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fluctuations, and a significant clinical effect over placebo has
been reported (Davidson et al. 2007; Kane et al. 2007;
Kramer et al. 2007).

Although the term ‘limbic selectivity” has been attributed
to second-generation antipsychotics based upon regional
differences of dopamine D, receptor occupancy between
the striatum and extrastriatal regions (Bigliani et al. 2000;
Bressan et al. 2003a,b; Grunder et al. 2006; Kessler et al.
2006; Pilowsky et al. 1997; Stephenson et al. 2000; Xiberas
et al. 2001), inconsistent results have been reported (Agid et
al. 2007; Kessler et al. 2005; Talvik et al. 2001; Yasuno et
al. 2001). There are no data in the literature concerning
dopamine D, receptor occupancy in the striatum and
extrastriatal regions by paliperidone.

In this study, we investigated the degree of dopamine D,
receptor occupancy over a wide dose range of paliperidone
ER (315 mg) and also compared the striatal and extrastriatal
dopamine D, receptor occupancy in patients with schizo-
phrenia using positron emission tomography (PET).

Materials and methods
Subjects and study protocol

Thirteen male patients (age range, 2240 years; mean * SD,
29.4+5.4 year) diagnosed with schizophrenia, according to
the Diagnostic and Statistical Manual of Mental Disorders
Fourth Edition criteria, participated in the study (Table 1).
This study was conducted as part of an open-label phase 11

trial of paliperidone ER in Japan (JNSOO7ER-JPN-S2i;
Janssen Pharmaceutical K.K.). After complete explanation
of the study, written informed consent was obtained from
all patients. Exclusion criteria were current or past
substance abuse, organic brain disease, epilepsy, or diabetes
mellitus. Subjects with severe liver or renal dysfunction,
prolonged QTc interval, and treatment with electroconvul-
sive therapy within 90 days before screening were also
excluded. The inclusion criteria were less than 120 of the
positive and negative symptom scale (PANSS) score at
screening and patients well controlled by only one oral
antipsychotic drug during the 4 weeks before the study.
Administration of paliperidone ER started on the day after
the last administration of the previous drug. The paliper-
idone ER dose was 3 mg/day in six patients, 9 mg/day in
four patients, and 15 mg/day in three patients, given once a
day after breakfast for 6 weeks at the same dosage. Clinical
symptoms were assessed with PANSS before and 6 weeks
after the start of treatment with paliperidone ER. Occur-
rence of extrapyramidal symptoms (EPS) was assessed by
clinical observations without using the standard rating
scale. After 2 to 6 weeks, two PET scans per patient were
done on the same day, one with [''Clraclopride for striatal
dopamine D, receptor occupancy and one with [''C]JFLB
457 for extrastriatal dopamine D, receptor occupancy. The
reason for the use of different radioligands was that [''C]
raclopride is suitable only for a high-density region such as
the striatum, and [''CJFLB 457 is suitable for a low-density
extrastriatal region, but its affinity is too high for a high-
density region (Ito et al. 1999; Okubo et al. 1999). This

Table 1 Characteristics of the patients, positive and negative symptom scale (PANSS), dopamine D, receptor occupancy, plasma concentration of

paliperidone ER, and EPS

Patient Age Duration of illness  PANSS Dose  [''Clraclopride [""CJFLB 457 EPS
number (year) (year) —————— (mg/
Before  After day) Plasma Receptor Plasma Receptor

concentration  occupancy  concentration  occupancy

(ng/mi) (%) (ng/ml) (%)
1 28 7.9 59 55 3 7.04 54.2 7.44 589 -
2 21 22 36 34 3 7.78 58.4 7.5 345 -
3 28 5.5 49 46 3 6.32 55.1 6.62 533 -
4 35 13 68 67 3 8.33 66.7 8.84 63.0 -
5 22 0.2 77 73 3 12.8 56.2 12.3 375 -
6 28 8.1 70 61 3 9.9 56.8 10.2 71.1 -
7 7.9 99 96 9 21.4 71.4 20.6 78.7 -
8 79 60 56 9 57 81.8 51.9 64.6 -
9 25 7.8 43 42 9 271 721 232 74.1 -
10 39 5.4 79 71 9 59.9 84.3 65.2 87.3 +
11 28 0.2 55 38 15 48.2 85.5 43.6 79.6 +
12 33 12.3 65 65 15 14.5 73.7 13.4 74.3 +
13 31 6.9 58 56 15 542 82.1 51.7 79.1 -
mean 29 6.6 62.9 58.5
SD 54 39 16.5 16.8
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study was approved by the Ethics and Radiation Safety
Committee of the National Institute of Radiological
Sciences, Chiba, Japan.

PET procedure

A PET scanner system, ECAT EXACT HR + (CTI-Sie-
mens, Knoxville, TN, USA), was used to measure regional
brain radioactivity. To minimize head movement, a head
fixation device (Fixter, Stockholm, Sweden) was used. A
transmission scan for attenuation correction was performed
using a *3Ge-%8Ga source before each scan. Dynamic PET
scanning was performed for 60 min after intravenous bolus
injection of 214.3-260.0 MBq of [''Clraclopride. The
specific radioactivity of [''Clraclopride was 118.7-
294.2 GBg/umol (mean £ SD, 201.9+45.2 GBg/umol).
One hour after the end of the [''Clraclopride PET
measurement, dynamic PET scanning was performed for
80 min after intravenous bolus injection of 218.0-
237.4 MBq of [''C]JFLB 457. The specific radioactivity of
[''CIJFLB 457 was 104.7-418.6 GBq/umol (mean + SD,
299.3+112.2 GBg/umol). Magnetic resonance (MR)
images of the brain were acquired with 1.5 T MR imaging,
Gyroscan NT (Philips Medical Systems, Best, The Nether-
lands). T;-weighted MR images at l-mm slices were
obtained. Venous blood samples were obtained immediately
before tracer injection for each PET scan to measure the
plasma concentration of paliperidone.

Data analysis

All emission scans were reconstructed with a Hanning filter
cut-off frequency of 0.4. Regions of interest (ROIs) were
defined for the striatum ([''Clraclopride), temporal cortex
(["'CJFLB 457), and cerebellum ([''Clraclopride and [''C]
FLB 457). The ROIs were drawn manually on the summated
PET images with reference to the individual MR images.
The average values of right and left ROIs were used for the
analysis. Dopamine D, receptor binding was quantified
using a three-parameter simplified reference tissue model
(Ito et al. 2001; Lammertsma and Hume 1996). The
cerebellum was used as the reference tissue given its
negligible density of dopamine D, receptors (Suhara et al.
1999). This model allows the estimation of binding potential
(BPnp), which was defined as fiyp X Bna/Ky, Where A is
the free fraction of ligand in the nondisplaceable tissue
compartment, B, is the receptor density, and Ky is the
dissociation constant (Innis et al. 2007).

The dopamine D, receptor occupancy by paliperidone was
estimated using the following equation: occupancy(%) =
(BPyase = BPanig)/BPuase * 100, where BPyqs. is the BPyp in
the drug-free state, and BPg, is the BPyp afier administra-
tion of paliperidone (Takano et al. 2004; Takano et al. 2006a,

b; Yasuno et al. 2001). In this study, the mean BPyp in age-
matched normal male subjects (»=13; age range 2240 years;
mean + SD, 29.2+5.5 years) was used as BPpas, as BPyp in
the striatum measured with [''Clraclopride or in the temporal
cortex measured with [''CJFLB 457 in patients with
schizophrenia is not significantly different from that in the
norma! control (Farde et al. 1990; Suhara et al. 2002; Talvik
et al. 2003). The PET procedure and data analysis for the
BPyp estimation of normal subjects were the same as those
for the patients. The relationship between the dose or plasma
concentration of paliperidone and dopamine D, receptor
occupancy is described by the following equation: occupan-
cy(%) = C/C + EDsg) x 100, where C is the dose or plasma
concentration of paliperidone, and EDsq is the dose or
plasma concentration required to induce 50% occupancy
(Nyberg et al. 1999; Takano et al. 2004; Takano et al. 2006a,
b; Yasuno et al. 2001). In this study, maximum occupancy
was fixed at 100%, the same as previous occupancy studies
of risperidone (Nyberg et al. 1999; Yasuno et al. 2001).

Measurement of plasma concentration of paliperidone

Blood samples were collected in heparinized tubes and
centrifuged for 10 min at 3,000 rpm. Separated plasma
samples were stored at —20°C. Plasma concentrations of
paliperidone were determined using a validated liquid
chromatography coupled to mass spectrometry/mass spec-
trometry (LC-MS/MS) method with a target lower limit of
quantification of 0.10 ng/m! (Johnson & Johnson Pharmaceu-
tical Research and Development L. L. C., Beerse, Belgium).

Statistical analysis

Correlations between dose or plasma concentration of
paliperidone and dopamine D> receptor occupancy in the
striatum and temporal cortex were assessed. Correlations
between striatal occupancy and age or duration of illness
were also assessed. Paired ¢ tests were performed to compare
(1) dopamine D, receptor occupancies between the striatum
and temporal cortex and (2) plasma concentrations of
paliperidone between the two PET scans, with [''Craclopr-
ide and ['!CJFLB 457, in each individual subject. In all tests,
a p value<(0.05 was considered statistically significant.

Results

The dopamine D, receptor occupancy in the striatum
measured with [''CJraclopride was 54.2 to 85.5% (Table 1).
Mean dopamine D, receptor occupancies in the striatum
were 57.9+4.5% at 3 mg/day, 77.4+£6.6% at 9 mg/day, and
80.4+6.1% at 15 mg/day. EDsq in the striatum was
2.38 mg/day (r=0.86) and 6.65 ng/ml (r=0.82; Fig. 1).
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The dopamine D, receptor occupancy in the temporal
cortex measured with [''CJFLB 457 was 34.5 to 87.3%.
Mean dopamine D, receptor occupancies were 53.1+£14.5%
at 3 mg/day, 76.2+9.5% at 9 mg/day, and 77.7+3.0% at
15 mg/day in the temporal cortex. EDsy in the temporal
cortex was 2.84 mg/day (»=0.73) and 7.73 ng/ml (r=0.61;
Fig. 2). There were no significant differences in plasma
concentrations of paliperidone between the two scans (p=
0.24) and in dopamine D, receptor occupancy between the
striatam and temporal cortex at any dose (p=0.30).

There were no correlations between striatal occupancy
and age (p=0.07) or duration of illness (p=0.90).

Average PANSS scores of all patients were 62.9+16.5
before taking paliperidone ER and 58.5+16.8 after 6 weeks.
Three patients, two taking 15 mg and one 9 mg (no. 10, 11,
12), showed EPS (Table 1).

Discussion

The present study demonstrated that the EDsq of striatal
dopamine D, receptor occupancy of paliperidone ER was

Fig. 2 Relationship between
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dose (a) or plasma concentration
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2.38 mg/day and that of the temporal cortex was 2.84 mg/ -
day. Previous studies reported that the striatal EDsy of
risperidone was 1.2 mg/day (Nyberg et al. 1999) and that
the limbic-cortical EDso was 1.46 mg/day (Yasuno et al.
2001). These studies indicate that the equivalent ratio for a
daily dose between risperidone and paliperidone ER seems
to be about 1:2. The striatal and temporal EDs, values of
plasma concentration of paliperidone were 6.65 and
7.73 ng/ml, respectively, almost matching the values
previously reported for nsperidone active moiety (6.87 ng/
ml, Nyberg et al. 1999; 7.43 ng/ml, Yasuno et al. 2001) for
striatal and limbic—cortical regions, respectively. The
therapeutic dose ranges of paliperidone ER calculated from
EDsp were 5.6-9.5 mg/day and 15.5-26.6 ng/ml. In two
previous studies (Nyberg et al. 1999; Yasuno et al. 2001),
the sum of risperidone and paliperidone was regarded as
risperidone active moiety. Because paliperidone shows
almost the same affinity for dopamine D, receptor as
risperidone, the effect for dopamine D, receptor was about
the same between risperidone active moiety and paliper-
idone. This suggests that similar dopamine D, receptor
occupancy is achieved with comparable plasma concen-
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trations of paliperidone or risperidone active moiety. This
finding confirms that paliperidone is as effective in crossing
the blood-brain barrier as the active moiety of risperidone.

In the previous PET study that administered a single
dose of paliperidone ER at 6 mg to four healthy Caucasian
subjects, the striatal dopamine D, receptor occupancy
fluctuation derived was 75-78%, and EDsy was 4.4 ng/ml
(Karlsson et al., presented at WWS 2006). The differences
between the two studies may be explained by the small
number of observations and/or ethnicity. In the present
study, occupancy was measured at steady-state drug levels
(after multiple doses), whereas the previous study was
carried out after a single dose.

There were no significant differences between striatal
and extrastriatal dopamine D, receptor occupancy by
paliperidone. Although the interval between the two scans
was 2 h, the difference in plasma concentrations of
paliperidone between them was about 7%, statistically not
different as paliperidone ER tablets were made for flat
plasma concentrations at a steady state. There have been
discussions about the concept of ‘limbic selectivity,” i.e.,
low dopamine D, receptor occupancy in the striatum and
high occupancy in the extrastriatum (Pilowsky et al. 1997).
It was reported in some second-generation antipsychotics
such as clozapine (Grunder et al. 2006; Kessler et al. 2006;
Pilowsky et al. 1997; Xiberas et al. 2001), olanzapine
(Bigliani et al. 2000; Xiberas et al. 2001), amisulpiride
(Bressan et al. 2003a; Xiberas et al. 2001), and quetiapine
(Kessler et al. 2006; Stephenson et al. 2000) using ['**[]
epidepride, ["*Br]FLB 457 or ['*F]fallypride. However, no
significant difference between the striatum and extrastriatal
regions have been reported using two different ligands,
[''Clraclopride and [''C]FLB 457 (Agid et al. 2007; Talvik
et al. 2001), or one ligand, ['®F]fallypride (Kessler et al.
2005). Human dopamine D, receptor occupancy by
risperidone also showed inconsistent results. Two studies
showed higher occupancy in the temporal cortex than in the
striatum using [***I]epidepride (75% in the temporal cortex
and 50% in the striatum; Bressan et al. 2003b) and ["°Br]
FLB 457 (91.6% in the temporal cortex and 63.3% in the
striatum; Xiberas et al. 2001). On the other hand, similar
occupancy values by risperidone were reported in the
striatum (53—85%) using [''Clraclopride (Nyberg et al.
1999) and extrastriatal regions (38-80%) using [''CJFLB
457 (Yasuno et al. 2001). Because several factors such as
scanning time, ligand selection, kinetic modeling, etc. need
to be considered (Erlandsson et al. 2003; Olsson and Farde
2001), we used two different ligands to measure the
different receptor density regions with appropriate scanning
time and kinetic modeling for each ligand (Olsson and
Farde 2001). Our results indicated no significant difference
in regional occupancy (Agid et al. 2007; Kessler et al.
2005; Talvik et al. 2001; Yasuno et al. 2001). Although

extrastriatal regions are suggested to be sites for antipsy-
chotic action (Lidow et al. 1998), a recent study reported
that extrastriatal dopamine D, receptor occupancy did not
correlate with the antipsychotic effect (Agid et al. 2007).

In the present study, three patients complained of EPS.
Average striatal occupancy of these three patients was
80.8%, a level in line with that known to increase the
likelthood for EPS (Farde et al. 1992; Kapur et al. 2000;
Nordstrom et al. 1993).

Previous studies indicated that over 70% of dopamine D,
receptor occupancy is required for antipsychotic effects in
patients with schizophrenia in the acute phase (Kapur et al.
2000; Nordstrom et al. 1993). In chronic treatment,
haloperidol decanoate showed 73% occupancy at 1 week
after injection and 52% occupancy at 4 weeks (Nyberg et al.
1995). Long-acting injectable risperidone showed 25-83 or
53-79% occupancy at a steady state (Gefvert et al. 2005;
Remington et al. 2006). It is difficult to link the degree of
dopamine D, receptor occupancy to a clinical effect, as
almost all our patients (except nos. 5 and 11) had been
undergoing long-term treatment when they entered the study.
However, in all patients, these scores decreased with
treatment or remained stable (Table 1) imespective of dose.
Furthermore, in all patients, striatal dopamine D, receptor
occupancies above 50% were noted. This indicates that, for
maintenance therapy of patients with schizophrenia, over
70% dopamine D, receptor occupancy might not necessarily
be required. However, as this was an open-label study,
further studies (such as randomized controlled trials) would
be needed for an exact estimation of the threshold of
dopamine D, receptor occupancy in the treatment of chronic
patients with schizophrenia.

The half-life of paliperidone is about 28 h (data on file).
High receptor occupancy is sustained when the plasma half-
life of the treatment is long (Takano et al. 2004). Sustained
high dopamine D, receptor occupancy can be expected at
dosages of 9 or 15 mg/day of paliperidone ER. As EPS are a
frequent reason for interruption of drug treatment (Lieberman
et al. 2005), although the therapeutic dose range of
paliperidone ER calculated from EDsy was 5.6-9.5 mg/day,
for chronic treatment, lower doses might be useful, avoiding
dopamine D, receptor occupancy rates above 80%. The
estimated dopamine D, receptor occupancy at 6 mg/day of
paliperidone ER was about 72%, in a range associated with
efficacy (dopamine D, receptor occupancy above 70%) but
not above a level. associated with increased risks of
extrapyramidal side effects (dopamine D, receptor occupancy
above 80%).

To calculate the dopamine D, receptor occupancy in this
study, we used BPyp of normal control subjects as a
surrogate for BPnp in the drug-free state. Although
previous studies showed no difference in dopamine D,
receptor density in the striatum (Farde et al. 1990) or in the
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temporal cortex (Suhara et al. 2002; Talvik et al. 2003)
between the normal subjects and the patients with schizo-
phrenia, individual differences in dopamine D, receptor
density might potentially lead to an error in the estimation
of dopamine D, receptor occupancy (Farde et al. 1992). For
example, if BPy,s. changes from —13% to +15%, the range
of the present study, the calculated 50% occupancy could
be changed from 43 to 57%. The effect of a small portion of
displaceable binding in the cerebellum (Delforge et al.
2001; Hall et al. 1996) may lead to an underestimation from
50% of [''CJFLB 457 occupancy to 46% (Olsson et al.
2004). These factors may explain the differences in
dopamine D, receptor occupancy between the striatum
and temporal cortex in some patients.

Conclusions

The data from this study suggest that paliperidone ER at 6—
9 mg provides an estimated level of dopamine D, receptor
occupancy between 70-80%. The magnitude of dopamine
D, receptor occupancy is similar between the striatum and
temporal cortex.
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The central dopaminergic system is of interest in the pathophysiology of
schizophrenia and other neuropsychiatric disorders. Both pre- and
postsynaptic dopaminergic functions can be estimated by positron
emission tomography (PET) with different radiotracers. However, an
integrated database of both pre- and postsynaptic depaminergic
neurotransmission components including receptors, transporter, and
endogenous neurotransmitter synthesis has not yet been reported. In the
present study, we constructed a normal database for the pre- and
postsynaptic dopaminergic functions in the living human brain using
PET. To measure striatal and extrastriatal dopamine D, and D, receptor
bindings, dopamine transporter binding, and endogenous dopamine
synthesis rate, PET scans were performed on healthy men after intra-
venous injection of [V'C|SCH23390, {*'Clraclopride, [''CIFLB457,
['"CIPE2], or L-[B-""CIDOPA. All PET images were anatomically
standardized using SPM2, and a database was built for each radiotracer.
Gray matter images were segmented and extracted from all anatomi-
cally standardized magnetic resonance images using SPM2, and they
were used for partial volume correction. These databases allow the
comparison of regional distributions of striatal and extrastriatal
dopamtine D, and D, receptors, dopamine transporter, and endogenous
dopamine synthesis capability. These distributions were in good
agreement with those from human postmortem studies. This database
can be used in various researches to understand the physiology of
dopaminergic functions in the living human brain. This database could
also be used to investigate regional abnormalities of dopaminergic
neurotransmission in neuropsychiatric disorders.

© 2007 Elsevier Inc. All rights reserved.

Introduction

The central dopaminergic system is of major interest in the
pathophysiology of schizophrenia and other neuropsychiatric dis-
orders. Both pre- and postsynaptic dopaminergic functions can be
estimated by positron emission tomography (PET) and single-
photon emission computed tomography (SPECT) with the use of
several radiotracers. The binding of dopamine receptors represent-
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E-mail address: hito@nirs.go.jp (H. ito).
Available online on ScienceDirect (www.sciencedirect.com).

1053-8119/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2007.09.011

ing postsynaptic functions can be measured for each of D; and D>
subtypes. For measurement of dopamine D, receptor binding, [*'C]
SCH23390 (Farde et al., 1987a; Halldin et al., 1986) and [''C]
NNCI112 (Halldin et al., 1998) are widely used. To measure the
binding of striatal and extrastriatal dopamine D, receptors, which are
quite different in densities, [ CJraclopride (Farde et al., 1985; Ito et
al., 1998; Kohler et al., 1985) and ['' CIFLB457 (Halldin et al., 1995;
Ito et al., 2001; Suhara et al., 1999), respectively, are widely used.
The bindings of striatal (Farde et al., 1987b, 1990; Nordstrom et al.,
1995) and extrastriatal (Suhara et al., 2002; Yasuno et al., 2004)
dopamine D, receptors in schizophrenia have been investigated. For
estimation of the presynaptic dopaminergic function, dopamine
transporter binding is measured by [''C]B-CIT (Farde et al., 1994;
Muller et al., 1993), ['!CJPE2I (Emond et al., 1997; Hail et al.,
1999), and other radioligands. The endogenous dopamine synthesis
rate measured by 6-['*F]fluoro-L-DOPA (Gjedde, 1988; Gjedde et
al,, 1991; Huang et al., 1991) and L-[B-''CJDOPA (Hartvig et al.,
1991; Tedroff et al, 1992) can also indicate the presynaptic
dopaminergic function. Dopamine transporter binding (Laakso et
al, 2000; Laruelle et al., 2000) and the endogenous dopamine
synthesis rate (Hietala et al., 1995; Laruelle, 1998; Lindstrom et al.,
1999; Reith et al., 1994) in schizophrenia have been investigated.
An anatomic standardization technique, consisting of the
transformation of brain images of individual subjects into a standard
brain shape and size in three dimensions, allows inter-subject
averaging of PET images (Fox et al., 1988; Friston et al., 1990).
Using this technique with calculation of PET parametric images, a
database of the regional distribution of neurotransmission functions
can be constructed, and from this, group comparisons between
normal control subjects and patients on a voxel-by-voxel basis can
be performed. Previously, we built a normal database for the striatal
and extrastriatal dopamine D, receptor bindings representing the
postsynaptic dopaminergic neurotransmission components in the
living human brain (Ito et al., 1999; Okubo et al., 1999). The in vivo
regional distribution of dopamine D, receptor binding was in good
agreement with that known from in vitro studies. For presynaptic
dopaminergic function, a normal database for the endogenous
dopamine synthesis rate in the living human brain has also been
constructed with the use of 6-['*F]fluoro-L-DOPA (Nagano et al.,
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2000). However, an integrated database for both pre- and post-
synaptic dopaminergic neurotransmission components including
receptors, transporter, and endogenous neurotransmitter synthesis,
which allows to compare regional distributions between neuro-
transmission components on a same coordinate, has not been
reported. In the present study, we constructed a normal database for
pre- and postsynaptic dopaminergic neurotransmission components
in the living human brain using PET and the anatomic standardiza-
tion technique. Striatal and extrastriatal dopamine D, and D,
receptor bindings, dopamine transporter binding, and endogenous
dopamine synthesis rate were measured in healthy volunteers using
the radiotracers [''C]SCH23390, [''Clraclopride, [''C]JFLB457,
["'C]JPE2I, and L-[p-''C]DOPA.

Materials and methods
Subjects

The study was approved by the Ethics and Radiation Safety
Committees of the National Institute of Radiological Sciences,
Chiba, Japan. A total of 37 healthy men were recruited, and they
gave their written informed consent for participation in the study
(Table 1). The subjects were free of somatic, neurological or
psychiatric disorders on the basis of their medical history and
magnetic resonance (MR) imaging of the brain. They had no history
of current or previous drug abuse and had not taken dopaminergic
drugs in the past two weeks. Both PET studies with ['' CJraclopride
and [''C]JFLB457 were performed in the same subjects on the same
day. For [''C]SCH23390, [!'C]PE2I, and L-[-"'C]DOPA studies,
each subject underwent only one PET study except three subjects:
two underwent L-[3-''C]JDOPA, [''Clraclopride, and [''C]FLB457
studies; one underwent L-[p-''CJDOPA and [''C]SCH23390
studies. L-{B-''CIDOPA studies were conducted without L-DOPA
decarboxylase inhibitor premedication.

PET procedures

All PET studies were performed with a Siemens ECAT Exact
HR+ system, which provides 63 sections with an axial field of view
of 15.5 cm (Brix et al., 1997). The intrinsic spatial resolution was
4.3 mm in-plane and 4.2 mm full-width at half maximum (FWHM)
axially. With a Hanning filter (cutoff frequency: 0.4 cycle/pixel), the
reconstructed in-plane resolution was 7.5 mm FWHM. Data were
acquired in three-dimensional mode. Scatter was corrected (Watson
et al., 1996). A head fixation device with thermoplastic attachments
for individual fit minimized head movement during PET measure-
ments. A 10-min transmission scan using a ®Ge-*Ga line source

Table 1
Number of subjects per study and average age

Study Number of subjects Age (years, mean=SD)
{*'CJSCH23390 10 27.3+4.6
{*'Craclopride 10 26.9+3.9
["'CJFLB457 10 26.9+3.9
{"'CIPE21 10 24.2+3.1
L-[p-''C)DOPA 10 23.4433

All subjects are male.

[*'Clraclopride and ["'CJFLB457 PET were conducted on same subjects.
Two subjccts underwent L-[B-'' CJDOPA, [' ' Clraclopride, and [ 'C]JFLB457
studies; one underwent L-{3-''C]JDOPA and [''C]SCH23390 studies.

was performed for correction of attenuation. After intravenous rapid
bolus injection of ['' CJraclopride, [''CJFLB457, or ['' C]PE2I, data
were acquired for 90 min in a consecutive series of time frames. For
["'CISCH23390 and t-[8-'' CJDOPA studies, data were acquired for
60 and 89 min after intravenous rapid bolus injection, respectively.
The frame sequence consisted of twelve 20-s frames, sixteen 1-min
frames, ten 4-min frames, and five 6-min frames for ['' CJraclopride,
and nine 20-s frames, five 1-min frames, four 2-min frames, eleven
4-min frames, and six S-min frames for [''CJFLB457 and ['!C]
PE21. For [''C]SCH23390, the frame sequence consisted of thirty 2-
min frames. The frame sequence for L-[B-'C]JDOPA studies
consisted of seven 1-min frames, five 2-min frames, four 3-min
frames, and twelve 5-min. Injected radioactivity was 197-235 MBq,
213-239 MBq, 212-242 MBq, 197-230 MBq, and 320-402 MBq
for [''CISCH23390, {'! Clraclopride, [''CJFLB457, [''C]PE2I, and
L-[B-'!C]DOPA, respectively. Specific radioactivity was 23—
81 GBq/pmol, 133-285 GBq/pumol, 72-371 GBg/pmol, 55-
1103 GBg/umol, and 29-82 GBg/umol at the time of injection for
["'C]SCH23390, [ Craclopride, {''C)JFLB457, [''C]PE2, and L-
[B-''CIDOPA, respectively.

MR imaging procedures

All MR imaging studies were performed with a 1.5-T MR
scanner (Philips Medical Systems, Best, The Netherlands). Three-
dimensional volumetric acquisition of a2 T1-weighted gradient echo
sequence produced a gapless series of thin transverse sections (TE:
9.2 ms; TR: 21 ms; flip angle: 30° field of view: 256 mm;
acquisition matrix: 256 x 256; slice thickness: 1 mm).

Calculation of parametric images

For PET studies with [''C]SCH23390, ["'Clraclopride, [''C]
FLB457, and [''CJPE2I, binding potential (BP) was calculated by
the reference tissue model method on a voxel-by-voxel basis
(Lammertsma et al., 1996; Lammertsma and Hume, 1996). By this
method, the time-activity curve in the brain region is described by
that in the reference region with no specific binding, assuming that
both regions have the same level of nondisplaceable radioligand
binding:

Ci(t) =Ry C(t) + {ka — Ry k2 /(1 + BP)} - C.(2)
®exp{—k»-t/(1 + BP)}.

where C; is the radioactivity concentration in a brain region; C(f) is
the radioactivity concentration in the reference region. R; is the ratio
of K/Kj (K,, influx rate constant for the brain region, K7, influx rate
constant for the reference region). k; is the efflux rate constant for the
brain region, and ® denotes the convolution integral. In this
analysis, three parameters (BP, R;, and k,) were estimated by the
basis function method (Cselenyi et al., 2006; Gunn et al., 1997). The
cerebellum was used as a reference region. We used in-house written
software to calculate parametric images.

For the L-{#-''CIDOPA study, the dopamine synthesis index ()
was calculated on a voxel-by-voxel basis as follows (Dhawan et al.,
2002; Hoshi et al., 1993; Ito et al., 2007):

_ f: C,'(t)dt _
T
B Gl (e

where C; is the radioactivity concentration in a brain region, and C;/
is the radioactivity concentration in a brain region with no
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Fig. 1. Regions of intcrest drawn on all anatomically standardized images (1: cercbellum, 2: substantia nigra, 3: thalamus, 4: anterior nuclei, 5: dorsomedial
nucleus, 6: pulvinar, 7: caudate head, 8: nucleus accumbens, 9: putamen, 10: globus pallidus, 11: hippocampus, 12: parahippocampal gyrus, 13: uncus, 14:
anterior part of the cingulate gyrus, 15: posterior part of the cingulate gyrus, 16: base side of frontal cortex, 17: convexity side of frontal cortex, 18: lateral side of
temporal cortex, 19: parietal cortex, 20: cuneus of occipital cortex). Al images are transaxial sections paralle! to the anterior-posterior commissure (AC—~PC) line.
The slicc positions arc —42, —34, —22, —14, -8, 0, 4, 20, 36 and 52 mm from the AC-PC linc.

irreversible binding. The occipital cortex was used as a region with
no irreversible binding, as this region is known to have the lowest
dopamine concentration (Brown et al., 1979) and lowest aromatic L-
amino acid decarboxylase activity (Lloyd and Homykiewicz, 1972).
Integration intervals (#; to £) of 29 to 89 min, representing late
portions of the time-activity curves, were used (Ito et al., 2006b).

Dazta analysis

All MR images were coregistered to the PET images with the
statistical parametric mapping (SPM2) system (Friston et al., 1990).
MR images were transformed into the standard brain size and shape
by linear and nonlinear parameters by SPM2 (anatomic standardiza-
tion). The brain templates used in SPM2 for anatomic standardiza-
tion were T1 templates for MR images, i.e., Montreal Neurological
Institute (MNI)/International Consortium for Brain Mapping
(ICBM) 152 T1 templates as supplied with SPM2. All PET images
were also transformed into the standard brain size and shape by
using the same parameters as the MR images. Thus, brain images of
all subjects had the same anatomic format. Gray matter, white
matter, and cerebrospinal fluid images were segmented and
extracted from all anatomically standardized MR images by
applying voxel-based morphometry methods with the SPM2 system
(Ashbumer and Friston, 2000). These segmented MR images
indicate the tissue fraction of gray or white matter per voxel
(mL/mL). All anatomically standardized PET, gray matter and white
matter images were smoothed with an 8-mm FWHM isotropic
Gaussian kernel, because final spatial resolution of PET camera was
approximately 8 mm FWHM.

Regions of interest (ROIs) were drawn on all anatomically
standardized PET, gray matter and white matter images with
reference to the T1-weighted MR image (Fig. 1). ROls were defined
for the cerebellar cortex, substantia nigra with ventral tegmental

area, thalamus and its subregions (anterior nuclei, dorsomedial
nucleus, and pulvinar) (Okubo et al., 1999; Yasuno et al., 2004),
caudate head, nucleus accumbens, putamen, globus pallidus,
hippocampus, posterior part of parahippocampal gyrus, uncus
including amygdala, anterior and posterior parts of the cingulate
gyrus, base and convexity sides of frontal cortex, lateral side of
temporal cortex, parietal cortex, and cuneus of occipital cortex,

Table 2
Representative MNI coordinates in ROIs drawn on anatomically standardized
images

Region Right Left
X Y z X Y z

Cerebellum 30 -74 ~42 -30 -74 -42
Substantia nigra 6 -20 -14 -6 —20 -42
Thalamus 11 -18 4 =11 -18 4

AN 5 -12 4 -5 -12 4

DMN 8 =22 4 -8 -22 4

PUL 14 ~ -29 4 -14 -29 4
Caudate head 12 16 4 -12 16 4
Nuclcus accumbens 17 13 -8 -18 12 -8
Putamen 24 9 0 -24 7 0
Globus pallidus 19 0 0 -18 -2 0
Hippocampus 31 -12 =22 ~30 -13 -22
Parahippocampal gyrus 28 -21 =22 -28 =23 =22
Uncus 21 -3 -22 =22 -2 -22
Anterior cingulate 7 44 4 -7 45 4
Posterior cingulate 8 -47 36 -8 ~47 36
Frontal basc 35 36 0 -34 56 0
Frontal convexity 35 31 36 -36 27 36
Latcral temporal cortex 59 —-11 -22 -38 -13 =22
Parietal cortex 45 -62 36 —45 -65 36
Occipital cuncus 10 ~-81 4 -8 -81 4

AN: anterior nuclei, DMN: dorsomedial nucleus, PUL: pulvinar in the thalamus.
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['TCISCH23390 (Dopamine D, receptor)
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Fig. 2. Anatomically standardized averaged PET images obtained with [''C}SCH23390, [''Clraclopride, and [''C]FLB457. All images are transaxial sections
parallcl to the AC—~PC linc. The slice positions arc —42, —34, —22, ~ 14, -8, 0, 4, 20, 36, and 52 mm from the AC—PC linc. The anterior is at the top of the image
and the subjects’ right is at the left. Scale maximum and minimum values are 1.6 and 0 of BP for [ 'C]JSCH23390, 3.2 and 0 of BP for {''Craclopride, and 4 and 0
of BP for [''CJFLB457, respectively.

[ C]PE2I (Dopamine transporter)

['1C]DOPA (Dopamine synthesis)
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Fig. 3. Anatomically standardized averaged PET images obtained with {!'CJPE2I and L-[B-'!C]DOPA. All images are transaxial sections parallel to the AC-PC
linc. The slice positions arc —42, —34, =22, - 14, -8, 0,4, 20, 36, and 52 mm from the AC—PC line. The anterior is at the top of the image and the subjects” right
is at the left. Scale maximum and minimum values are 7 or 2 and 0 of BP for [''C]PE2I, and 1.4 or 0.6 and 0 of / for L-[3-''C]DOPA, respectively.
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considering regional distribution of dopaminergic neurotransmis-
sion system. Representative MNI coordinates in ROIs (approxima-
tions of the arithmetic center of ROIs) are given in Table 2.

To compare BP and / values between tracers for each ROI,
percentages of the putamen of BP or J were calculated for [''C]
SCH23390, [''CIPE2L, and L-[B-"'C]DOPA, because the putamen
showed highest BP and I values among all brain regions for all
tracers. Since [''CJFLB457 is not favorable for estimating striatal
BP values, the percentage of BP of the putamen in the extra-
striatal regions was calculated as the percentage of the
putaminal BP values for [!*Craclopride mediated with thalamic
BP values:

% of putamen in extrastriatal regions
__ Extrastrianm(FLB) Thalamus(Racl.)
" Putamen(Racl.)  Thalamus(FLB)

where Extrastriatum(FLB) is BP in the extrastriatal regions for
['"CJFLB457, Putamen(Racl) is BP in the putamen for [''C]
raclopride, and Thalamus(Racl.) and Thalamus(FLB) are BP in
the thalamus for [''Clraclopride and [''CJFLB457 studies,
respectively. Although [''Clraclopride binding in the extrastriatal
regions is low (Farde et al., 1988), it has been reported that the
specific binding of [''Clraclopride in the thalamus was low but
detectable (Ito et al., 1999). In these calculation, values without
the partial volume correction (see below) were used.

Partial volume correction

BP and / values are affected by the regional gray matter fraction
because of the limited spatial resolution of the PET scanner. The BP
and [ values per gray matter fraction in an RO for cerebellar and
cerebral cortical regions can be calculated as BP or I divided by the
gray matter fraction obtained from segmented MR images for each
ROI (Ito et al., 2006a).

Results

Anatomically standardized averaged images of BP and 7 are
shown in Figs. 2 and 3, respectively. The BP and 7 values of each
ROI for [''C]SCH23390, ["!Craclopride, [''C]JFLB457, [*' CIPE2L,
and i-[B-''CJDOPA are given in Table 3. Percentages of the
putamen for BP or / values of [''CJSCH23390, [!' CJFLB457, {*!C]
PE2I, and L-[B-''C]DOPA are shown in Fig. 4. In the substantia
nigra with ventral tegmental area, binding to dopamine D, receptors,
but very low binding to D, receptors, was observed. In the striatum,
greatest bindings to dopamine D;, D, receptors and transporters as
well as the highest dopamine synthesis were observed. For the
limbic regions, relatively high bindings of dopamine D, receptors
were observed in the uncus. Relatively high dopamine synthesis was
observed in the uncus and anterior part of the cingulate gyrus. For the
other neocortical regions, the highest binding to dopamine D,
receptors was observed in the temporal cortex. D; receptor binding
among the neocortical regions was uniformly observed. Binding to
dopamine transporter was very low in the neocortical regions. In the
thalamus, relatively high binding to dopamine D, receptors was
observed, but binding to D, receptors was very low.

Anatomically standardized averaged T1-weighted MR images
and averaged images of gray and white matter fractions are shown in
Fig. 5. The tissue fraction values of gray and white matter per voxel
in cerebellar and cerebral cortices are given in Table 4, and the BP
and / values with correction for the gray matter fraction in an RO are
shown in Table 5. Almost the same order of BP and / values among
cerebral cortical regions was observed between before and after the
correction for the gray matter fraction.

Discussion

A normal database for pre and postsynaptic dopaminergic
neurotransmission components, including the striatal and extra-

Table 3
Average binding potential (BP) and dopamine synthesis index (/) values
Region BP 1
["'CISCH23390 {"'Clraclopride [''CJFLB457 ["'CIPE2I L-[3-''CIDOPA
Cerebellum - - - - 0.09£0.05
Substantia nigra 0.01+0.06 0.200.07 1.72+0.26 0.82£0.12 0.330.08
Thalamus 0.08+0.06 0.38+0.05 2.80+0.40 0.29+0.08 0.12£0.07
AN 0.07+0.08 0.42+0.10 3.84+0.51 0.30+0.08 0.20£0.13
DMN 0.04£0.06 0.32+0.07 3.04+£0.52 0.20£0.09 0.11£0.08
PUL 0.09+0.07 0.38+0.06 2.24+0.41 0.21£0.09 0.12+0.09
Caudate head 1.13+0.24 2.21£0.22 6.69+£0.94 5.84+1.00 0.79+0.17
Nucleus accumbens 1.20+0.23 2.19+£0.38 6.73+1.11 4.75+£0.70 0.94+0.14
Putamen 1.39+0.24 2.84£0.30 7.97+1.15 6.22+0.90 1.20+0.16
Globus pallidus 0.83+0.23 1.80+0.25 5.57+0.91 3.38+0.72 0.74+0.13
Hippocampus 0.20+0.09 0.27£0.06 1.42+0.24 0.10:£0.05 0.16+0.09
Parahippocampal gyrus 0.18+0.10 0.25£0.05 1.30+0.22 -0.01+0.03 0.14+£0.09
Uncus 0.17+0.07 0.26=0.05 1.84+0.26 0.09+0.06 0.19+0.07
Anterior cingulate 0.34%0.11 0.31+0.07 0.93+0.16 0.16£0.05 0.22+0.05
Posterior cingulate 0.41£0.11 0.36x0.05 1.01£0.36 0.14+0.07 0.12+£0.04
Frontal base 0.25+0.08 0.25+0.04 0.75+0.20 0.09+0.03 0.07+0.06
Frontal convexity 0.30+0.08 0.27£0.04 0.70+0.18 0.13+£0.05 0.07£0.05
Lateral temporal cortex 0.31+0.07 0.32+0.04 1.61+0.30 0.03+0.02 0.12+0.05
Parietal cortex 0.29:£0.10 0.29+0.02 1.02£0.35 0.11+0.04 0.0420.04
Occipital cuneus 0.37+0.10 0.29+0.05 0.50+0.27 0.12+£0.04 -

Values arc shown as mean£SD.

AN: anterior nuclei, DMN: dorsomedial nucleus, PUL: pulvinar in the thalamus.
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Fig. 4. Percentage of the putamen for BP or / values of [''C]SCH23390 (dopamine D, receptor), ['' CJFLB457 (dopamine D, receptor), [!CJPE2I (dopamine
transporter (DAT)), and L-[p-""CIDOPA (dopamine (DA) synthesis) for the substantia nigra, hippocampus, parahippocampal gyrus, uncus, frontal convexity,
lateral temporal cortex, parietal cortex, anterior cingulate, thalamus and its subregions (anterior nuclei, dorsomedial nucleus, and pulvinar). Values are mean+SD.

striatal dopamine D, and D, receptor bindings, dopamine transporter
binding, and endogenous dopamine synthesis in the living human
brain could be constructed by making use of the anatomic
standardization technique. Although the subjects all differed in
terms of the database (dopamine D,, D, receptor, transporter, and
synthesis), the anatomic standardization technique allowed us to
compare between regional distributions of each dopaminergic
neurotransmission component in vivo. While partial volume effects
cause systemic underestimations of BP and 7 values, the partial
volume correction did not change the order of BP and 7 values
among cerebral cortical regions. This database is expected to be
useful for various researches to understand the physiology of
dopaminergic functions in the living human brain; however, regional
differences in test-retest reliability in PET measurements should be
considered (Hirvonen et al., 2001; Sudo et al., 2001). In addition, it
has been reported that the reference tissue model method with the
basis function method might cause overestimation and under-
estimation of BP in regions with low and high BP, respectively
(Cselenyi etal., 2006; Gunn et al., 1997). Since BP values calculated
from measured data may show some bias depending on kinetic
models and calculation methods, it is not obvious if calculated BP
values linearly reflect the biological pre- and postsynaptic functions.
Thus, there might be some limitations in comparison of regional
distributions between tracers using percentages of the putamen. This
database can also be used in the investigation of regional
abnormalities of dopaminergic neurotransmission in neuropsychia-

tric disorders, if database will be constructed from a large number of
subjects. It might be difficult to use our database in other PET center
due to between-center differences in data acquisition protocols,
image reconstruction process, quantification methods, etc. (Tto et al.,
2004). To solve these differences, further studies were required.

Nigrostriatal dopaminergic system

Midbrain

The ascending projections from the dopaminergic neurons in the
substantia nigra to the striatum compose the nigrostriatal dopami-
nergic system (Bentivoglio and Morelli, 2005). Binding to
dopamine D, receptors in the midbrain including the substantia
nigra and ventral tegmental area was observed to be the same in the
living human brain as in human postmortem studies (Hall et al,,
1996; Joyce et al., 1991), suggesting the existence of receptors in
dopaminergic neurons. On the other hand, no binding to dopamine
D, receptors was observed in this region. These observations
support the finding that dopaminergic autoreceptors in the midbrain
are mainly of D, type (Meador-Woodruff et al., 1994; Morelli et al.,
1987). In the living human brain, dopamine synthesis in the mid-
brain was greater than in the cerebral neocortical regions, although
the aromatic L-amino acid decarboxylase activity in the substantia
nigra was almost the same as in the parietal and occipital cortices in
the human postmortem brain (Lloyd and Hornykiewicz, 1972). A
medium amount of dopamine transporter was also found in the
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midbrain, similar to a human postmortem study (Hall et al., 1999)
and animal studies (Boja et al., 1994; Ciliax et al., 1995).

Striatum

The highest bindings to dopamine D, and D- receptors were
observed in the striatum among the all brain regions, indicating the
highest density of receptors, the same as reported in human
postmortem studies (Hall et al.,, 1994). The highest binding to
dopamine transporter in the striatum was also observed, indicating
the highest transporter density (Boja et al.,, 1994; Ciliax et al,,
1995; Hall et al., 1999). These findings indicate that this region is
rich in dopaminergic synapses. Although the microdistribution of
dopamine D, receptors in the striatum is differential with D,
predominating in the striosomes and Dy in the matrix (Joyce et al.,
1986), the distributions of dopamine D, and D, receptor bindings
appeared almost uniform in the striatum on account of the limited
spatial resolution of the PET scanner. The highest dopamine
synthesis was also observed in the striatum. This finding is in good
agreement with previous studies showing the highest aromatic
L-amino acid decarboxylase activity (Lloyd and Homykiewicz,
1972) and the highest dopamine concentration in the striatum
(Brown et al., 1979). These findings, in total, reflect the dense
dopamine innervation of this region from the substantia nigra
(Moore et al., 2003).

Globus pallidus

In the globus pallidus, higher bindings to dopamine D, and D,
receptors as compared with other extrastriatal regions were
observed, much the same as in human postmortem studies (Hall et
al., 1996, 1994). These findings support the concept of the dopa-
minergic pallidal projections from neurons in the substantia nigra

and ventral tegmental area (Bentivoglio and Morelli, 2005; Parent et
al., 1990). In addition, it has been reported that binding to dopamine
D5 receptors in the external segment of the pallidum was higher than
that in the internal segment in the human postmortem brain (Hall et
al.,, 1996; Joyce et al, 1991). However, spillover from striatal
radioactivity owing to the limited spatial resolution of the PET
scanner might hamper an accurate estimation of pallidal binding. BP
values of [''C]raclopride in the globus pallidus and nucleus
accumbens were different from previous study of the living human
brain (Ito et al., 1999). These differences might be caused by
differences in anatomic standardization techniques, methods of
calculation of BP, image reconstruction process, PET cameras, etc.

Mesocorticolimbic dopaminergic svstem

Limbic system

The ascending projections from dopaminergic neurons in the
ventral tegmental area to the cerebral cortices and limbic system
compose the mesocorticolimbic dopaminergic system (Bentivoglio
and Morelli, 2005). The ventral striatum, the so-called limbic
striatum, including the nucleus accumbens is also innervated by the
ventral tegmental area (Bentivoglio and Morelli, 2005; Joel and
Weiner, 2000).

Relatively high bindings of dopamine D- receptors were ob-
served in the uncus including the amygdala, parahippocampal gyrus,
and hippocampus as compared with cerebral neocortical regions.
These distributions are in good agreement with those found in
human postmortem studies (Hall et al., 1996, 1994; Joyce et al.,
1991). It has been reported that densities of dopamine D, receptors
in the hippocampus are lower than in the amygdala and parahippo-
campal gyrus (Hall et al.,, 1996, 1994). The present study also
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Table 4
Avcrage tissue fractions of gray and white matter per voxel in cerebellar and
cerebral cortices (mL/mL)

Region Tissue fraction
Gray matter Whitc matter

Cerebellum 0.75+£0.04 0.16+0.03
Hippocampus 0.80+0.04 0.14%0.03
Parahippocampal gyrus 0.74£0.03 0.19£0.03
Uncus 0.83+0.03 0.03+0.01
Anterior cingulate 0.65+0.04 0.20+0.03
Posterior cingulate 0.72+£0.04 0.18x0.05
Frontal base 0.55+0.02 0.29+0.02
Frontal convexity 0.57+0.04 0.29+0.04
Lateral tcmporal cortex 0.66+0.02 0.25+0.02
Parictal cortex 0.55+0.03 0.35+0.03
Occipital cuneus 0.64+0.04 0.27+0.04

Values are shown as mean£SD.

showed lower binding of dopamine D, receptors in the hippocampus
than in the uncus. A human postmortem study showed aromatic
L-amino acid decarboxylase activity in the amygdala but not in the
hippocampus (Lloyd and Homykiewicz, 1972). In the present study,
dopamine synthesis was observed in the hippocampus in addition to
the uncus including amygdala and parahippocampal gyrus although
the spatial resolution of the PET scanner was limited. The present
results might indicate the dopaminergic innervation to the hippo-
campus in addition to the amygdala and the parahippocampal gyrus
(Joyce and Murray, 1994). As for the other extrastriatal regions,
bindings to dopamine transporter were very low (Hall et al., 1999).

The anterior part of the cingulate gyrus representing the limbic
system has projections from the dopaminergic neurons in the ventral
tegmental area, and connections with hippocampal regions. In this
region, bindings to dopamine D, and D, receptors similar to those in
neocortical regions were observed. Binding to dopamine transporter
was very low in this region, as in neocortical regions. It should be
noted that dopamine synthesis was relatively higher in the anterior
cingulate than in neocortical regions.

Neocortex

In the cerebral neocortical regions, binding to dopamine D,
receptors was found to be low comparing with the other brain
regions as previous studies of the living human brain (Okubo et al.,

1999) and postmortem brain (Hall et al., 1996, 1994; Joyce et al.,
1991; Lidow et al., 1989) have also reported. Regional differences in
D, receptor binding among the neocortical regions were observed in
the living human brain as in the human postmortem brain (Hall et al.,
1996, 1994; Joyce et al., 1991), i.e., highest binding in the temporal
cortex and lowest binding in the occipital cortex. Binding to
dopamine D, receptors was higher in the parietal cortex than in the
frontal and occipital cortices. Binding to dopamine D, receptors in
the cerebral neocortical regions as compared with the striatum was
higher than that to D, receptors as shown in a previous human
postmortem study (Hall et al., 1994). Using the present database of
dopamine D, and D» receptors, it could be observed that regional
distribution of D, receptor binding among the neocortical regions
was more uniform as compared with that to D, receptors. Per-
centages of the putamen for BP of dopamine D, receptors in the
cerebral neocortical regions were around 5-10% in the present
study, whereas those were reported to be about 1% in a previous
human postmortem study with ['2*T]epidepride (Hall et al., 1996).
This discrepancy might be caused by the difference in used radio-
ligands. The difference between in vivo and in vitro conditions
might also cause such discrepancy.

In the present study, the binding to dopamine transporter was
almost negligible level in the cerebral neocortical regions, as also
reported in a human postmortem study (Hall et al., 1999), although
both dopamine D and D, receptors exist in these regions. These data
indicate that released dopamine in the dopaminergic synapse might
be inactivated by enzymatic degradation rather than by reuptake to
the transporter (Hall et al., 1999). In addition, dopamine reuptake
through the norepinephrine transporter in cerebral cortical regions
with low levels of the dopamine transporter was observed in mice
(Moron et al., 2002). Dopamine synthesis was observed in the
cerebral neocortical regions except the occipital cortex. Among these
regions, highest and lowest dopamine synthesis was observed in the
temporal and frontal cortex, respectively. This regional difference in
dopamine synthesis was in good agreement with that in aromatic L-
amino acid decarboxylase activity (Lloyd and Homykiewicz, 1972).
In the temporal cortex, highest dopamine synthesis and highest
dopamine D5 receptor binding were observed among the neocortical
regions. On the other hand, it should be noted that the parietal cortex
showed relatively low dopamine synthesis and relatively high
dopamine D receptor binding as compared with the frontal cortex.

In the present study, database were constructed from male
subjects. However, it has been reported that a gender difference in

Table 5
Average binding potential (BP) and dopamine synthesis index (/) values with correction for gray matter fraction in an ROI
Region : BP I
[''CISCH23390 [''Clraclopride ["'CIFLB457 [''CIPE21 L-[p-''CIDOPA
Cerebellum - - - - 0.12+0.06
Hippocampus 0.24+0.11 0.34:0.07 1.77£0.33 0.12+0.06 0.20£0.12
Parahippocampal gyrus 0.25+0.13 0.33£0.07 1.75+0.30 -0.01+0.04 0.18+0.12
Uncus 0.21£0.08 0.31+0.06 2224031 0.11£0.07 0.23+0.08
Aanterior cingulate 0.53=0.16 0.47+0.10 141024 0.24+0.08 0.34+0.06
Posterior cingulate 0.57+0.11 0.50+0.06 1.38+£0.47 0.20+0.10 0.17+0.05
Frontal basc 0.45£0.13 0.46+0.07 1.35+£0.37 0.16+0.05 0.13z0.11
Frontal convexity 0.52+0.13 0.46:0.07 1.18+0.29 0.24=0.10 0.12+0.08
Lateral temporal cortex 0.47+0.11 0.47+0.06 239+0.40 0.05+0.03 0.18+0.08
Parietal cortex 0.53£0.16 0.52+0.05 1.80=0.60 0.21+0.06 0.06+0.08
Occipital cuncus 0.58=0.15 0.45+0.07 0.78+0.40 0.18+0.06 -

Values are shown as mean=SD.
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dopamine D, receptor binding was observed in the frontal cortex
(Kaasinen et al., 2001). Further studies to investigate gender
differences in pre- and postsynaptic dopaminergic neurotransmis-
sion components using database would be required.

Thalamic dopaminergic system

The dopaminergic projections to the thalamus from neurons in
the hypothalamus, periaqueductal gray maiter, ventral mesence-
phalon, and the lateral parabrachial nucleus were reported
(Sanchez-Gonzalez et al., 2005). Therefore, a dopaminergic system
targeting the thalamus, which might be independent from the
nigrostriatal dopaminergic system and the mesocorticolimbic
dopaminergic system, has been proposed (Sanchez-Gonzalez et
al., 2005). In the present study, relatively high binding to dopamine
D, receptors was observed in the thalamus. In particular, anterior
nuclei and dorsomedial nucleus showed higher binding in the
present study, the same as reported by previous studies of the living
human brain (Okubo et al.,, 1999) and human postmortem brain
(Hall et al., 1996; Rieck et al., 2004). On the other hand, binding to
dopamine D, receptors was very low (Hall et al., 1994). Binding to
dopamine transporter was very low in the thalamus, the same as in
the postmortem study (Hall et al., 1999), although dopamine D,
receptors exist in this region. This means that released dopamine in
the thalamic dopaminergic synapse might be inactivated by
enzymatic degradation, the same as reported in other extrastriatal
regions (Hall et al., 1999). Although aromatic L-amino acid
decarboxylase activity in the thalamus has been reported to be very
low (Lloyd and Hornykiewicz, 1972), dopamine synthesis in this
region was observed in the living human brain, supporting the
existence of dopaminergic innervation in the thalamus.

In conclusion, we have built a normal database of pre- and
postsynaptic dopaminergic neurotransmission components in the
living human brain using PET and the anatomic standardization
technique. This database enables us to compare regional distribu-
tions of striatal and extrastriatal dopamine D, and D receptor
bindings, dopamine transporter binding, and endogenous dopa-
mine synthesis. This database is expected to be useful for various
researches to understand the physiology of dopaminergic functions
in the living human brain. This database can also be used in the
investigation of regional abnormalities of dopaminergic neuro-
transmission in neuropsychiatric disorders.
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Neural Correlates of Human Virtue
Judgment

Neuroimaging studies have demonstrated that the brain regions
implicated in moral cognition. However, those studies have focused
exclusively on violation of social norms and negative moral
emotions, and very little effort has been expended on the
investigation of positive reactions to moral excellence. It remains
unclear whether the brain regions implicated in moral cognition
have specific roles in processing moral violation or, more generally,
process human morality per se. Using functional magnetic
resonance imaging, brain activations during evaluation of moral
beauty and depravity were investigated. Praiseworthiness for moral
beauty was associated with activation in the orbitofrontal cortex,
whereas blameworthiness for moral depravity was related to the
posterior superior temporal sulcus. Humans might have developed
different neurocognitive systems for evaluating blameworthiness
and praiseworthiness. The central process of moral beauty
evaluation might be related to that of aesthetic evaluation. Our
finding wmight contribute to a better understanding of human
morality.

Keywords: blameworthiness, moral, orbitofrontal cortex, praiseworthiness,
superior temporal sulcus, virtue

Introduction

The emerging field of cognitive neuroscience is providing new
insights into the neural basis of moral cognition and behaviors.
As David Hume (1978) and Adam Smith (1976) already noted in
the 18th century, some contemporary philosophers have
emphasized the importance of emotion and intuition in moral
judgment, although moral reasoning could contribute to moral
judgment (Haidt 2001; Greene and Haidt 2002). Supporting
this view, recent neuroimaging studies and brain lesion studies
have demonstrated that emotion-related brain regions such as
the posterior superior temporal sulcus (pSTS), medial pre-
frontal cortex (MPFC), orbitofrontal cortex (OFC), and
amygdala play important roles in moral judgment (Damasio
2000; Greene and Haidt 2002; Takahashi et al. 2004; Moll et al.
2005). Previous psychological as well as neuroimaging studies
mainly focused on violation of social norms and negative moral
emotions such as guilt or embarrassment (Greene and Haidt
2002; Haidt 2003a, 2003b; Takahashi et al. 2004; Moll et al.
20053; Mobbs et al. 2007). Morals are standards or principles of
right or wrong behaviors and the goodness or badness of
human character. It remains unclear whether the brain regions
implicated in moral cognition are specialized in processing
immorality, that is, negative deviance from social norms or,
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more generally, processing deviance from social standards
regardless of whether the stimuli positively or negatively
deviate from them. There has been very little study on positive
moral emotions or psychological responses to moral beauty,
but with the advent of the positive psychology movement
(Seligman and Csikszentmihalyi 2000), researchers have started
to focus on positive moral emotions. Many people experience
spontaneous pleasure when they can help others without any
expectation of reward. Neuroimaging studies suggest that
cooperative behaviors might be psychologically rewarding
(Rilling et al. 2002; de Quervain et al. 2004; Moll et al. 2006).
It is also human nature that we are easily and strongly moved by
people who are cooperating with others. Haidt (20032, 2003b)
started to call an emotion elicited by others’ act of virtue or
moral beauty as “elevation.” When people observe others’
virtuous, commendable acts, they feel warm, pleasant, and
“tingling” feelings and are motivated to help others and to
become better people themselves. Hume (1978) wrote that “a
generous and noble character never fails to charm and delight
us” and Smith (1976) noted that “man desires, not only praise,
but praiseworthiness.” We also could have an aesthetic feeling
in human virtuous acts and be often attracted by the beauty
itself (Haidt 20032). However, there are very few studies to
have concentrated on this aspect of moral beauty. According to
Haidt (2003a), we cannot have a full understanding of human
morality until we can explain why and how people are so
powerfully affected by the sight of a stranger helping another
stranger.

For the evolution and persistence of cooperation, it is
necessary for humans to detect cheaters and cooperators.
Otherwise, selfish strategies will eliminate cooperative strate-
gies (Axelrod and Hamilton 1981; Cosmides and Tooby 1992).
Cosmides and Tooby (1992) argued that humans have evolved
neurocognitive systems that specialize in detecting “cheating,”
violation of social contracts, and that produce a feeling that
those who violate social norms should be blamed and punished.
In fact, functional magnetic resonance imaging (fMRI) studies
reported activation in brain regions such as pSTS and MPFC
during detection of violation of social contracts (Canessa et al.
2005; Fiddick et al. 2005). On the other hand, it is also argued
that humans have evolved a neurocognitive system that
skillfully assesses the cooperativeness of others (Price 2006),
and empirical evidence suggests that people will cooperate
with those whom they have observed cooperating with others
(Wedekind and Milinski 2000; Milinski et al. 2002). However,
there is as yet no documented study regarding the investigation



of the neural correlates during the observance of praiseworthy,
virtuous acts of others.

In this study, we investigated the brain activation associated
with the judgment of moral beauty, virtue, comparing it with
that of moral depravity, vice. We hypothesized that the
judgment of moral beauty and depravity would show different
brain activation patterns. Specifically, moral depravity would be
linked to brain regions, such as pSTS and MPFC, and moral
beauty would recruit the brain regions implicated in positive
emotions, such as OFC.

Materials and Methods

Participants

Fifteen healthy volunteers (mean age 20.1 years, standard deviation
[SD] = 0.8) participated in this study. All subjects were Japanese and
right-handed. The participants were free of any criteria for neuropsy-
chiatric disorders based on unstructured psychiatric screening inter-
views. None of the participants were taking alcohol at the time nor did
they have a history of psychiatric disorder, significant physical illness,
head injury, neurological disorder, or alcohol or drug dependence.
All participants underwent an MRI to rule out cerebral anatomic ab-
normalities. After complete explanation of the study, written informed
consent was obtained from all participants and the study was approved
by the Institutional Ethics Committee.

Materials

Three types of short sentences were provided (neutral, moral beauty,
and moral depravity). Each sentence was written in Japanese and in the
3rd person. Sentences of moral depravity were expressing moral
violation, and those of moral beauty were expressing acts like charity,
self-sacrifice, altruism, humanitarianism, and so on. Neutral sentences
were expected to express no prominent emotional content. In order to
validate our expected results, we conducted an initial survey. We
prepared 30-35 sentences for ecach of 3 conditions (neutral, moral
beauty, and moral depravity). Forty-two other healthy volunteers (21
males and 21 females, mean age 22.5 years, SD = 3.3) than the subjects
participating in this fMRI study were screened. Using 7-point Likert
scales, they read and rated each sentence in terms of morality/
immorality (-3 = extremely immoral, 0 = neither moral nor immoral, and
3 = extremely moral) and praiseworthiness/blameworthiness (-3 =
extremely blameworthy, 0 = neither praiseworthy nor blameworthy,
and 3 = extremely praiseworthy). Based on the initial survey, we
selected 18 sentences for each of the 3 conditions. These sentences are
shown in Supplementary Table $1. The sentences were projected via
a computer and a telephoto lens onto a screen mounted on a head coil.
The subjects were instructed to read the sentences silently and were
told to imagine the events described in the sentences. They were also
told that they should rate the sentences according to how moral/
immoral or praiseworthy/blameworthy the events were. After reading
each sentence, the subjects were instructed to press a selection button
with the right index finger, indicating that they had read and
understood it. The experimental design consisted of 6 blocks for each
of the 3 conditions (neutral, moral beauty, and moral depravity)
interleaved with 20-s rest periods. We used a block design rather than
an event-related design as it is difficult to obtain sufficient understand-
able stimuli, that is, depictions of moral beauty and depravity are
difficult to parse rapidly (Luo et al. 2006). The order of presentation for
the 3 conditions was randomized. During the rest condition,
participants viewed a crosshair pattern projected to the center of the
screen. In each 24-s block, 3 different sentences of the same condition
were presented for 8 s each. Using 7-point Likert scales, the
participants rated each sentence in terms of morality/immorality and
praiseworthiness/blameworthiness after the scans.

Image Acquisition
Images were acquired with a 1.5 Tesla Signa system (General Electric,
Milwaukee, WT). Functional images of 203 volumes were acquired with
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T2'-weighted gradient echo planar imaging sequences sensitive to
blood oxygenation level-dependent contrast. Each volume consisted of
40 transaxial contiguous slices with a slice thickness of 3 mm to cover
almost the whole brain (flip angle, 90° time echo {TE|, 50 ms; time
repetition [TR], 4 s; matrix, 64 x 64; and field of view, 24 x 24 cm).
High-resolution, T1-weighted anatomic images were acquired for
anatomic comparison (124 contiguous axial slices, 3-dimensional
Spoiled-Grass sequence, slice thickness 1.5 mm; TE, 9 ms; TR, 22 ms;
flip angle, 30°; matrix, 256 x 192; and field of view, 25 x 25 cm).

Analysis of Functional Imaging Data

Data analysis was performed with statistical parametric mapping
software package (SPM02) (Wellcome Department of Cognitive
Neurology, London, UK) running with MATLAB (Mathworks, Natick,
MA). All volumes were realigned to the 1st volume of each session to
correct for subject motion and were spatially normalized to the
standard space defined by the Montreal Neurological Institute template.
After normalization, all scans had a resolution of 2 x 2 x 2 mm?.
Functional images were spatially smoothed with a 3-dimensional
isotropic Gaussian kernel (full width at half maximum of 8 mm). Low
frequency noise was removed by applying a high-pass filter (cutoff
period = 192 s) to the fMRI time series at each voxel. A temporal
smoothing function was applied to the fMRI time series to enhance the
temporal signal-to-noise ratio. Significant hemodynamic changes for
each condition were examined using the general linear model with
boxcar functions convolved with a hemodynamic response function.
Statistical parametric maps for each contrast of the #statistic were
calculated on a voxel-by-voxel basis.

To assess the specific condition effect, we used the contrasts of the
moral beauty minus neutral (MB - N) and moral depravity minus neutral
(MD - N). A random effects model, which estimates the error variance
for each condition across the subjects, was implemented for group
analysis. This procedure provides a better generalization for the
population from which data are obtained. The contrast images were
obtained from single-subject analysis and entered into the group
analysis. A 1-sample #test was applied to determine group activation for
each effect. We used SPM's small volume correction to correct for
multiple testing in regions about which we had a priori hypothesis.
These a priori volumes of interest (VOIs) included the pSTS, MPFC, and
OFC. VOISs for pSTS (angular gyrus), MPFC (superior and medial frontal
gyrus), and OFC (inferior frontal gyrus) were defined by standardized
VOI templates implemented in brain atlas software (Maldjian et al.
2003). Significant activations surviving this correction at P < 0.05 are
reported. We describe activations outside regions of interest surviving
a threshold of P < 0.001, uncorrected, with an extent threshold of 10
contiguous voxels. To assess common activation in MB - N and MD
conditions, we conducted a conjunction analysis of MB - N and MD - N
contrasts at the 2nd level.

We conducted regression analysis to demonstrate a more direct link
between regional brain activities with the subjective judgments of
praiseworthiness and blameworthiness. Using the mean of the ratings
of praiseworthiness and blameworthiness for cach subject as the
covariate, regression analysis with the contrasts (MB - N and MD - N)
and the covariate was performed at the 2nd level. The masks of MB - N
and MD - N contrasts from the 1-sample test (P < 0.001) were applied
to confine the regions where significant activations were observed.
Using the effect sizes, representing the percent signal change, of the
contrasts (MB - N and MD - N) at the peak coordinates uncovered by
regression analysis, we plotted the fMRI signal changes and ratings of
praiseworthiness and blameworthiness.

Resuits

Initial Survey

As we predicted, neutral sentences were judged neither moral/
praiseworthy nor immoral/blameworthy. The averages of the
ratings of morality/immorality and praiseworthiness/blame-
worthiness for neutral sentences were 0.0 (SD = 0.1) and 0.0
(8D = 0.1), respectively. The average of ratings of morality and



praiseworthiness for 18 sentences of moral beauty were 2.3
(SD = 0.8) and 1.8 (SD = 0.9), respectively. The average of
ratings of immorality and blameworthiness for 18 sentences of
moral depravity were -24 (SD = 0.7) and -2.1 (SD = 0.8),
respectively.

Self Rating

The self-rating results of the subjects participating in the fMRI
study were comparable to the results obtained in the initial
survey. The averages of the ratings of morality/immorality and
praiseworthiness/blameworthiness for neutral sentences were
0.1 (SD = 0.2) and 0.0 (SD = 0.1), those of morality and
praiseworthiness for sentences of moral beauty were 2.5 (SD =
0.3) and 2.1 (SD = 05), and those of immorality and
blameworthiness for sentences of moral depravity were -2.4
(8D = 0.3) and -2.1 (SD = 04), respectively. Self-ratings of
immorality were correlated with blameworthiness (7= 058, P=
0.025), and those of morality were correlated with praisewor-
thiness (r = 0.68, P = 0.005).

JMRI Result

The MB-N condition produced activations in the left OFC, left
dorsal lateral prefrontal cortex (DLPFC), left supplementary
motor area (SMA), left temporal pole, and visual cortex, (Table 1
and Fig. 14). The MD - N condition produced activations in the
left pSTS and MPFC (Table 1 and Fig. 1B). The activations in
a priori regions (pSTS, MPFC, and OFC) survived a threshold of
P <0.05 corrected for multiple comparisons across a small VOL
A conjunction analysis of MB - N and MD - N contrast revealed
no significant activations.

Regression analysis revealed positive linear correlations
between self-rating of praiseworthiness and the degree of
activation in the left OFC (x=-38, y =28, and z=-20) in MB-N
contrast (Figs 24 and 34). There were correlations between
self-rating of blameworthiness and the degree of activation in
the left pSTS (x =-54, ¥ = -66, and z = 28) in MD - N contrast
(Figs 2B and 3B). Theses correlations in a priori regions (pSTSC
and OFC) survived a threshold of P < 0.05 corrected for
multiple comparisons across a small VOL

Discussion

This study has demonstrated that the brain activations during
evaluation of positive deviance from the moral standard, moral
beauty, showed different patterns from those of negative
deviance, moral depravity. In line with previous reports, moral
depravity conditions relative to neutral condition produced
greater activity in the left pSTS and MPFC, the components of
neural substrates that have been suggested to be involved in
human moral cognition (Takahashi et al. 2004; Moll et al. 2005).
A novel finding in this study was that moral beauty conditions
relative to neutral condition produced greater activity in the
left frontal regions, such as OFC, DLPFC, and SMA. This means
that the regions suggested to play important roles in moral
cognition are more specialized in processing moral violation
and do not cover human morality per se.

Although self-ratings of immorality were correlated with
blameworthiness and those of morality were correlated with
praiseworthiness, empirical evidence suggests that blamewor-
thiness for immoral acts and praiseworthiness for commend-
able or cooperative acts were not symmetrical. In other words,
blameworthiness for impulsive immoral acts without deliberate

Table 1
Brain activations in maral beauty condition and moral depravity condition relative to neutral
condition

Brain region /R Coordinates Z-score
X y z

Mora! beauty-neutral

Visual cortex LR 14 -390 -8 459

OFC* L -40 32 -20 339

Temporal pole L -50 18 -24 351

SMA L ~48 0 48 352

DLPFC L -52 26 14 3.30

Morat depravity-neutral

MPFC* LR 6 58 14 4.35

pSTS* L ~54 -64 30 340

Note: Coordinates and Z-score refer to the peak of each brain region. L, left; R, right. Ali values,
P < 0.001, uncorrected. *P < 0.05, comected for multiple comparisons across a small VOI.

Figure 1. Images showing brain activations in response to (4) MB — N condition
and {8) MD - N condition. (A} Significant activation in OFC is shown. (8) Significant
activations in MPFC and pSTS are shown.

z=-20 =28

Figure 2. Corelations between seff-ratings of (A) praiseworthiness (B) blamewor-
thiness and brain activations. {4} Correlation between seff-rating of praiseworthiness
and degree of activation in ieft OFC in MB — N contrast. (8} Correlations between .
self-rating of blamewaorthiness and degree of activation in pSTS in MD — N contrast.
Within the images, R indicates right. Numbers at bottom indicate coordinates of
Montreal Neurological Institute brain.

intention was discounted compared with deliberate immoral
acts, whereas praiseworthiness for commendable acts was not
discounted regardless of whether the positive acts were
impulsive or deliberate (Pizarro et al. 2003). This is also
common in legal culpability. This means that people tend to
link blameworthiness to intention and the process of wrong-
doing, whereas they tend to link praiseworthiness to outcomes
of positive acts regardless of deliberate intention or not.
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