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Table 2
k; values of each ROl in patients with schizophrenia and normal controls
Region LR Controls  Patients ANCOVA#
(n=20) (n=18) E D
Parahippocampus L 454+113 4914145 0704 0407
; . R 476111 447+129 0528 0472
Temporal cortex L 1.92+0.99 1982081 0041 0842
‘ R 1.86+0.83 192:087 0037 0849
Prefrontal cortex L 131073 1222064 0324 0573
.. R 135+0.73 1352057 O 1.000
Thalamus L 3552160 3.19+172 0549 0463
‘ R 311145 3.09+154 0001 0970
Putamen L 15521204 15762214 0139 0711
R 15394231 14901301 0329 0570
Caudate L 12892268 14664238 4409 0.043*
- R 13714274 13594209 0026 0872
Anterior cingulate L 2743133 3054150 0445 0509
~ ‘ R 324173 300113 0288 0595

Dopamine synthesis rates, expressed as k;x 1000, were presented as meant
standard deviation.

#: Analysis of covariance with age as covariate (df=1, 35).

L indicates left and R indicates right. The symbol * represents p<0.05.

2.3.: Magnetic resonance images

For. each: participant, . a structure  magnetic resonarice
(MR} image :was obtained. All MR:imaging studies were
performed with -a- 1.5-Tesla: MR 'scanner (Philips: Medical
Systems; Best; The: Netherlands). Three-dimensional volu-
metric acquisition of a T1-weighted gradient echo sequence
produced: a gapless series of thin transverse sections (echo
time, TE: 9.2.ms; repetition time, TR: 21 ms; flip angle: 30°;
field of view: 256 mm; acquisition matrix; 256 x256; slice
thickness: 1 mm).

2.4, Data analysis

All MR images were coregistered to the PET summation
images of all frames using statistical parametric mapping 2
(SPM2; http:f/www.filion.uckac.uk/spm/software/spm2/).
Regions of interest (ROIs) were drawn on the coregistered
MR images; referring to the human brain atlas (Mai et al.,
1997), and then transferred to the PET images. ROIs were
defined for the prefrontal cortex; temporal cortex, anterior
cingulate, parahippocampus, thalamus, caudate nucleus, and
putamen. The ROIs were set on both left and right sides of the
brain and those values were independently evaluated. To
obtain regional time-activity curves, regional radioactivity
was calculated for each frame, corrected for decay, and
plotted versus time.

The overall uptake rate constant k of L-[p-!'CIDOPA,
which indicates the net dopamine synthesis rate, was
determined for each ROL by the graphical plot analysis
method developed by Gjedde and Patlak (Gjedde, 1982; Ito
et al, 2006; Patlak and Blasberg, 1985). k; values can be
estimated by simple linear least-squares fitting as follows:

; tcl
GO, Ao,
Ci(ry C(

where ¢ is the total radioactivity concentration in a brain
region that can be measured by PET, ¢ is the total radio-
activity concentration in the reference brain region with no
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irreversible compartments, and t* is the equilibrium time of
the compartment for unchanged radioligand in the brain
tissue, Plotting G(£)/C{(t) versus f5C](T)d7/C/(t), after the time
t*, yields a straight line with the slope k; and intercept F. In
the present study, the occipital cortex was used as reference
region (Ito et al,, 2006). A range of equilibrium time £* of 31.5
to 61.5 min was used.

ROI analyses were. independently performed by 3
researchers who were blinded to the diagnoses. The intraclass
correlation coefficient across all ROIs was 0.976 (McGraw and
Wong, 1996), considered as excellent. In order to reduce
variance, the k; values by one researcher that most frequently
showed medium values among. those obtained by the 3
researchers were used for the following analyses.

2.5, Statistical analysis

Demographic variables were compared by independent
sample t-test or chi-square test. Differences in the k; values for
each of the 7 x 2 brain regions between patients and controls
were evaluated by one-way univariate analyses of covariance
with age as a covariate, since an effect of age on k; values has
been reported (Ota et al, 2006). Pearson’s correlation
coefficients were calculated between the PANSS scores and
k; values. A significance level of p<0.05 (two-tailed) was used
both in the comparison analyses between groups and in the
correlation analyses.

3. Results
3.1. Demographic data

The demographic data of schizophrenia patients: and
controls are shown in Table 1. There were no significant

differences between: patients and controls in terms of age,
gender; education, handedness, and the injected dose and
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Fig. 1. Comparison of k; values between patients with schizophrenia and
control subjects in the left caudate nucleus. Horizontal lines represent mean
values of the groups. Among patients, the closed circles indicate the values of
antipsychotic drug-naive patients, whereas the open circles indicate those of
drug-free patients.
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Table 3
Correlations between k; values of each ROI and PANSS scores in schizophrenia

Region LR Total scores
- r 7 r

Parahippocampus L -0.003 0.992 0.045
~ R 0284 0253 0288
Temporal cortex L ~0,088 0.728 0133
R 0.465 0.052 0.603
Prefrontal cortex L 0.380 0.120 . 0288
. R 0407 0.094 . 0302
Thalamus L 0.620 0.006* 0.490
R 0470 0.049* 0.378
Putamen L 0247 0323 0177
R 0.359 0143 0327
Caudate L 0287 0.323 . 0294
R ~0.183 0468 =0.223
Anterior cingulate L -0.270 0.120 0.202
R 0.355 0.149 0421

Positive symptoms

L indicates left and R indicates right.
The symbol * represents p<0.05.

specific radioactivity of L-[p-''C]DOPA. The duration of illness
and the PANSS scores are also shown in-Table 1.

3.2. 'Regional ' L-[3-" C]DOPA ‘uptake in" schizophrenia ‘and
control subjects

Univariate analysis of covariance revealed no:significant
interaction between group and age in any of the regions, and a
significant group difference in k; values only for the left
caudate between normal controls and schizophrenia patients
was observed (df=1, 35, F=4.409, p=0.043; Table 2 and Fig: 1).
In addition, no significant difference was observed in the k;
values between :antipsychotic drug-naive and drug-free
patients in any of the regions.

Furthermore, there was no significant correlation between
the k; values in any ROIs and the duration of illness in patients.

3.3. Severity of positive and negative symptoms and L-[3-"'C]
DOPA uptake

Relationships between k; values in each ROl and the PANSS
total and subscale scores are presented in Table 3. Significant
positive correlations were observed between the k; values in
both sides of the thalamus and the PANSS total scores (left:
r=0.620, p=0.006; right; r=0.470, p=0.049). With regard to
PANSS subscales, the k; values in the left thalamus correlated
positively with the PANSS: positive, negative, and general
symptom subscales, and those in the right thalamus corre-
lated with the PANSS negative symptoms. In addition, a
positive correlation was observed in the right temporal cortex
between the k; values and the PANSS positive subscale scores
(r=0.603, p=0.008).

4. Discussion

Inthe present study, we found increased dopamine
synthesis. in the left caudate: nucleus in patients with
schizophrenia compared to normal controls. In addition, we
observed a significant correlation between regional dopamine
synthesis in the thalamus as well as in the right temporal
cortex and symptom severity in patients.
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Negative symptoms General symptoms

P r P ; r p
0.859 0.080 0.752 -0,083 0.745
0.246 0197 0434 0245 0328
0598 ~0049 0.848 -0.232 0355
0008 0242 0334 . o361 0.141
0.246 . D339 0.168 0346 0.160
0.082 0.457 0.057 0320 0.196
0.039* 0504 0.033* 0.589 0.010%
0.122 0492 0.038* 0372 0129
. 0482 0342 0165 0.160 0.525
0186 0.407 0.094 0240 0338
0236 0319 0197 0174 0490
035 0.021 . 0935 -0220 0380
. 0421 -0418 0.085 ~p412 0.089
0082 0303 0222 0231 0.357

Most of the previous studies with 6-['*F]fluoro-L-DOPA
have reported elevated dopamine synthesis mainly in the
striatum of patients with schizophrenia (Hietala et al., 1995,
1999; McGowan et al.; 2004; Reith et al, 1994), whereas
decreased (Elkashef et ak, 2000) or only greater: variability
(Dao-Castellana et al.; 1997) have also been reported in this
region. There are some: plausible explanations- for these
inconsistent results. First, the participants with schizophrenia
in' these studies were not-homogeneous. For example; one
study investigated heterogeneous ‘patients with: psychosis
(Reith et al., 1994), while the other studies included patients
with schizoaffective disorder: (Hietala et ‘al, 1995; 1999).
Furthermore; schizophrenia patients on antipsychotic medi-
cation participated in two of the PET studies (Elkashef et al.,
2000; McGowan et al;; 2004); Interestingly, a study on only
unmedicated schizophrenia patients showed only greater
variability in k; values compared with normal controls (Dao-
Castellaria et al; 1997). Second, the differences between 6-[*F]
fluoro-1-DOPA and L-[p-"'C|DOPA in terms of 3-O-methyl
metabolite of L-DOPA crossing the BBB might also result in
stich: inconsistency (Ito et al, 2006; Melega et al, 1990;
Torstenson et al,, 1999). Kumakura et al; reported a method to
reduce this problem with metabolites and demonstrated that
catabolism and elimination of 6-['®F]fluoro-L-DOPA was
elevated nearly 2-fold in the striatum in 8 patients with
schizophrenia as compared to that in 15 age-matched control
subjects. They concluded that not only the synthesis but also
the: turnover of tadiolabeled dopamine was increased in
patients with schizophrenia (Kumakura et al,, 2007).

Lindstrom et al. (1999) investigated unmedicated schizo-
phrenia patients using L-[B-''C]DOPA and found increased
dopamine synthesis in the striatum and medial prefrontal
cortex, while we observed elevated dopamine synthesis only
in the left caudate. As for differences between the two studies,
however; the patients in the study of Lindstrom et al. had
relatively more severe psychotic symptoms. (Clinical Global
Impression >4) than our patients. In addition, our patients
were mostly outpatients, and thus, such a difference in the
demographic of patients might be responsible for the
difference in results. In addition, the caudate nucleus might
be'more important than the putamen in the pathophysiology
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of schizophrenia because the caudate has extensive inter-
connections from the limbic and cortical areas, which play
crucial roles in the regulation of cognition and emotion
compared to the putamen (Parent, 1990). Further, lateraliza-
tion to the left of the caudate is consistent with the reports by
Hietala et al. (1995, 1999).

With regard to the relationships with symptoms, in our
patients, presynaptic dopamine synthesis in the thalamus
was positively correlated with overall symptom severity,
although that in the right thalamus was correlated only with
PANSS negative scores, besides the PANSS total scores; in
addition, dopamine synthesis in the right temporal cortex
was_positively correlated. with positive: symptoms.. The
thalamus has been repeatedly reported to be engaged in the
pathophysiology of ‘schizophrenia (Clinton and Meador-
Woodruff, 2004; Takahashi et al;, 2006). Previous neuroima-
ging studies: have shown: altered: thalamic: perfusion - and
metabolism (Andreasen et al., 1997; Buchsbaum et al., 1996;
Clark et al;, 2001; Hazlett et al., 1999, 2004; Kim et al;, 2000;
Mitelman et al;, 2005; Resnick et al., 1988) and decreased
dopamine D; receptor availability in the thalamus in patients
with: schizophrenia: (Buchsbaum et al, 2006; Talvik et al.,
2003, 2006; Yasuno et al;; 2004). The thalamus is reported to
have ‘a pivotal tole in' the processing ‘and integrating’ of
sensory  information  related to emotional - and  cognitive
functions: (Clinton:and Meador-Woodruff, 2004), and it has
also been suggested to have sensory gating function (Carlsson
et al., 2000; Takahashi et al;, 2006). Further, elevated
dopamine transmission in the thalamus was reported to
distupt sensory gating function (Young et al;; 1995). Impaired
gating function could contribute to both positive and negative
symptoms by the inability to automatically “gate out” much
redundant and unessential information; leading to irrelevant
thought and fragmentation of mind and behavior in schizo-
phrenia (Braff et al;; 1999). Additionally; one study with 6-
{®F]fluoro-1-DOPA examined before and after 5 weeks of
haloperidol treatment for schizophrenia demonstrated that
the thalamus was the only structure in which the change of
dopamine synthesis was related to improvement in negative
symptoms (Griinder et al, 2003). Thus, dopaminergic
regulation in the thalamus might be associated with positive
and- negative symptoms ‘in schizophrenia. However, the
contribution of different roles of each side of the thalamus
to diverse symptom dimensions remains unclear,

In terms of the correlation between dopamine synthesis in
the right temporal cortex and the PANSS scale, our data
suggested that higher dopamine synthesis in the right
temporal cortex might be associated with the expression of
positive symptoms in patients with schizophrenia. Previous
functional MRI studies have demonstrated the involvement of
the right temporal cortex in some of the positive symptoms
suchas auditory hallucination (Shergill et al., 2000; Woodruff
et al;, 1997) and formal thought disorder (Kircher et al,, 2002)
in schizophrenia. On the other hand, although previous PET
(Buchsbaum et al., 2006) and SPECT (Tuppurainen et al.,
2003) studies have suggested decreased dopamine DR
binding in the right temporal cortex; no significant correlation
was found between the binding and positive symptoms.
Furthermore, no study has demonstrated the relationship
between presynaptic dopamine synthesis in the right tem-
poral cortex and positive symptoms.
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There are several limitations in the present study. First,
smoking is regarded as a confounding factor in the
estimation of k; values (Salokangas et al., 2000), and some
of our participants were smokers, although the smoking rate
of the patients was only slightly higher than that of the
normal controls (33% for patients and 20% for controls).
Second, our patients consisted of both males and females,
although we selected age- and gender-matched control
subjects. Laakso et al. (2002) indicated gender differences
in striatal dopamine synthesis with the use of 6-|®F]fluoro-
L-DOPA PET. However,; we did not find such differences in
our subjects (data not shown). Nonetheless; since gender
differences have been suggested in schizophrenia- (Salem
and Kring, 1998), this issue should be addressed in future
studies. Finally, although our sample size is hitherto. the
largest: among reported ‘studies: on dopamine synthesis in
schizophrenia; the current study may still not have enough
power.  Our results: of “both comparison and correlation
analyses were significant only when uncorrected for multi-
ple - comparisons, andthe failure .to: observe  significant
correlations with symptoms in other regions might be due
to a type Il error. Therefore, further investigations using still
larger samples are required.

5. Conclusion

We measured the dopamine synthesis rate in patients
with schizophrenia and normal control subjects by using PET
with L-[3-"'C]DOPA. Patients had higher dopamine synthesis
in the left caudate nucleus than controls, which was in line
with the results of most previous studies that indicated an
increase in dopamine synthesis in the striatum. Moreover,
correlation analyses between k; values and symptoms
suggested that dopamine synthesis in the thalamus: and
right temporal cortex might be implicated in the pathophy-
siology of schizophrenia. There is little evidence concerning
extrastriatal presynaptic dopaminergic functions of schizo-
phrenia. in vivo. Further studies are required to: better
understand the presynaptic dopaminergic functions of
schizophrenia.
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Effects of the Antipsychotic Risperidone on Dopamine
Synthesis in Human Brain Measured by Positron Emission

Tomography with 1-[ 3-''C]DOPA: A Stabilizing Effect for
Dopaminergic Neurotransmission?
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Effects of antipsychotic drugs have widely been considered to be mediated by blockade of postsynaptic dopamine D, receptors. Effects of
antipsychotics on presynaptic functions of dopaminergic neurotransmission might also be related to therapeutic effects of antipsychot-
ics. To investigate the effects of antipsychotics on presynaptic functions of dopaminergic neurotransmission in relation with occupancy
of dopamine D; receptors, changes in dopamine synthesis capacity by antipsychotics and occupancy of dopamine D, receptors were
measured by positron emission tomography (PET) in healthy men. PET studies using [''C]raclopride and 1-[B-''C]DOPA were per-
formed under resting condition and oral administration of single dose of the antipsychotic drug risperidone on separate days. Although
occupancy of dopamine D, receptors corresponding dose of risperidone was observed, the changes in dopamine synthesis capacity by the
administration of risperidone were not significant, nor was the relation between the occupancy of dopamine D, receptors and these
changes. A significant negative correlation was observed between the baseline dopamine synthesis capacity and the changes in dopamine
synthesis capacity by risperidone, indicating that this antipsychotic can be assumed to stabilize the dopamine synthesis capacity. The
therapeutic effects of risperidone in schizophrenia might be related to such stabilizing effects on dopaminergic neurotransmission

responsivity.

Introduction

Effects of antipsychotic drugs have widely been considered to be
mediated by blockade of postsynaptic dopamine D, receptors
(Carlsson and Lindqvist, 1963; Creese et al.;-1976; Seeman et al.,
1976). This hypothesis has been supported by positron emission
tomography (PET) studies to determine the occuparncy of dopa-
mine D, receptors in schizophrenia patients treated with first-
generation antipsychotics, e.g; haloperidol (Farde et al., 1988;
Baron et al.; 1989) and second-generation antipsychotics, e.g.;
risperidone (Nyberg et al;, 1993).

Effects of antipsychotics on presynaptic functions of dopami-
nergic neurotransmission might also be related to the therapeutic
effects of antipsychotics. It has been reported that antipsychotic
drugs, chlorpromazine and haloperidol; increased dopamine
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metabolites in mouse brain tissue (Carlsson and Lindqvist, 1963;
O’Keeffe et al., 1970), and also that risperidone and clozapine
increased dopamine release in rat brain (Hertel et al,, 1996). In-
creases and decreases in the activity of aromatic L-amino. acid
decarboxylase (AADC) by antagonists and agonists of dopamine
D, receptors were also observed in rat brain tissue, respectively
(Zhu et al;, 1992, 1993). The regional activity of AADC in brain
indicating the dopamine synthesis capacity can be estimated
using radiolabeled L-DOPA (Gjedde et al,, 1991). Significant in-
creases and decreases in dopamine synthesis capacities by antag-
onists and agonists of dopamine D, receptors were observed in
animal studies using [*H]DOPA, 1-[8-"'C]DOPA, or 6-[ '*F}fluoro-L-
DOPA, respectively (Cumming et al;, 1997; Torstenson ‘et al,
1998; Danielsen et al;, 2001). These findings indicate that phar-
macological effects on dopaminergic autoreceptors might cause
changes in the presynaptic dopamine synthesis capacity (Carlsson
and Lindqyvist, 1963).

Effects of antipsychotics on the dopamine synthesis capacity
in brain have been investigated in human subjects. A significant
increase in dopamine synthesis capacity after acute administra-
tion of antipsychotic drug haloperidol was observed using PET
with 6-[ '®F]fluoro-L-DOPA in healthy human subjects (Vernaleken
etal.;2006). On the other hand, a significant decrease in dopa-
mine synthesis capacity after chronic administration of halo-
peridol was observed using 6-] '*F]fluoro-L.-DOPA in patients
with schizophrenia (Griinder et al.; 2003). A significant in-
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crease in the plasma concentration of homovanillic acid after
acute administration of antipsychotics, haloperidol or flu-
phenazine, was observed in patients with schizophrenia, indi-
cating an increase in dopamine turnover (Davila et al., 1988;
Pickar et al., 1988). During chronic administration, a significant de-
crease in the plasma concentration of homovanillic acid was also
observed (Davila etal., 1988; Pickar et al., 1988). However, the effects
of antipsychotics on the dopamine synthesis capacity have not been
investigated in relation to the occupancy of dopamine D, receptors
in human subjects.

Recently, we have validated quantitative analyses in L-[-
''CIDOPA PET studies (Ito et al., 2006, 2007). In the present
study, to elucidate changes in dopamine synthesis capacity by
antipsychotics in relation to the occupancy of dopamine D, re-
ceptors, dopamine D, receptor bindings and dopamine synthesis
capacities at resting condition and after oral administration of a
single dose of the antipsychotic drug risperidone were measured
in the same human subjects by PET with [''C]raclopride and
L-[B-""C]DOPA, respectively.

Materials and Methods

Subjects. The study was approved by the Ethics and Radiation Safety
Committees of the National Institute of Radiological Sciences, Chiba,
Japan. Twelve healthy men (21-29 years of age, 24.3 = 2.9 years [mean *
SD}) were recruited and written informed consent was obtained. 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 accord-
ing to interview.

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 10 min
transmission scan using a **Ge- ®®Ga line source was performed for cor-
rection of attenuation. A head fixation device with thermoplastic attach-
ments for individual fit minimized head movement during the PET
measurements.

PET studies were performed under resting condition  (baseline
study) and oral administration of risperidone (drug challenge study)
on separate days. The interval between the 2 studies was 7 d in 10
subjects; and 14 d in 2 subjects. In each study; both PET scans with
[M'CJraclopride and 1-[B-''C]DOPA were performed sequentially.
After intravenous rapid bolus injection of [ '!CJraclopride, dynamic
PET scanning was performed for 60 min. After 1 h from the end of the
[!IClraclopride PET measurement, dynamic PET scanning was per-
formed for 89 min after intravenous rapid bolus injection of r-[b-
'CIDOPA. The frame sequence consisted of twelve 20 s frames,
sixteen | min frames, and ten 4 min frames for [''Clraclopride, and
seven L 'min frames; five 2 min frames; four:3 min frames, and twelve
5 min frames for i-[B-!'C|DOPA; The radioactivity injected was
220=230 MBq and 342-395 MBq in the baseline studies, and 205-274
MBq and 344388 MBq in the drug challenge studies for [ 'Clraclo-
pride and 1-[3-''C]DOPA, respectively: The' specific radioactivity
was 168=517 GBq/pmol and 26-88 GBq/pmol in the baseline stud-
ies, and 162-535 GBq/umol and 39-90 GBq/umol in the drug chal-
lenge studies for [!!Clraclopride and 1-[B-''C]DOPA, respectively.
Avenous blood sample was taken at the beginning of 1-[ 8- 'C]DOPA
PET scanning for measurement of natural neutral amino acid (NAA)
concentration in plasma. NAA concentration was measured by HPLC

-(L-8500 amino acid analyzer system, Hitachi Corp.). The amino acids
are phenylalanine, tryptophan, leucine, methionine, isoleucine, ty-
rosine, histidine, valine and threonine, which are transported via the
same carrier at the blood-brain barrier as L-DOPA (Sugaya et al;;
2001). A weighted sum of the NAAs, which was the 1-DOPA corre-
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Table 1. Dose of risperidone and ranges of occupancy of dopamine D, receptors

Occupancy (%)
Dose of risperidone (mg) Putamen Caudate
0.5 39--46% 33-44%
1.0 48-52% 48-60%
15 61-69% 63-71%
2.0 71-75% 75-79%

sponding concentration of the nine NAAs for the carrier system, was
calculated according to our previous work (Ito et al.; 2006).

In the drug challenge studies, risperidone at 0.5-2.0 mg was orally
administrated 2 h before the start of PET scanning with [ ''Clraclopride.
The dose of risperidone was 0.5 mg in 3 subjects, 1.0 mg in 3 subjects, 1.5
mg in 3 subjects, and 2.0 mg in 3 subjects. To estimate the plasma con-
centration of risperidone and- its' active: metabolite  (9-hydroxy-
risperidone), venous blood sampling was performed at the start and end
of each PET scan. The plasma concentrations of ‘risperidone and
9-hydroxy-risperidone were determined by validated liquid chromatog-
raphy coupled to tandem mass spéctrometry (LC-MS/MS) method.
Since risperidone and 9-hydroxy-risperidone have similar binding pro-
files to neuroreceptors (Leysen ‘et al.; 1994), the sum of their plasma
concentrations was used as the plasma concentration of the antipsychotic
drug in the present study:

All MR imaging studies were performed with a 1.5-tesla MR scanner
(Philips Medical Systems, Best, The Netherlands). Three-dimensional
volumetric acquisition of a T1-weighted gradient echo sequence pro-
duced a gapless seties of thin transverse sections (echo time, 9.2 ms;
repetition time, 21 ms; flip angle: 30°; field of view: 256 mm; acquisition
matrix: 256 X 256; slice thickness: 1 mm).

Regions of interest. All MR images were coregistered to the PET images
with the statistical parametric mapping (SPM2) system (Friston et al,,
1990). Regions of interest (ROIs) were drawn on coregistered MR images
and transferred to the PET images. ROIs were defined for the cerebellar
cortex, putamen, caudate head, and occipital cortex. Each ROI was
drawn'in three adjacent sections and data were pooled to. obtain the
average radioactivity concentration for the whole volume of interest. To
obtain regional time-activity curves, regional radioactivity was calculated
for each frame, corrected for decay, and plotted versus time. In-house
software was used to draw ROIs.

Calculation of occupancy of dopamine D, receptors. For both PET stud-
ies with [ 'Clraclopride, the binding potential (BP,;,) was calculated by
the reference tissue model method (Lammertsma et al,; 1996; Lam-
mertsma and Hume; 1996). With this method, the time-activity curve in
the brain region is described by that in the reference region with no
specific binding, assuming that botli regions have the same level of non-
displaceable radioligand binding;

CO =Ry C) +{ks = R * b/ +BPy)} « CO®

exp{—=k, - (1 + BPyw)}

where C; is the radioactivity concentration in a brain region; C; is the
radioactivity: concentration in: the reference region; R; is the ratio of
K,/K{ (Ky; influx rate constant for the brain region; K/, 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 (BPyp, Ry, and k,) were estimated by nonlinear
least-squares curve fitting. The cerebellum was used as a reference
region. The occupancy of dopamine D; receptors by risperidone was
calculated as follows:

Occupancy (%) = 100 * BPypsaeiner = BPun(deos)/BPubsetiveys

where BPyp pageline) IS the BPyp value in the baseline study, and BPyyieg
is the BPy;; value in the drug challenge study.

Cualculation of dopamine synthesis capacity. The uptake rate constant for
i-[B-1'C]DOPA indicating the dopamine synthesis capacity was estimated
by graphical analysis (Patlak and Blasberg, 1985; Gjedde, 1988; Hartviget al.;
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1991), which allows for the calculation of the up-
take rate constant k; using time-activity dataina
reference brain region with no irreversible bind-
ing. The k; values can be estimated by using sim-
ple linear least-squares fitting as follows:

J Cl(ndr
0

G'()

C{n

aw -8 o

£ Pt
where C, and ] are the total radioactivity con-
centrations in a brain region with and without
irreversible binding, respectively, and ¢* is the
equilibrium time of the compartment for un-
changed radiotracer in brain tissue. Plotting
COIC! (t) versus f C/ (1)dT/C{ (1), after time
t* yields a straight line with the slope k; and
intercept F. In the present study, the occipital
cortex was used as a reference region with no
irreversible’ binding, because . this-region. is
known to have the lowest dopamine concen-
tration. (Brown et al;; 1979)- and: lowest aro-
matic’ r-amino - acid - decarboxylase - activity
(Lloyd and Hornykiewicz; 1972). The range of
equilibrium time £* of 29-89 min was used
(Ito et al;; 2006, 2007): The percentage change
in k; by oral administration of risperidone was
calculated as follows:

% change

= 100 - (ki(drug) - ki(baseline))/ki(baseline})

where k;g,:iney i the k; value in the baseline
study, and Kiij..5 is the k; value inthe drug
challenge study.

Results

The ranges of occupancy of dopamine D,
receptors in the striatum for each dose
of risperidone measured: by PET with
[!'Clraclopride are given in Table 1. The
occupancies of dopamine D, receptors
ranged from 39% to 75% in the putamen
and from 33% to 79% in the caudate. The
sums of the plasma concentrations of ris-
peridone and 9-hydroxy-risperidone dur-
ing [!'Clraclopride and L-[B-''CIDOPA
PET studies, averaged between the start
and end of each scanning, ranged from 3.8
to 23.1 ng/ml (122 * 6.6 ng/ml, mean *
SD) and from 2.6 to 19:5 ng/ml (10.5 £
5.8 ng/ml), respectively.

The uptake rate constant k; of L-{B-
CIDOPA in the striatum indicating the
dopamine synthesis capacity for baseline
and drug challenge study results are
shown in Figure 1. The k; values were
0.0136 * 0.0017 min" ! and 0.0142 *
0.0010'min ! (mean % SD) in the puta-
men and 0.0121 * 0.0018 min~' and
0.0125 * 0.0015 min "' in the caudate for

baseline and drug challenge studies, respectively. No significant
differencesin k; were observed between the two studies. Weighted
sums of the natural neutral amino acids (NAAs) in plasma were
1251 * 198 nmol/ml for the baseline studies and 1207 % 199
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nmol/ml (mean = SD) for the drug challenge studies. No significant
differences in values were observed between the two studies.

The relations between the occupancy of dopamine D, re-
ceptors and the percentage change in k; by drug challenge are

66




Ito et al. » Changes in Dopamine Synthesis by Antipsychotics

shown in Figure 2. No significant correlations were observed.
The relations between k; in the baseline study and percentage
change in k; by the drug challenge are shown in Figure 3.
Significant negative correlations were observed (putamen: p <
0.001, caudate: p < 0.05).

Discussion

Effects of antipsychotics on presynaptic dopamine synthesis
might be caused by pharmacological activity on dopaminergic
autoreceptors (Carlsson and Lindqvist, 1963). Although occu-
pancy of dopamine D, receptors corresponding to the dose of
risperidone was observed, no significant changes in"the dopa-
mine synthesis capacity k; by administration of risperidone were
observed in the present study. Furthermore, there were no signifi-
cant correlations between the occupancy of dopamine D, receptors
and changes in dopamine synthesis capacity k; by risperidone. No
significant changes in the dopamine synthesis capacity after acute
administration of risperidone in healthy human subjects were
also reported using 6-[ '*F]-L-m-tyrosine (Mamo et al.,; 2004). On
the other hand, a significant increase in the dopamine synthesis
capacity measured using 6-[ '*F]fluoro-L-DOPA and a significant
increase in.the plasma corncentration of homovanillic acid have
been observed after acute-administration of antipsychotics, hal-
operidol or fluphenazine, in healthy human subjects (Vernaleken
et al.; 2006) and patients with schizophrenia (Davila et al., 1988;
Pickar et al.; 1988), respectively. The discrepancy between the
present and previous results might have resulted from the use of
different antipsychotics. However, in rat brain, it has been re-
ported that risperidone and clozapine also increased dopamine
release (Hertel et al., 1996). Another reason for this discrepancy
might due to differences in the radiotracers used. However, in ani-
mal studies with [PH]DOPA, 1-[B-!IC]DOPA, ot 6-{ '*F|fluoro-1-
DOPA, significant increases and decreases in dopamine synthesis
capacities by antagonists and agonists of dopamine D, receptors,
respectively, have been observed (Cumming et al,, 1997; Torstenson
etal., 1998; Danielsen et al., 2001).

In the present study, significant negative correlations were
observed between the baseline dopamine synthesis capacity k;
and the percentage changes in the dopamine synthesis capacity by
risperidone. This indicates that the increase and decrease in do-
pamine synthesis capacity by administration of risperidone are
observed in subjects with low and high baseline dopamine syn-
thesis capacity, respectively, and the degrees of increase and de-
crease in dopamine synthesis capacity are greater as the baseline
dopamine synthesis capacities are smaller and larger, respec-
tively. Negative correlations between baseline cerebral 6-[ '°E]
fluoro-1-DOPA utilization and change in 6- "*F]fluoro-1-DOPA
storage capacity by haloperidol challenge have also been observed
in healthy human subjects (Vernaleken et al., 2008), correspond-
ing to our present results, In addition, the coefficients of variation
of dopamine synthesis capacity k; were smaller in studies with the
administration of risperidone than in baseline studies. Thus, the
antipsychotic drug risperidone can be assumied to stabilize
the dopamine synthesis capacity. The concept of phasic and tonic
dopamine release with relation to the modulation of dopaminer-
gic neurotransmission has been proposed, and abnormal respon-
sivity in both phasic and tonic dopamine release in schizophrenia
has been considered (Grace, 1991). The therapeutic effects of
risperidone might be related to stabilizing effects on such dopa-
minergic responsivity. In addition, it has been reported that an
antipsychotic drug, clozapine, normalized dopamine turnover in
the primate phencyclidine model, indicating that the effects of
clozapine in schizophrenia might be related to the restoration of
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dopamine tone (Elsworth et al., 2008). In this study, only an acute
intervention was performed on healthy subjects, and therefore,
the chronic effects of antipsychotics on patients with schizophre-
nia should be investigated in future.

It has been reported that the working memory and learning
functions were correlated with the baseline dopamine synthesis
capacity (Cools et al., 2008, 2009). Further studies to investigate
the effects of antipsychotics on such higher brain functions in
relation with changes in dopamine synthesis capacity should be
considered (Vernaleken et al., 2008).

Serotonin 5-HT, receptor antagonists have been reported to
modulate eridogenous dopamine release (Pehek et al., 2001), and
to reduce extrapyramidal side effects (Balsara et al., 1979; Korsgaard
et al., 1985; Hicks, 1990). Risperidone is an antagonist for dopa-
mine D, receptors and serotonin 5-HT,, receptors with high
affinity (Leysen et al.; 1994), and ithas been reported to modulate
endogenous dopamine release.” These findings indicate that
changes in the dopamine synthesis capacity by administration of
risperidone might be due to not only pharmacological effects on
dopaminergic autoreceptors, but also on serotonin 5-HT,, re-
ceptors. Thus, the stabilizing effects of risperidone on the dopa-
mine ‘synthesis level might also be related to its antagonism
toward: serotonin 5-HT;, receptors. To elucidate this; further
studies based on the same design using a selective antagonist for
dopamine D, receptors, such as sulpiride, should be considered.
In addition, a new antipsychotic drugaripiprazole that isa partial
agonist to dopamine D, receptors has recently been used for
treatment of schizophrenia (Mamo et al.; 2007). Further studies
to investigate the effects of aripiprazole on dopamine synthesis
capacity should also be considered.

In conclusion, dopamine D, receptor bindings and dopamine
synthesis capacities at resting condition and after oral adminis-
tration of a single dose of the antipsychotic drug risperidone were
measured in the same human subjects. Although occupancy of
dopamine D, receptors corresponding to the dose of risperidone
was observed, no significant changes in dopamine synthesis ca-
pacity by administration of risperidone were observed. It wasalso
noted that there was no significant correlation between occu-
pancy of dopamine D, receptors and changes in dopamine syn-
thesis capacity by risperidone. On the other hand; a significant
negative correlation was observed between the baseline dopa-
mine synthesis capacity and the changes in dopamine synthesis
capacity by risperidone. This indicates that the antipsychotic
drug risperidone can be considered to stabilize the dopamine
synthesis capacity. This suggests that the therapeutic effects of
risperidone in schizophrenia might be related to the stabilizing
effects on dopaminergic neurotransmission responsivity.
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ARTICLE INFO ABSTRACT

Am’cl_e history: Comprehending conversation in a crowd requires appropriate orienting and sustainment of auditory
Received 22 July 2009 attention to and discrimination of the target speaker. While a multitude of cognitive functions such as
Received in revised form 4 February 2010 voice perception and language processing work in concert to subserve this ability, it is still unclear which
Accepted 5 February 2010

cognitive components critically determine successful discrimination of speech sounds under constantly
changing auditory conditions. To investigate this, we present a functional magnetic resonance imaging
(fMRI) study of changes in cerebral activities associated with varying challenge levels of speech discrim-
ination. Subjects'participated in a diotic listening paradigm that presented them with two news stories
read simultaneously but independently by a target speaker and a distracting speaker of incongruent or
congruent sex. We found that the voice of distracter of congruent rather than incongruent sex made the
listening more challenging, resulting in enhanced activities mainly in:the left temporal and frontal gyri.
Further, the activities. at the left inferior, left anterior superior and right superior loci in the temporal
gyrus were shown to be'significantly correlated with accuracy of the discrimination performance; The
present results suggest that the subregions of bilateral temporal gyri play a key role in the successful
discrimination of speech under constantly changing auditory conditions as encountered in daily life.

© 2010 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction (Jancke et al,; 2003; Petkov et al, 2004} to syllables (Lipschutz
et al;, 2002), to meaningful words (Grady et al.; 1997; Jdancke et
al; 2001); and to sentences (Hashimoto et al,, 2000). Previous

imaging studies based on this paradigm and using positron emis-

Selective listening is an auditory process that enables one to
attend to a specific speech of interest among a mixture of parallel

conversations.. Accomplishment of this ability, commonly known
as the cocktail party effect; requires not only appropriate orienta-
tion and sustainment of auditory attention but also a multitude of
concomitant cognitive processes including sound discrimination,
human voice recognition, language processing, and so forth. To
reveal the underlying neural mechanisms, the so-called dichotic
listening paradigm has long been used as an effective measure in
combination with neuroimaging studies (Pugh etal;, 1996; Beaman
et al., 2007). In this paradigm, two different auditory stimuli are
presented simultaneously, but with one of the stimuli delivered to
one ear and the second to the other ear (Kimura, 1961; Bryden,
1988). The types of auditory stimuli ranged from simple tones

*.Corresponding author. Tel: +81 3.3822:2131; fax: +81.3 5814 1684.
E=mail address: hsuzuki@nms.acjp (H. Suzuki).
! Present address: Department of Neuropsychiatry, Graduate School of Medicine,
University of Tokyo, 7-3-1; Hongo; Bunkyo-ku, Tokyo 113-8655, Japan:

sion tomography (PET) and functional magnetic resonance imaging
(fMRI) have revealed brain regions implicated in selective listening.
Robust activity is observed in the bilateral temporal lobes, includ-
ing the superior temporal gyrus (STG) (Tzourio et al,,; 1997; Alho
et'al., 1999; Hugdahl et al., 1999; Zatorre et al,, 1999; Hashimoto
et al.; 2000; Jdncke et al., 2001; van den Noort et al., 2008) during
dichotic listening tasks. These areas are well known to be involved
in auditory perception (van den Noort et al, 2008). In addition,
significant activation is found in the lateral frontal (Hashimoto et
al., 2000; Lipschutz et al.,, 2002; Thomsen et al,, 2004) and pari-
etal cortices (Hashimoto et al.; 2000; Lipschutz et al;, 2002; van
den Noort et al., 2008). Mid-ventrolateral (BA 45/47) and mid-
dorsolateralareas (BA9/46)in the lateral frontal cortex are involved
in pruning out unwanted information by responding selectively
to relevant information (Lipschutz et al; 2002). The parietal cor-
tex, especially the temporoparietal junction extending toward the
inferior parietal lobe (IPL), plays a major role in attentional orien-
tation during dichotic listening (Lipschutz et al., 2002). Therefore,

0168-0102/$ - see front matter © 2010 Elsevier Ireland Ltd and the Japan Neuroscience Society, All rights reserved.
doi:10.1016/j.netires.2010.02.006
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Fig. 1. The experimental block design of the session. Three conditions were sequentially presented to subjects: N, non-selective listening, a news story read out by a target
speaker only; Si, selective listening, news stories read out by a target speaker and a distracting speaker of incongruent sex; Sc, selective listening, news stories read out by a
target speaker and a distracting speaker of congruent sex. Each condition was presented for 20s and interleaved with 20-s rest. After each condition, a word was displayed
on a screen for 2 s (black circle) for the subjects to answer whether or not it was present in the target news of the preceding block by pressing a button. Each session was

repeated six times.

the dichotic listening paradigm has a major advantage in specify-
ing brain areas involved in the selective listening process, although
speech discrimination under the constantly changing auditory
conditions as encountered in daily life is far from such dichotic
listening settings.

While the dichotic listening paradigm is one extreme abstrac-
tion of selective listening processes that we encounter in daily
life, another experimental paradigm, the diotic listening paradigm,
has also been used in previous studies, albeit less frequently, to
investigate audifory attention under more natural listening set-
tings. The task consists of binaural presentation of target stimuli
superimposed by distracting stimuli (Scott et al., 2004; Shafiro and
Gygi, 2007), so that the listening condition is more compatible
with that in our daily life where the speech of interest and other
conversations are typically mixed together and delivered to both
ears. Previously, an fMRI'study based on this paradigm reported
that discrimination of human speech is associated with blood oxy-
genation level-dependent (BOLD) activation in Wernicke's area
(BA22), Broca's area (BA44/45) and the frontal association cortex
(BAG, 9/46, 32, 13/47), suggesting that the neural networks for
executing semantic, syntactic, and prosodic processing are impli-
cated in speech discrimination (Nakai et al., 2005). Given that
constantly changing auditory environments are encountered in
daily life, it is still unclear which brain regions critically work in
response to change of challenge level in speech sound discrimina-
tion paradigms.

Here we present an fMRI study based on the diotic listening
paradigm to evaluate brain activity involved in auditory selective
attention. We found that hemodynamic activities in some tempo-
ral subregions showed significant correlations with performance
accuracy of speech sound discrimination.

2. Materials and methods
2.1, Subjects.

Twenty healthy volunteers, 10 males and 10 females, participated in the study
(mean age£SD, 24.9+2.0 years). All subjects were right-handed according to
the Edinburgh handedness inventory (mean laterality quotients £5D, 89.7 £15.7)
(Oldfield; 1971) and were native speakers of Japanese with normal hearing. None
had a previous history of any neurological or psychiatric disorders. All subjects gave
written informed consent prior to participation in the experiment. The present study
wasapproved by the Ethics Committees of Nippon Medical School and Asai hospital.

2.2, Experimental design

The diotic listening task consisted of three conditions: (1)-a reference condi-
tion wherein a single news story was read out by a target speaker (N condition),
(2) a diotic listening condition wherein two distinct news stories were read out
simultaneously but independently by the target and another speaker (distracter)
of incongruent sex (Si condition), and (3) the same as St condition except the sex
of the distracter was congruent {Sc condition). Compared to the Si condition, the
congruency of the sex of the speaker in the Sc condition was expected to make
speech discrimination more challenging, sinceé male and female reportedly have dif-
ferent phonation frequencies in'reading possibly due to anatomical differences in

vocal folds (Chen, 2007). The expected different levels of difficulty in speech sound
discrimination were defined as ‘challenge level’ hereafter. The news stories were
adopted. from television programs and segmented into a 20-s long clip by a digital
sound editor {Ulead MediaStudio Pro 6.0, Ulead Systems, Torrance, CA, USA). Each
news segment contained 2.5+ 2.3 sentences in each condition, which were read at
a rate of 8.6 0.6 characters/s.

A block design was used for the presentation of stimuli during the fMRI session.
An active block of 20-s duration, corresponding to one of three listening conditions,
was interleaved with resting periods of the same duration (Fig. 1). The order of con-
ditions was fixed to N=Si-Sc, and this sequence was repeated six times in'a single
session {i.e;, six news stories per condition). The target voice remained identical
within 4 single sequence of conditions (N-Si-Sc), so the subjects could identify dur-
ing the N condition which voice they should have attended to in the subsequent
diotic listening conditions (Si and Sc). To avoid habituation to a particular voice,
however, the target voices were altered across the sequences.

To quantify the degree of comprehension of stories read by the target voices,
a word challenge was' employed-at each end of the block. A single. word was
visually presented for 2s immediately after each block; and the subjects were
required: to judge- if the word was present or absent in the preceding news
segment.

The task presentation during the scan was controlled by SuperLab Pro.2.0.4
(Cedrus Corporation, San Pedro, CA, USA). Auditory stimuli were delivered binau-
rally through headphones (Resonance Technology Inc., Northridge, CA, USA). Visual
stimuli were delivered to a translucent mirror attached to a head coil by a projector
located outside the scanner roomy. During the scan, the subjects were instructed fo
use their index finger when answering the word challenge.

2.3. fMRI data acquisition

Functional imaging data were acquired with a 1.5 Tesla Signa system with a
standard: head coil (General Electric, Milwaukee, WI).. Functional images of 180
volumes were acquired from each subject with T2*-weighted gradient-echo echo-
planar imaging sequences sensitive to BOLD contrast. Each volume consisted of 40
transaxial contiguous sections with a section: thickness of 3 mm to. cover: almost
the whole brain {flip angle; 90°; TE; 50 ms; TR; 4's; matrix, 64 x 64: field of view,
24¢mx24cm).

2.4 fMRLdadta analysis

Data analysis was performed with statistical parametric mapping software:2
(SPM2; Wellcome Department of Cognitive Neurology, University College London,
UK) running with MATLAB (Mathworks, Natick, MA). All volumes were realigned:to
the first volume in eachsession to correct for head motion and were then spatially
normalized to the standard space defined by the Montreal Neurological Institute
template. After normalization, all scans had a resolution of 3mm x 3 mm x 3 mm.
Functional images were spatially smoothed with a 3D isotropic Gaussian kernel (full
width'at half maximum of 8 mm). Low fréquency noise was removed by applying a
high-pass filter (cutoff period, 80} to the fMRI time-series data of each voxel. For.
subject-level statistical analyses, significant hemodynamic changes in each condi-
tion (N, Si, S¢) were examined using the general linear model with boxcar functions
convolved with a hemodynamic response function: Statistical parametric maps for
each contrast (Si-N, Sc=N; Sc=Si) of the t-statistic were calculated on:a voxel-by-
voxel basis:

For group comparisons, random effect analyses were performed. The con-
trast images obtained from subjéct-level statistical analyses were entered into the
random effécts analyses. One-samiple t=test was performed to determine group acti-
vation for each effect. A height threshold of P<0.001 (uncorrected) and an extent
threshold of 10 voxels were considered significant; For anatomical localization, peak
voxels were converted from MNI to Talairach coordinates {Talairach and Tournoux,
1988).
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Fig. 2. Cortical rendering of activated areas in selective listening task. (A} Activation in the Si-N constrast. The bilateral temporal, frontal and parietal areas were activated.
(B} Activation in the Sc~N contrast. The bilateral temporal, frontal areas, the left insula, cerebellum and the right parietal areas were activated. Compared with Si-N contrast,
wider areas were activated in Sc~N contrast. (C) Activation in the Sc=Si contrast. The bilateral temporal, frontal areas and the left parietal areéas were activated. All images
are shown at the height threshold of P=0,001; uncorrected; and the extent threshold of k=10 voxels.

2.5, Performance analysis of word challenge

Performance score of the word challenge was obtained by counting the number
of words that the subjects could answer correctly in the individual conditions with
six repetitions. The accuracy rate was expressed as percent of the total number of
correct words against all six sequences, and the values were shown'as mean=SD.
The accuracy rate was compared among N, Si:and Sc conditions using one-way
ANOVA,; followed by Tukey's multiple comparison test; P<0.05 was considered sta-
tistically significant.

Simple regression analyses were performed to examine correlations between
task-related BOLD signal changes of Sc=Si contrast and the performance:score dif-
ference between Si and Sc conditions (Sc=Si). Pearson’s correldtion coefficient was
then calculated with a significance threshold of P<0.05.

3. Results

3.1. fMRI data

To assess the areas activated in selective listening attention
under this designed experiment, the BOLD signal changes in both
Si=Nand Sc-N contrasts were examined. In Si-N contrast, as shown
in Fig. 2A, the bilateral STG, middle temporal gyrus (MTG), middle
frontal gyrus (MFG), superior parietal lobule (SPL), left precentral
gyrus, right inferior frontal gyrus (IFG), precuneus and IPL were sig-
nificantly activated (Table 1 and Fig. 2A). In Sc-N contrast, there was
significant activation in the bilateral STG, MTG, IFG and MFG, the
left insula and cerebellum, right medial frontal gyrus, precuneus,
supramarginal gyrus (SMG) and inferior parietal gyrus (Table 1 and
Fig: 2B). These results suggest that the brain regions activated in Sc
condition are more widespread than those in Si condition.

Furthermore, the difference in BOLD signal between Sc and Si
conditions was analyzed to reveal how the change of challenge level
in speech sound discrimination affects brain hemodynamic activ-
ity. In Sc=Si contrast; significant activations were observed in the
bilateral STG, MTG, IFG, MFG, medial frontal gyrus, SFG, left inferior
temporal gyrus (ITG), SMGand IPL (Table 1'and Fig. 2C).

3.2.-Accuracy rate

Next, we investigated whether the difference in challenge level
inspeech sound discrimination among three conditions reflects the
difference in accuracy rate. The subjects judged the presence of the
keywordsin the preceding narration with 93.3 £ 8.4% (N condition),
92.5+10.1% (Si), and 81.7 4+ 17.1% (Sc) of accuracy rates, respec-
tively (ANOVA for group comparison, P=0.0065; Fig. 3). Thus, the
subjects answered the target word less correctly in Sc condition
than in Nand Si conditions (P<0.05), suggesting that they had more
difficulty in discriminating the target voice when the distracter was
of congruent sex in Sc condition.

3.3.-Correlation between fMRI image and performance score

Further, we sought to determine the brain regions responsible
for changes of challenge level in speech sound discrimination as
measured by BOLD activation. The change in BOLD signal under
Sc=Si contrast was positively correlated with the difference in per-
formance score between Si and Sc conditions (Sc=Si) in the left
ITG (BA 20, R=0.796, P<0.001), left anterior STG (BA 38, R=0.787,
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Table 1
Regions activated in selective listening in Si-N, Sc-N and Sc-Si contrasts.
Contrast Hemisphere _ Region(Brodmannarea) - Talairach - t-Value
V , - x y z
Si—N L ~ Superlortemporalgyrus(ZZ) . .59 : =25 7 10.59
Middle temporal gyrus (21} - =59 -6 =5 6.24
_ Precentralgyrus(6/4y . =57 T 31 6.92
. Middle frontal gyrus (46) S =48 . 42 20 413
, o Superior parietal lobule (7). 12 - —65 55 433
R . Superiortemporal gyrus (22/42) ' 61 33 7 5.88
- Middle temporal gyrus (21) . 7 14 -4 5.73
Middle frontal gyrus (10/9/46) - 36 - 47 11 : 467
Inferior frontalgyrus (44 : 53 13 21 434
Superior parietal lobule {7) - . 18 . -89 50 6.65
~ Precuneus (7). ; ‘ . 16 . -54 52 436
lnferxorpanetal lobule (40) . - 57 -4 22 4.04
Sc-N L . Superior‘temporal syrus (22/42) . 51 17 3 12.08
_ Middle temporal gyrus(zi) . . -53 -12 ~6 10.28
‘ Inferior frontal gyrus (45) - . 57 - 90 19 8.01
 Middle frontal gyrus (6) - =46 4 50 6.24
syl - 30 - 19 =1 482
, ; . cerebellim 7 -21 5.39
R Middletemporalgyrus (21) . 6l - -6 =11 7.85
' . - Superior temporal gyrus (22[42) L 3. 99 5 6.06
Inferior frontal gyrus (45/44/47) . 59 - 19 21 6.37
- Middle frontal gyms(6f10[9/8[46}, . .48 ; 8 46 5.09
Medial frontal gyrus (8) ‘ - 2 . 37 41 418
_ Precuneus (7) L 1  -62 40 485
Supramarginal gyrus (40) - v 43 37 467
lnferlorparleta} Iobule (39) - 43 . 58 43 445
Sc-Si L . Mlddle temporal gyrus (21) 55 220 =7 6.66
. Supenor temporal gyrus (22/38) . . 45 ; 23 3 5.7
Inferior temporalgyms (20) . 45 - 7 =25 447
_Inferior frontalgyrus(45/47) 53 - 18 14 6.5
Middle frontal gyrus (8/6) . =32 22 47 : 6.35
. Medial frontal gyrus (8) : : -2 31 o (46 6.21
. Superior frontal gyrus (8/6) . -8 - 34 ‘ 52 . 537
Supramarginal gyrus (40) ~ ; -63 ' 47 - 28 556
- Inferior parietal lobule (39/40) . 50 -59 23 5.02
R - Middle temporal gyrus (21} 53 . L . =25 492
‘Superior temporal gyrus (22) : 46 : =21 3 4.6
Medial frontal gyrus {8/9) o2 39 - 40 5.08
_ Superior frontal gyrus (8) L8 50 36 caE . 484
inferior frontal gyrus (45) : 8 ; 36 ‘, 52 475
- Middle frontal gyrus (8/9/6/46) o 61 ' 2 21 . 444
P<0.001) and right STG (BA 22, R=0.722, P<0.001), respectively . . Table2 . ' . .
(Table 2 and Fig. 4). The two subregions in the left temporal gyrus Regions of activation correlated with performance score in Sc--Si contrast:
(BA 20 and 38) were aiso included in-activated areas under Sc-Si Hemisphere  Region (Brodmann area) Talairach -Value
contrast by the overall analysis as shown inTable 1 (superior tem- - ' - = ‘
poral gyrus and inferior temporal gyrus). At the individual level, 10 - — .- . = :
subjects showed no difference in the performance score between L Inferior temporal gyrus 20) 50 32 -10 531

Superior temporal gyrus (38)  -48 12 =28 446

Scand Si conditions, while they had increase in BOLD signal in the
left ITG and left anterior STG under Sc-Si contrast (Fig. 4A and B). R
As for the right STG BOLD signal, seven subjects with lower perfor-
mance score showed lower BOLD activity in this subregion under
Sc condition than Si condition (Fig. 4C).

Superior temporal gyrus (22) 63 =8 0 466

Georgiadis et al,; 2002} has already been extensively used to reveal
the regions responsible for attentive listening. These studies have
demonstrated widespread activities not only in the temporal cortex
including bilateral STG and MTG, but also in the inferior pari-

4. Discussion

4.1; Cortical network in auditory selective attention

By means of fMRI with a diotic experimental paradigm based
rather on actual human conversation, cortical hemodynamic
reésponse was observed robustly in the bilateral STG and MTG and
substantially in the bilateral MFG, right IFG and SPL in both Si
and Sc conditions. Brain imaging (PET and fMRI) combined with
dichotic listening task (O'Leary et al., 1996; Hugdahl et al., 1999,
2000; Hashimoto et al., 2000; Jancke et al,, 2001, 2003; Hund-

etal-and prefrontal cortices (Jancke and Shah; 2002; Lipschutz et
ak, 2002). In addition, an fMRI study (Nakai et al.; 2005) using a
diotic listening paradigm has also shown similar brain activation
in the frontal association cortex as well as STG. Therefore, brain
regions activated during the present diotic listening task are con-
sistent with those previously reported, suggesting that the present
task mimicking daily life conditions can efficiently activate the
auditory attention networks commonly used during selective lis-
tening:
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Fig. 3. Accuracy rate of word challenge. The ratio (%) of the number of target words
correctly answered by the subjects in the individual conditions in the session was
calculated and referred to as accuracy rate. The values were mean = SD. The accu-
racy rates were significantly different among the three conditions (F(2, 57)=5.5,
P=0.0065). Sc condition has significantly lower accuracy rate compared with N
and Si conditions (*P<0.05). N, non-selective listening; Si, selective listening with
speakers of incongruent sex; Sc, selective listening with speakers of congruent sex.
n=20.

4.2. Diotic selective listening

To accomplish the diotic listening task in the present study, sev-
eral distinct steps were required to process auditory information:
discriminating the voice of the target speaker from that of the dis-
tracter, ignoring the distracter’s voice, keeping attention focused on
the story read by the target speaker, recognizing the words in the
story, constructing sentences from the words, and comprehend-
ing and memorizing the sentences. In each process, distinct brain
regions are thought to be involved. The right anterior part of the
superior temporal sulcus and right IFG are reportedly involved in
the prosodic component of speech sound processing (Plante et al.,
2002; Zatorre et al., 2002) to discriminate the target voice by com-
paring it with others’ prosodic features. The left frontal (BA6, 8, 9,
44 and 46)and parietal lobes (BA7) have been thought to have a role
in ignoring distracter stimuli (Bledowski et al., 2004). Broca’s area
(BA 44 and 45) is involved in syntactic processing (Stromswold et
al., 1996; Caplan et al., 1999). It has been reported that the anterior
areas of the left superior temporal gyrus and middle temporal gyrus
are involved in speech comprehension (Scott et al,, 2000; Davis
and Johnsrude, 2003) and the left parietal cortex in working mem-
ory retrieval or short-time memory (Majerus et al., 2007; Oztekin
et al,, 2009). As shown by the results, the present task increased
hemodynamic activation in the above-mentioned areas, consistent
with the previous observations. Collectively, the present results
suggest that the temporal, parietal and frontal regions are exten-
sively involved in overall information processing during selective
diotic listening.

However, there are several differences in the activated area
between the previous dichotic listening studies and the present
results. Activation of the primary auditory area such as BA 41 was
not significant at the statistical threshold applied in the present
study, while previous dichotic listening task studies found pre-
dominant activation in the primary auditory cortex contralateral
to the ear of stimulation (Alho et al., 1999; Jancke et al,, 2001).
Most of the auditory stimuli adopted in previous dichotic listening
task studies were tone and syllables, whereas in the present task
we used as stimuli two different contents of sentences read simul-
taneously but independently by a target and a distracting speaker.
Under such condition, the subjects are required to execute neu-

ral processes pertaining to lexical access and semantic retrieval
for completion of the task. Therefore, the cerebral activation might
rather reflect post-sensory linguistic processing. In fact, functional
neuroimaging studies using speech as stimuli showed activation
of the left-lateralized networks, including the parietal, frontal and
temporal cortex (Binder et al., 2009).

In addition, our results showed activation in the bilateral pari-
etal cortices (BA 7) in Si-N contrast, the right parietal cortex
(BA 39) in Sc-N contrast, and the left parietal cortex (BA 39 and
40) in Sc~Si contrast. While dichotic listening tasks have been
reported to preferentially activate the right parietal cortex in
association with spatial auditory processing (Alho and Vorobyev,
2007), left-dominant brain activation has been reported in angu-
lar gyrus (BA 39) and its adjacent areas (BA 40 and 7) in the
semantic decision task using spoken languages (Binder et al,,
1997, 2009). Accordingly, the parietal cortex activation shown in
our task may be due to language processing rather than spatial
processing,.

4.3. Change of challenge level in speech sound discrimination and
hemodynamic response in fMRI

As expected from the sex difference in voice properties, Sc con-
dition was more difficult for the subjects to discriminate speech
than Si condition when the mean accuracy rate in the perfor-
mance was compared between Sc and Si conditions. Furthermore,
the difference in performance between Si and Sc conditions was
positively correlated with the change in BOLD signal under Sc-Si
contrast in the left ITG, left anterior and right STG. At the indi-
vidual level, half of the subjects showed increase in BOLD signal
in the left ITG and left anterior STG without apparent differ-
ence in performance score between Sc and Si conditions. These
results might be interpreted as the subjects making effort to
attain good performance, resulting in BOLD increase in these
regions. As described above, it has been reported that the left
ITG and left anterior STG are involved in lexical-semantic pro-
cessing (Binder et al.,, 2009). On the other hand, seven subjects
with lower performance score under Sc condition than Si condi-
tion showed lower BOLD activity in the right STG. This implies that
the activity of this subregion, which reportedly involves senten-
tial prosody processing (Plante et al.,, 2002; Zatorre et al., 2002),
may directly reflect the ability to discriminate performance. The
involvement of these regions in successful discrimination may,
therefore, indicate that the our present tasks require linguistic
processing in addition to phonological one; since targeted words
were presented in the news articles, the participants need to
comprehend the target speech in the context of the news con-
tents as well as to differentiate the target voice in the context
of the phonetic feature. Collectively, these results suggest that
these temporal subregions relating to language processing also play
important roles in performing speech discrimination under con-
stantly changing auditory conditions intermingled with different
speakers’ voices.

4.4. Selective auditory attention and psychiatric disorders

Patients with psychiatric disorders are known to often suffer
from attention disturbance. For instance, deficit in attention has
been thought to be a primary feature of neurocognitive profiles
of patients with schizophrenia on the basis of neuropsychologi-
cal studies (Heinrichs and Zakzanis, 1998; Fioravanti et al., 2005).
Intriguingly, functional imaging studies of attention and working
memory, however, have reported mixed findings in these patients.
Attention task-related activation is attenuated in schizophrenia
in DLPFC (Ojeda et al., 2002) and STG (Gallinat et al.,, 2002) as
compared to in healthy subjects. In contrast, enhanced activa-
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Fig. 4. Correlation between relative BOLD signal change and performance score difference in Sc-Si contrast. In the right panels, the vertical axes represent relative BOLD
signal change in Sc-Si contrast, and the horizontal axes indicate the difference in performance score between Si and Sc conditions. Scatter plots illustrate significant positive
correlations by simple regression analyses between neural activation of the left inferior temporal gyrus (A), left anterior superior temporal gyrus (B), or right superior temporal
gyrus (C) and the performance score difference (Sc-Si). The left panels illustrate the brain regions with corresponding Talairach coordinates showing the correlations as

described.

tion in DLPFC (Weiss et al., 2003) and STG (Weiss et al., 2007;
Schirmer et al., 2009) has been observed in schizophrenia. Such
discrepancy may be derived not only from the wide variety of
patient profiles, but also task designs, which focus on different
aspects of neurocognitive function of patients. A key feature of
the paradigm used in the present study is that it could uniquely
depict the brain activity during listening attention encountered
in the daily conversational environment. In addition, this task
can measure an activity change of the speech sound discrimina-
tion in temporal areas, which is reportedly reduced in volume
in patients with schizophrenia (Coilinson et al, 2009; Sun et
al., 2009). Therefore, future studies using the present diotic task
may be useful for investigating the cognitive aspect of audi-
tory attention in patients with attention disturbance such as
schizophrenia.
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It has been demonstrated in vitro that the dopamine D5 receptor
has 2 interconvertible affinity states for endogenous dopamine,
referred to as the high- and the low-affinity states. 1C-(R)-2-
CH5O-N-n-propylnorapomorphine (11C-MNPA) is a new agonist
radioligand for in vivo imaging of the high-affinity state of dopa-
mine D, receptors using PET: In the present study, the kinetics
of 11C-MNPA were examined for the first time, to our knowledge,
in the human brain and analyzed using quantitative approaches
with or without an arterial input function. Methods: A 90-min dy-
namic PET scan was obtained for 10 healthy men after an intra-
venous injection of 1'G-MNPA. The binding potential (BPnp) was
calculated using the indirect kinetic method, a kinetic compart-
ment analysis with a metabolite-corrected arterial input function.
BPnp was also calculated by the simplified reference tissue
model (SRTM) and transient equilibrium methods, both with the
cerebellum as the reference brain region. The results of the quan-
titative methods were compared in a cross-validation approach.
Resuiis: The highest regional radioactivity was observed in the
putamen. BPyp values obtained by kinetic analysis were 0.82
+0.09,0.59 + 0.11, and 0.28 * 0.06, respectively, in the puta-
men, caudate, and thalamus. BPyp values obtained by the
SRTM and transient equilibrium methods were in good agree-
ment with those obtained by the indirect kinetic method (r =
0.98 and r = 0.983, respectively). For all quantification methods,
the BPnp values based on data acquired from 0 to 60 min were
in ‘good agreement with those based on data acquired from 0
to 90 min (= 0.90-0.99). Conclusion: The regional distribution
of 1'C-MNPA binding was in good agreement with previous PET
studies of dopamine D, receptors in the human brain using an-
tagonist radioligands. The results support routine use. of the
SRTM and transient equilibrium methods, that is, methods that
do not require an’ arterial input function and need a scan time
of only about 60 min. 11C-MNPA should thus be useful for clinical
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The dopaminergic system in the brain plays a significant
role in the physiologic: regulation ' of: motor functions,
cognition; emotion, ‘and personality (/). -Alterations. of
dopaminergic neurotransmission have been implicated in
several pathologic conditions, such as schizophrenia (2),
Parkinson disease (3); and addiction (4). Dopamine recep-
tors are classified into 5 subtypes, Dy, D5, D3, Dy, and Ds
(5). The dopamine D, receptor is a main therapeutic target
for currently used antipsychotic drugs and has long been
suggested to be involved in the pathophysiology of
schizophrenia (2,6-11).

Several observations in vitro indicate that the dopamine
D, receptor exists in 2 interconvertible. affinity - states;
distinguished by the affinity of endogenous dopamine and
referred to as the high- and low-affinity states. It has further
been suggested that the high-affinity state is the function-
ally active form of the receptor and is thus more relevant
for clinical studies (/2). Studies of dopamine D5 receptors
using PET have almost exclusively been performed: with
antagonist radioligands, such as 1!C-raclopride and 'C-
FLB457 - (13-15). ‘Antagonist radioligands. do, however,
bind with equal affinity to the 2 conformational states of
the dopamine D, receptor: To examine the high-affinity state
of the dopamine D, receptor in vitro and in.vivo, agonist
radioligands  such as . (—)-N-!!C-propyl-norapomorphine
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(MIC-NPA) and ! C-(+)-4-propyl-3,4,4a,5,6,10b-hexahydro-
2H-naphtho[1,2-b][1,4]Joxazin-9-0l (}!C-PHNO) have re-
cently been developed (16,17).

1C-(R)-2-CH;0-N-n-propylnorapomorphine (1!C-MNPA)
is another new agonist PET radioligand with high affinity and
selectivity for the dopamine D, receptor (inhibitory concen-
tration of 50%, 1.02 nM; inhibition constant 0.17 nM,
respectively) (18,19) and was recently characterized in non-
human primates (20). PET measurements in cynomolgus
monkeys showed high uptake in the striatum, with a striatum-
to-cerebellum ratio of 2:2. The striatal uptake of HC-MNPA
could be inhibited by the injection of unlabeled raclopride,
confirming that the striatal binding is reversible and specific
for dopamine D; receptors. Subsequent applied studies using
amphetamine-induced dopamine release showed that ''C-
MNPA was more sensitive than ''C-raclopride, thus support-
ing the indication that !'\C-MNPA is a promising radioligand
for PET of the high-affinity state of the dopamine D, receptor
invivo (21). The aim of the present study was to examine the
regional distribution and kinetics of 'C-MNPA in the human
brain. Ten control subjects were included, and data were
analyzed using kinetic compartment analyses with a metab-
olite-corrected input function and 2 quantitative methods
with the cerebellum as a reference brain region.

MATERIALS AND METHODS

Bubjecis

Ten healthy men (age range, 2235 y; mean *+ SD, 27.7 * 54y)
participated in this study. On the basis of their medical history and
MRI of the brain, all subjects were free of any somatic, neurologic,
or psychiatric disorders, and they had no history of current or
previous drug abuse. Written informed consent was obtained from
all subjects after the study was completely described. The study
was approved by the Ethics and Radiation Safety Committee of the
National Institute of Radiological Sciences, Chiba, Japan.

Nrocedurs

11C MNPA was synthesized as described in detail previously
(20). In brief, !'C-MNPA was synthesized by the methylation
of (R)-(—)-2,10,11-trihydroxy-N-n-propylnoraporphine-acetonide
with 11C-methyl triflate and subsequent cleavage of the acetonide
protecting group with the addition of hydrochloric acid. An ECAT
EXACT HR+ PET system (CTI-Siemens) was used for all
measurements. A head-fixation device was used to minimize head
movements during data acquisition. A transmission scan for
attenuation correction was obtained using a %3Ge-%3Ga source.
Dynamic PET scans were obtained after a 1-min intravenous slow
bolus injection of ''C-MNPA (204.3-232.1 MBq; mean *= SD,
219.3 * 8.2 MBq). The specific radioactivity of ''C-MNPA was
197.5-335.0 GBg/pmol (261.1 = 43.3 GBg/umol) at the time
of injection. Brain radioactivity was measured from 0 to 90 min
(20s X9, 1 min X 5,2 min X 4, 4 min X 11, and 5 min X 6).

MR images of the brain were acquired with a 1.5-T MRI
scanner (Gyroscan NT; Philips). Tl-weighted images were ob-
tained at I-mm slices acquired in 3 dimensions.

Srterial Blood Sampling and Melzbolite Analysis
To obtain the arterial input function, a series of arterial
blood samples were taken manually from a catheter 32 times

704

(2.5 mL x 22 times for the measurement of radioactivity concen-
tration in whole blood and plasma; 5.0 mL x 10 times for the
determination of the percentage of unchanged ''C-MNPA in plasma)
during the 90-min PET scan. Each blood sample was centrifuged
to obtain plasma and blood cell fractions, and the concentrations
of radioactivity in whole blood and plasma were measured.

The percentage of unchanged ''C-MNPA in plasma was
determined by high-performance liquid chromatography (HPLC)
in 10 of the blood samples. Acetonitrile was added to each plasma
sample, and the samples were then centrifuged. The supernatant
was subjected to radio-HPLC analysis (column, XBridge Prep
C18; Waters) (mobile phase, 48:52 90% acetonitrile:50 mM
ammonium acetate). The arterial plasma input function was
defined as the radioactivity of plasma multiplied by the percentage
of unchanged radioligand.

& : gg\ig

All MR images were coreglstered to the PET images using the
statistical parametric mapping system (SPM2; Wellcome Trust
Centre for Neuroimaging) (22). ROIs were drawn manually on
summated PET images with reference to the coregistered MR
images. ROIs were defined for the cerebellar cortex, putamen,
caudate, and thalamus. Regional radioactivity was calculated for
each frame, corrected for decay, and plotted versus time.

Kinetic Compartment Analysis of VO-MM seling
To describe the kinetics of ''C-MNPA in the brain, the 2-tissue-
compartment model with 4 rate constants, Ky, k», ks, and ky, was
used. The 3 compartments include Cp, the radioactivity concen-
tration of unchanged radioligand in plasma (arterial input func-
tion); Cyp, the radioactivity concentration of nondisplaceable
radioligand in the brain (including nonspecifically bound and free
radioligand); and Cg, the radioactivity concentration of radioli-
gand specifically bound to receptors. The rate constants K, and &,
represent the influx and efflux rates for radioligand diffusion
across the blood-brain barrier. The rate constants k3 and k4
represent radioligand transfer between the compartments for
nondisplaceable and specifically bound radioligand.

Sin

Caloulation of the VO-MNPA Binding Polential

IC-MNPA binding was expressed by the indirect kinetic,
SRTM, and transient equilibrium methods. In these methods,
IIC-MNPA bindings were expressed as binding relative to non-
displaceable binding (BPnp) (23). The BPyp of the radioligand is
proportional to the product of the receptor density (Bn.x) and
reciprocal affinity (1/K), and the ratio of B, to K, corresponds
to the ratio of &3 to k4, as expressed by the following equation:

BPxp = fnp(Buax/Ka) = k3/ks, Eq. I
where fyp is the free fraction of radioligand in the nondisplaceable
compartment. The cerebellum (cerebellar cortex) was used as a
reference brain region because it is a structure with negligible D,
dopamine receptor density (24). The software package PMOD
(PMOD Technologies) was used for the indirect kinetic, SRTM,
and transient equilibrium quantitative methods.

Indirect Kinetic Method. In the present cross-validation ap-
proach, the indirect kinetic method was used as the standard
method (25). BPyp was defined as the ratio of k3 to k4 as
calculated using the 2-tissue-compartment model. Because the
ratio of k3 to k4 is sensitive for noise in the PET data, BPyp was
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calculated using the indirect kinetic method. With the cerebellum
as a reference region, BPyp can be expressed as:
BPnp = vT(region)/VT(cerebellum) -1 Eq. 2

where Vepgegion) is the total distribution volume (= (Ky/k2)(kslky +
1)) in a target region, and Vr(cerebenum i the total distribution
volume (= K /k>) in the cerebellum. The rate constants Ky, ko, &3,
and k, in the putamen, caudate, and thalamus were determined by
nonlinear curve fitting in a least-squares sense to the regional time—
activity curves as described in the literature (/5). K, and k, values
in the cerebellum were also determined by nonlinear curve fitting in
a least-squares sense but by using the 1-tissue-compartment model,
assuming that the cerebellum has negligible D, dopamine receptor
density (24). To improve the stability of the curve fitting in the
nonlinear curve-fitting procedure, the ratio of K| to k, was fixed for
each subject to the value obtained in the cerebellum by the kinetic
analysis with the 1-tissue-compartment model (range of K/k, 5.0
7.9 mL/cm3;, mean = SD, 6.5 % 0.75 mL/cm?). In this analysis,
blood volume, which depends on the first-pass extraction fraction
of the tracer, was estimated using the radioactivity of whole blood
to diminish the influence of tracer remaining in the blood (26).

SRTM Method. The SRTM method, assuming that both target
and reference regions have the same level of nondisplaceable
binding, can be used to interpret time—activity curves in the target
region as follows (27):

CT(t) = Rlck(t)+(kz - R[kz/(l‘*‘BPND))CR(t)

+exp( — kat/(1+BPyp)), Eq. 3
where Cp(t) is the total radioactivity concentration in a brain
region measured by PET, R, is the ratio of K, to K\’ (K), influx
rate constant for the brain region; K;’, influx rate constant for the
reference region), Cgr(t) is the radioactivity concentration in the
reference region (cerebellum), and * denotes the convolution
integral. The parameters R;, k», and BPyp in this model were
estimated by the nonlinear curve-fitting procedure.

Transient Equilibrium Method. Transient equilibrium theoreti-
cally occurs when the derivative for specific binding (dCs (£)/dt) is
0, that is, the peak point of specific binding, Cs(t) (/5,28). It
follows that Cg (t)/Cyp (t) is equal to ks/ky (= BPyp) at transient
equilibrium.

Simulation B

A simulation study was performed to estimate errors of BPnp
calculated by the SRTM and transient equilibrium methods. The
assumed values and intervals examined were acquired from the
results of the kinetic approach. Regional tissue time-activity
curves (0-90 min) were generated according to the 2-tissue-
compartment model. We assumed that the value of K/k, equaled
6.6 mL/cm? and that of k,; equaled 0.18 min~!. The tissue time—
activity curves were generated with K; values between 0.20 and
0.60 mL/cm3/min in 6 steps and with k3 values between 0.02 and
0.20 min~! in 10 steps. A tissue time-activity curve for the
cerebellum was generated according to the 1-tissue-compartment
model with 2 rate constants, using 0.44 mL/cm3/min for K, and
0.067 min~! for k,. The average arterial input function (n = 10),
corrected for labeled metabolites, was used to generate the tissue
time—activity curves. BPyp was then calculated by applying the
SRTM and transient equilibrium methods to the generated tissue

T1-weighted Summed PET image
MR image (60-90 min}
FIGURE 1. Representative summated PET images 60-90

min after intravenous injection of 1'C-MNPA (221 MBq) and
corresponding T1-weighted MR images in control human
subject. Upper panel shows horizontal section through
striatum, and lower panel shows section through cerebellum.

time-activity curves. The estimated BPyp values were compared

with the BPyp values calculated by the indirect kinetic method.
Variations in K, values between a brain region and the cere-

bellum due to differences in cerebral blood flow (CBF) between

15,000

o Putamen

a Caudate

o Thalamus
x Cerebellum

Radioactivity (Bg/cm3)

T T 1
20 40 60 80 100

Time (min)

FIGURE 2. Representative regional time-activity curves
after intravenous injection of 1'C-MNPA (232 MBq) binding
in control human subject. Fitted curves using 2-tissue- and
1-tissue-compartment models are also shown for target
regions and cerebellum, respectively.
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