-analysis, which
suggested no structural alterations of DA neurotransmis-
sion.6 A change in the integrity of presynaptic DS termi-
nals is thus unlikely to contribute to the pathogenesis,
course, or treatment of schizophrenia. With the present
meta-analysis available, we conclude that altered presyn-
aptic DA neurotransmission in schizophrenic patients
likely reflects a true difference in functional status rather
than an epiphenomenon of structural- or treatment-
related changes. Our result is also in line with studies
employing other indexes of striatal functional integrity
such as DA release, which can be indirectly measured
by assessing changes in binding of D2 radiotracers after

pharmacological manipulation with DA releasing or de-
pleting agents. Most of these studies confirm altered DA
neurotransmission in schizophrenia.8

Striatal presynaptic hyperdopaminergia is of crucial rel-
evance for understanding the symptoms of psychosis in the
light of the crucial role played by the striatum in cognition3

and salience.29 Because the striatum and the prefrontal
cortex are anatomically interconnected and prefrontal
dysfunction is linked to cognitive symptoms of schizophre-
nia, corticostriatal pathways are critical in the generation
of cognitive symptoms in schizophrenia, which may be
mediated by DA. In fact, there is evidence supporting
a strong correlation between DSC in striatum of healthy
volunteers and performance of cognitive tasks linked to
the prefrontal cortex.30 Other studies have confirmed a sig-
nificant relationship between striatal DSC and prefrontal
cortex activation in subjects with established schizophre-
nia15 or in subjects experiencing prodromal symptoms
for psychosis.31 In addition to executive cognition, the
signaling of salience and reward is also dependent on mid-
brain DA neurons projecting to the ventral striatum and
dorsolateral prefrontal cortex. Functional neuroimaging
studies show that the abnormal engagement of striatum
is associated with altered reward response in schizophre-
nia.32 Despite this convergent evidence for a strong link
between prefrontal cortex alterations and striatal DA
abnormalities, the direction of this relationship is still un-
known andmay operate in both directions. The prefrontal
cortex projects directly to the striatum and to the cell bod-
ies of the midbrain DA neurons that project to the stria-
tum.33 Prefrontal cortical lesions in experimental animals
result in elevated striatal DA function, and prefrontal ac-
tivity is correlated with midbrain DA function in human
volunteers.15 Activity in DA terminals within the striatum
may thus be controlled by prefrontal cortex, and it has
been proposed that these serve as a ‘‘brake’’ on the striatal

Fig. 3. Meta-regression of antipsychotic exposure (proportion % of drug naive subjects) on striatal dopamine synthesis capacity point
estimates (Hedges’ g). Circle size reflects theweight a study obtained in themeta-regression.Note that excluding the potential outliers did not
affect statistical significance (P > .05).
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DA system.34 A primary dysfunction of prefrontal cortex,
or of it’s glutamatergic efferents, could thus lead to in-
creased striatal dopaminergic function15 and the develop-
ment of the positive and cognitive symptoms of manifest
schizophrenia. This account agrees with the concept of
schizophrenia as a neurodevelopmental disorder and the
observation that both candidate35 and genome-wide sig-
nificant36 risk genes for the disorder have been observed
to impact on prefrontal cortex connectivity. On the other
hand, there are also indirect projections to prefrontal cor-
tex from the striatum via the thalamus.37 Animal studies
indicate that experimentally elevated striatal dopaminergic
function leads to impaired behavioral flexibility and cog-
nitive functioning and reduced DA turnover and DA re-
ceptor levels in prefrontal cortex.38 This suggests that
striatal hyperdopaminergia can have downstream effects
in prefrontal cortex and impair neurocognitive function
in schizoprenia.3 In summary, therefore, pathways to
DAabnormality exist inwhich striatal hyperdopaminergia
is primary or secondary, for example as a consequence
of prefrontal dysfunction, and further work is necessary
to define which of these routes are common in the
prepsychotic stage of the illness.
Since antipsychotics are effective and used clinically in

nonschizophrenic psychosis, for example in bipolar disor-
der, major depression, or delirium, progress in defining
a specific role of striatal DA for schizophrenia can be
made by comparing PET findings across these nosological
categories. Striatal presynaptic hyperdopaminergia seems
indeed to be somewhat specific to schizophrenia as DSC is
not elevated in patients with affective illnesses although
this distinction merits further study, in particular in
patients without schizophrenia, which are and are not psy-
chotic. A [18F]-DOPA PET study in subjects with acute
mania found no significant differences in the striatal
DSC, which was numerically lower for the patients
than that for the comparison subjects.39 Another study
of change in D2 receptor availability after amphetamine
challenge in euthymic bipolar disorder patients failed to
demonstrate enhanced DA release.40 Similarly, DSC
was lower in unipolar depressed patients as compared
with controls.41 In addition, no significant correlations be-
tween striatal DSC and acute symptoms were observed in
subjects experiencing affective psychoses.42 Conversely, in
schizophrenia, greater elevation in striatal DSC has been
found to be associated with greater symptom severity.27

We uncovered no significant association between DSC
and severity of psychotic symptoms, although this may
be the consequence of limited statistical power of the
meta-regression analysis. However, all the studies included
in the present meta-analysis where patients were acutely
psychotic at the time of the scanning, there was a signifi-
cant increased level of striatal DSC, in agreement with the
hypothesis linking striatal hyperdopaminergia to positive
symptoms. Conversely, studies in patients who were not
acutely psychotic have reported no difference from con-

trols or even a reduction in synthesis capacity.16,17 Inter-
estingly, the few catatonic subjects tested in some of the
included studies showed DSC that were by far the lowest
of any of the schizophrenic subjects and were also lower
than controls, with values comparable in magnitude to
those measured in Parkinson disease. Although this is con-
sistent with a number of parallel features in the catatonic
syndrome and neurological extrapyramidal disorders, sug-
gesting that the catatonic subtype of schizophrenia might
be associated with abnormally low levels of DA, more
patients need to be studied to substantiate this finding.
The finding of increased striatal synthesis capacity is

also of potential practical interest to preventive interven-
tions in psychosis. In fact, one study has demonstrated
that DA synthesis is already increased in patients with
prodromal symptoms of schizophrenia, prior to the onset
of frank psychosis.7 Identification of early neurobiolog-
ical markers of an impending psychosis (see reviews of
structural43,44 and functional45,46 markers of psychosis)
may increase the low predictive value of available diag-
nostic instruments. These are currently based on psycho-
pathological assessment of ‘‘attenuated’’ psychotic
symptoms that are present below the threshold of full
psychosis, brief and self-limiting psychotic symptoms,
or a significant decrease in functioning in the context
of a genetic risk for schizophrenia as well as early subjec-
tive disturbances of cognitive processes and the percep-
tion of the self and the world.1 However, despite the
growing interest in the field—which has lead to the pro-
posal to include the psychosis risk syndrome as a new di-
agnosis in the coming DSM-547— the predictive validity
of current prodromal criteria is low.1 The finding of in-
creased DSC in subjects at clinical risk for psychosis
could therefore be used as a neurobiological marker of
an impending risk of psychosis. In support of this
idea, the striatal DSC was positively related to the sever-
ity of psychotic symptoms,27 irrespective of whether the
rating was of symptoms associated with the risk or
schizophrenia.7 However, before such a proposal could
enter clinical practice, it is imperative to clarify the posi-
tion of striatal hyperdopaminergia in the natural course
of the illness. Currently, it is not clear whether the in-
creased striatal DSC is specific to true prodromal subjects
(who will later develop psychosis) as opposite to subjects
who are at high risk but will not become psychotic. Some
studies have begun to address the question of where in the
risk architecture of schizophrenia striatal hyperdopami-
nergia comes into play, suggesting progressive DA
increases with the onset of overt psychosis.48 However,
a study using [18F]-DOPA PET in nonpsychotic first-
degree relatives of patients with schizophrenia4 found
an elevation of striatal DSC as compared with healthy
controls. Because the majority of the nonpsychotic rela-
tives had passed the highest risk age of schizophrenia,
and the overall risk in this population is around 10%,
a later conversion to psychosis was unlikely in a relevant
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proportion of this sample. Thus, this study indicates
a link to genetically mediated psychosis vulnerability in-
dependent of current psychotic symptoms. However,
a more recent study in cotwins of patients affected
with schizophrenia showed contrasting findings indicat-
ing striatal DSC is not elevated in symptom-free individ-
uals at genetic risk of schizophrenia.18 Secondly, 2 studies
have suggested a role for environmental risk factors for
the illness because striatal DA release in individuals with
low maternal care49 and in subjects with schizophrenia-
associated personality characteristics50 was stronger than
in controls. Here again, the majority of these subjects are
not clinically expected to develop overt psychosis, sug-
gesting that altogether increased striatal dopaminergic
neurotransmission is better seen as a neural mediator
of psychosis vulnerability than as an indicator of
a true prodromal state.

Of course, it still remains possible that elevated striatal
DA synthesis may represent both a trait and state marker
of schizophrenia. In other words, vulnerability to psycho-
sis, through genetic or environmental factors or their inter-
action, could be associated with increased striatal synthesis
capacity, while transition to psychosis may be associated
with a further increase of presynaptic DA. There is in
fact evidence that magnitude of DA increase in subjects
at clinical of psychosis is less severe than that observed dur-
ing a first episode of illness9 and that transition to psycho-
sis is associated with progressive increase ofDSC.48 Future
longitudinal studies in large cohorts of subjects at clinical
risk for psychosis, and studies reaching back farther into
early adolescence in at-risk populations, are needed to de-
finitively clarify the state or trait-like characteristics of such
alterations. If quantitative thresholds for striatalDSCneed
to be established for the development of intervention strat-
egies, our finding of a consistent and relatively homoge-
nous elevation of around 14% in manifest disease
should serve as a useful baseline. Additionally, longitudi-
nal and well-powered studies are also required around
relapses of psychosis to better characterize the state-related
changes in striatal DSC.

We uncovered no significant moderator factors. Year
of publication did not affect the sensitivity of the PET
analyses, and this was further confirmed by the lack of
significant publication bias in current literature. There
was no effect of participant’s age, in line with previous
results of studies using [18F]-DOPA measuring age-
related changes in DSC and reporting no age effect.51 Fi-
nally, there was no effect of exposure to antipsychotics on
DSC. This result seems surprising as it is usually thought
that antipsychotic medicationsmodulate DAneurotrans-
mission. Recent structural imaging studies also found sig-
nificant modulation of subcortical gray matter volumes
by antipsychotic treatment.52,53 The effect of antipsy-
chotic on the DSC has been investigated in different stud-
ies with evidence indicating a biphasic effect of
medications. One study found a significant decrease in

DSC after 5 weeks administration of haloperidol.54

Two studies found no change in DSC after a single
dose of risperidone.55,56 Another study uncovered a sig-
nificant increase in putamenDSC following 3 days of hal-
operidol.57 Unluckily, we did not have enough statistical
power to contrast subgroups of studies with acute and
chronic antipsychotic exposure. However, as elevation
of striatal DSC was observed in different groups of sub-
jects antipsychotic-naive (untreated first-episode sub-
jects,9,27 individual at clinical risk for psychosis,9

relatives of patients affected with schizophrenia4), it
does not seem to be primarily due to antipsychotic treat-
ment. However, the lack of significant moderators may
be also the consequence of limited statistical power in
the meta-regression analyses. Additional limitations
of the study relates to the heterogeneous radiotracers
employed with variable sensitivity, kinetic, and imaging
parameters which may account for the unexplained
heterogeneity across studies. Furthermore, a more
complex network of interactions implicating
neurotransmitters other than DA may significantly
affect the kinetic of the radioligands.

Conclusions

The present meta-analysis showed consistently increased
striatal DSC in schizophrenia, with a 14% elevation in
patients as compared with healthy controls. Taken to-
gether with the companion study,6 we suggest striatal
hyperdopaminergia in schizophrenia is accompanied by
alterations of presynaptic functional rather than struc-
tural integrity. Further clarification of the role of striatal
DA in the risk architecture of the illness, in particular in
its prepsychotic stage, may have practical relevance for
intervention strategies and treatment development.
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proportion of this sample. Thus, this study indicates
a link to genetically mediated psychosis vulnerability in-
dependent of current psychotic symptoms. However,
a more recent study in cotwins of patients affected
with schizophrenia showed contrasting findings indicat-
ing striatal DSC is not elevated in symptom-free individ-
uals at genetic risk of schizophrenia.18 Secondly, 2 studies
have suggested a role for environmental risk factors for
the illness because striatal DA release in individuals with
low maternal care49 and in subjects with schizophrenia-
associated personality characteristics50 was stronger than
in controls. Here again, the majority of these subjects are
not clinically expected to develop overt psychosis, sug-
gesting that altogether increased striatal dopaminergic
neurotransmission is better seen as a neural mediator
of psychosis vulnerability than as an indicator of
a true prodromal state.

Of course, it still remains possible that elevated striatal
DA synthesis may represent both a trait and state marker
of schizophrenia. In other words, vulnerability to psycho-
sis, through genetic or environmental factors or their inter-
action, could be associated with increased striatal synthesis
capacity, while transition to psychosis may be associated
with a further increase of presynaptic DA. There is in
fact evidence that magnitude of DA increase in subjects
at clinical of psychosis is less severe than that observed dur-
ing a first episode of illness9 and that transition to psycho-
sis is associated with progressive increase ofDSC.48 Future
longitudinal studies in large cohorts of subjects at clinical
risk for psychosis, and studies reaching back farther into
early adolescence in at-risk populations, are needed to de-
finitively clarify the state or trait-like characteristics of such
alterations. If quantitative thresholds for striatalDSCneed
to be established for the development of intervention strat-
egies, our finding of a consistent and relatively homoge-
nous elevation of around 14% in manifest disease
should serve as a useful baseline. Additionally, longitudi-
nal and well-powered studies are also required around
relapses of psychosis to better characterize the state-related
changes in striatal DSC.

We uncovered no significant moderator factors. Year
of publication did not affect the sensitivity of the PET
analyses, and this was further confirmed by the lack of
significant publication bias in current literature. There
was no effect of participant’s age, in line with previous
results of studies using [18F]-DOPA measuring age-
related changes in DSC and reporting no age effect.51 Fi-
nally, there was no effect of exposure to antipsychotics on
DSC. This result seems surprising as it is usually thought
that antipsychotic medicationsmodulate DAneurotrans-
mission. Recent structural imaging studies also found sig-
nificant modulation of subcortical gray matter volumes
by antipsychotic treatment.52,53 The effect of antipsy-
chotic on the DSC has been investigated in different stud-
ies with evidence indicating a biphasic effect of
medications. One study found a significant decrease in

DSC after 5 weeks administration of haloperidol.54

Two studies found no change in DSC after a single
dose of risperidone.55,56 Another study uncovered a sig-
nificant increase in putamenDSC following 3 days of hal-
operidol.57 Unluckily, we did not have enough statistical
power to contrast subgroups of studies with acute and
chronic antipsychotic exposure. However, as elevation
of striatal DSC was observed in different groups of sub-
jects antipsychotic-naive (untreated first-episode sub-
jects,9,27 individual at clinical risk for psychosis,9

relatives of patients affected with schizophrenia4), it
does not seem to be primarily due to antipsychotic treat-
ment. However, the lack of significant moderators may
be also the consequence of limited statistical power in
the meta-regression analyses. Additional limitations
of the study relates to the heterogeneous radiotracers
employed with variable sensitivity, kinetic, and imaging
parameters which may account for the unexplained
heterogeneity across studies. Furthermore, a more
complex network of interactions implicating
neurotransmitters other than DA may significantly
affect the kinetic of the radioligands.

Conclusions

The present meta-analysis showed consistently increased
striatal DSC in schizophrenia, with a 14% elevation in
patients as compared with healthy controls. Taken to-
gether with the companion study,6 we suggest striatal
hyperdopaminergia in schizophrenia is accompanied by
alterations of presynaptic functional rather than struc-
tural integrity. Further clarification of the role of striatal
DA in the risk architecture of the illness, in particular in
its prepsychotic stage, may have practical relevance for
intervention strategies and treatment development.
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