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Table 1
Clinical characteristics of patients.
Patient no. Age Gender Diagnosis Dose of sulpiride Duration of illness PANSS
(years) (M) (mg) (years) Positive Negative General Total
1 32 M 295.30 1200 15 16 21 30 67
2 45 E 295.30 600 28 25 26 49 100
3 47 M 295.30 1200 8 18 23 44 85
4 47 M 295.30 1000 25 23 26 47 96
5 52 M 295.10 1200 5 18, 33 46 92
6 56 M 295.60 600 29 20 43 59 122
Mean &+ SD 46.5+8.2 966.7 +2944 18.34+10.5 192444 28.7+81 458494 93.7 4+18.1

DSM-1V, Diagnostic and Statistical Manual of Mental Disorders, 4th edition; PANSS, Positive and Negative Scale for Schizophrenia; M, Male; F, Female.

met the criteria of the Diagnostic and Statistical Manual of Mental
Disorders 4th edition (DSM-IV) for diagnosis of schizophrenia. The
diagnosis was assessed by Structured Clinical Interview for DSM-IV by
three psychiatrists. The patients underwent general medical and
laboratory evaluation. Organic brain disease was ruled out by CT, T1-
weighted magnetic resonance (MR) images, and electroencephalogram.

Prior to this study, they had been prescribed antipsychotics during
the periods indicated as ‘duration of illness’ in Table 1. In chlorprom-
azine equivalents, daily doses ranged from 200 mg to 606 mg and mean
dose was 384 4 139 mg/day (Inagaki and Inada 2006).

In all patients, the previously used antipsychotic drugs were
changed to sulpiride, a selective dopamine D,/Ds receptor antagonist
without affinity to dopamine D, receptor. PET scans were performed
after a washout period of at least three weeks after changing to
sulpiride. Sulpiride was maintained at the same dosage during the
washout period. Because of extrapyramidal side effects, two patients
were administered a relatively low dose of sulpiride (600 mg),
although there had been no exacerbation of their psychic symptoms.
All patients underwent clinical ratings of their psychopathology using
the positive and negative syndrome scale (PANSS; Kay et al. 1987),
and the following cognitive function tests: Wisconsin Card Sorting
Test (Heaton 1981) to evaluate executive function, Stroop test (Cohen
and Servan-Schreiber 1992) and n-back tasks (2-back minus 0-back
using letters as stimulus; Cohen et al. 1994; Owen et al. 2005) to
evaluate working memory.

The healthy control sample consisted of 6 females and 6 males,
age-matched at 42.8 + 8.5 years. Based on unstructured psychiatric
screening interviews, none had a history of neurological or psychiatric
illness. Organic brain disease was ruled out by T1-weighted MRL

The study was approved by the Ethics and Radiation Safety
Committees of the National Institute of Radiological Sciences, Chiba,
Japan. After providing a complete explanation of the study, written
informed consent was obtained from all subjects.

PET and MRI procedures

All patients except patient #6 (Table 1) underwent both PET scans
using ['’CJNNC112 and [''C]SCH23390 on the same day. Patient #6
and twelve healthy controls underwent each of the PET scans with
[''CINNC112 and [''C|SCH23390 within several days. The PET system
ECAT EXACT HR+ (CT1-Siemens, Knoxville, TN) was used for all PET
studies. The system provides 63 planes with a 15.5 cm axial field of
view. After a transmission scan with a 8Ge-%8Ga source, a bolus of
[''CINNC112 or [''C]SCH23390 was rapidly injected into the ante-
cubital vein with a 20-ml saline flush. Injected radioactivity and
specific radioactivity were 220.549.25MBq and 140.0 +64.1 GBq/
pmol for patients in the [''CJNNC112 studies, 215.0 + 14.1 MBq and
152.5 + 50.6 GBq/umol for controls in the [''CJNNC112 studies, 200.2 +
15.9 MBq and 59.7 & 15.5 GBg/umol for patients in the [''C]SCH23390
studies, and 220.5 4+ 18.1 MBq and 68.6 4+ 11.0 GBq/umol for controls in
the [11C]SCH23390 studies, respectively.

Radioactivity in the brain was measured by a series of scans for
90 min for [''CJNNC112 or 60 min for [''C]SCH23390, starting

immediately after the injection. During image acquisition, the subjects
were instructed to lie quietly with their eyes closed and earplugs in
place. Image reconstruction was performed with a Hanning filter with
a cut-off frequency of 0.4, a value experientially determined for the
purpose of noise reduction, resulting in a final spatial resolution of
7.5 mm FWHM (full width at half maximum).

T1-weighted MR images were acquired on Philips Gyroscan NT,
1.5T (Philips Medical Systems, Best, The Netherlands). Scan para-
meters were 1-mm-thick 3D images with a transverse plane
(repetition time, TR/echo time, TE 21/9.2 ms, flip angle 30°, matrix
256 x 256, field of view (FOV) 256 x256), yielding 196 contiguous
slices of the head.

PET data analysis

Regions of interest (ROIs) were manually drawn on the transverse
slices from each subject's PET summation images referred from MRI
images coregistered to the reconstructed PET images. ROIs were set to
cover 3 adjacent slices for the striatum including both the caudate
nucleus and the putamen, anterior cingulate, cerebellum, temporal
cortex and frontal cortex including the superior frontal gyrus, middle
frontal gyrus, and inferior frontal gyrus, which roughly corresponds to
dorsolateral prefrontal cortex. The sets of ROIs for each section were
transferred to the corresponding PET images, and time-activity curves
(TACs) were obtained. The TACs of each region were analyzed using a
simplified reference tissue model in a least-squares manner, in which
the cerebellum was used as reference tissue (Lammertsma and Hume
1996). This procedure produced the binding potential (BPyp; Innis
et al. 2007) value.

Statistical analysis

Statistical analysis of the regional BPyp obtained from patients
with schizophrenia and healthy control subjects was performed using
one-way analysis of covariance (one-way ANCOVA) with age as
covariate using SPSS for Windows 16.0.2] (SPSS Inc, Chicago, Illinois,
USA 2008), and post hoc Bonferroni correction was used for multiple
comparisons. p value<0.05/4 = 0.0125 was considered significant.

Results

Table 1 lists the clinical profiles of the patients. The average
duration of illness after schizophrenia diagnosis was 18.3 years.
Scores of the two cognitive functional tests are shown in Table 2,
and significant group effects were found in each cognitive function
test. Because four patients, #2, #3, #5 and #6, were not able to do n-
back task (2 back), results were not shown in Table 2.

Significant correlations between BPyp and age were observed in
patients with ["'CINNC112 (frontal cortex, r=—0.924, p=0.004;
striatum, r=—0.981, p=0.001), controls with [''C]NNC112 (striatum,
r=—0.886, p<0.001) and controls with [''C|SCH23390 (frontal
cortex, r=—0.757, p=0.004; striatum, r=—0.700, p=0.011). Trend
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Table 2
Cognitive task scores of patients.
Patient no. W-CST Stroop test
Category PEN DMS Error Time score
1 6 0 0 0 17.4
2 2 ) 5 11 46.6
3 1 7 3 1 74
4 £ 1 1 0 5.4
5 2 14 0 2 68
6 Incapable  Incapable  Incapable 2 75
Mean+SD  32+22 6.2+58 1.8+22 274+42  36.6+308
Controls
Mean+SD 47416 14420 08+14 08412 56440

W-CST, Wisconsin card sorting test; PEN, errors of nelson; DMS, difficulty in maintaining
set.

level correlations were observed in other regions and patients with
[*'C]SCH23390.

All BPyp values of both ligands are shown in Fig. 1 and summarized
in Table 3. ANCOVA with age as covariate (df=1,15) of BPyp values
of all ROIs revealed that the patient group showed significantly
lower BPyp value compared with the control group in both ligands
(["'CIJNNC112: temporal cortex, F=26.24, p<0.001; striatum,
F=60.08, p<0.001; anterior cingulate cortex, F=9.14, p=0.009;
frontal cortex, F=42.96, p<0.001, [''C|SCH23390: temporal cortex,
F=34.68, p<0.001; striatum, F=25.46, p<0.001; anterior cingulate
cortex, F=28.91, p=0.009; frontal cortex, F=37.60, p<0.001). There

A. ["'CINNC112

was significant correlation between average BP values of [''C]NNC112
weighted by ROI size and that of ['C]SCH23390 (r=0.859;
BPNNC': 0.613 BPSCH + 00414).

There was no significant correlation between BPyp values and
doses of antipsychotic drugs and between BPyp values and PANSS
scores for positive symptom, negative symptom, general symptom
and total score in any of the brain regions.

Discussion

Both [''CJNNC112 and [''C]SCH23390 bindings in the striatum
and cortical regions of patients with schizophrenia in severe residual
phase were significantly lower compared with healthy controls. In
previous PET studies of patients with schizophrenia who were
antipsychotics-naive or -free, BP of [''C]SCH23390 was decreased
(Okubo et al. 1997) or unchanged (Karlsson et al. 2002), and was
increased when measured by [''CINNC112 (Abi-Dargham et al. 2002).
Several differences in those studies have been discussed, including
those regarding duration of illness, medications, race, severity of
symptoms and radioligands. Guo et al. (2003) reported different
characteristics of in vivo binding of the two radioligands in rat brain,
increased [''CJNNC112 binding and decreased [*H]SCH23390 bind-
ing, following subchronic dopamine depletion with reserpine. But the
inconsistent results cannot be explained solely by the difference of
radiotracers, and demographics of patients might have been contrib-
uting factors.

Although ["'C]SCH23390 and [''C]NNC112 are selective radioli-
gands for dopamine D, receptor, both ligands have some affinity for 5-
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Fig. 1. BPxp values of all subjects in both ligands [''C] NNC112 and [''C]SCH23390. Filled circles represent controls and open circles represent patients. A. BPyp measured by
[''C] NNC112; B. BPyp measured by [''C]SCH23390. The horizontal line represents the group mean. In all ROIs, statistically significant differences were observed between
patients with schizophrenia and healthy controls (one-way ANCOVA with age as covariate, p<0.0125= 0.05/4).
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Table 3
[''C] NNC112 and [''C]SCH23390 binding potential.

Region [*'CINNC112 [*'CISCH23390

Controls (n=12) Patients (n=6) p value Reduction (%) Controls (n=12) Patients (n=6) p value Reduction (%)

Frontal cortex 0.57 +0.064 0.3940.065 <0.001* 312 0.39+0.043 0.28 +0.037 <0.001* 26.7

Anterior cingulate 0.75+0.12 0.54+0.14 0.009" 27.2 0.53+0.083 0.40+0.079 0.009" 235

Temporal cortex 0.61+0.074 0.4440.037 <0.001* 277 0.40 +0.048 0.28 +-0.038 <0.001" 299

Striatum 2.85+0.31 2254023 <0.001* 214 1.834+0.18 1.4540.15 <0.001" 209

Data are mean = SD.

* p<0.0125 (=0.05/4, Bonferroni corrected) ANCOVA with age as covariate (df=1,15).

HT,4 receptor (Slifstein et al. 2007). However, Okubo et al. (2000)
reported no difference in binding in the prefrontal cortex using
["'CIN-methylspiperone as ligand for 5-HT2 receptor in the
same schizophrenia patients who showed lower binding with
[''C]SCH23390 (Okubo et al. 1997) and a non-significant trend
towards decreased binding. In this study, all patients were medicated
with only sulpiride as antipsychotic drug. Sulpiride is a selective
dopamine D, antagonist and has negligible affinity to dopamine D,
receptor in vivo (Farde et al. 1989). All antipsychotics of the patients
were changed to sulpiride. Even though sulpiride had no direct affinity
to dopamine D, receptor, these patients had been receiving long-term
chronic antipsychotic treatment. Several studies of primates have
reported that chronic administration of dopamine D, receptor antag-
onist decreased the density of dopamine D, receptor (Lidow and
Goldman-Rakic 1994; Lidow et al. 1997), although one animal study has
reported that there was no influence of chronic medication on
dopamine D; receptor density (Sanci et al. 2002). Hirvonen et al.
(2006) reported a widespread reduction of D; receptor binding in the
brain in patients with schizophrenia, which was associated with
antipsychotic medication dose. However, we did not find a correlation
between them, possibly due to a lack of variance in antipsychotic dose.

The patients in this study were in a very severe residual phase
according to the deficits in the cognitive test scores (Table 2) and the high
total scores of PANSS despite the low positive symptom scores (Table 1).
Some studies have reported regional structural brain abnormalities of
gray matter in the striatum and extrastriatal regions of schizophrenia
patients with chronic antipsychotic treatment (Jernigan et al. 1991;
Tamagaki et al. 2005). In this study, since we confirmed that there was no
significant difference between the volume of each ROI in patients and that
of controls, we measured the gray matter volume ratio in each ROL The
results revealed no significant difference between the gray matter volume
in patients and that of controls in each ROI (data not shown). The values of
reduction in BPnp shown by percentage (Table 3) seemed considerably
larger than the reduction of gray matter. However, the effect of brain gray
matter reduction cannot also be ruled out.

Our results indicated lower dopamine D, receptor binding in
schizophrenia patients with chronic antipsychotic treatment mea-
sured by different radioligands, [''CJNNC112 and [''C]SCH23390.
However, as the small sample size was a distinct limitation of this
study, a larger study population will be necessary to more definitively
examine the relation between dopamine D; receptor binding and
factors such as duration of illness and severity of symptoms.
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Abstract

The increased proportion of the high-affinity state of dopamine Dj/; receptors (D nigh) IS assumed to
correlate with dopamine hypersensitivity, implying a relationship with psychotic symptoms observed in
psychiatric disorders such as schizophrenia. ["CI(R)-2-CH,;O-N-n-propylnorapomorphine (["CIMNPA),
which has an agonistic property to dopamine D, receptors (D;Rs), is expected to bind preferentially to
D;pigh The occupancy of dopamine DyRs by antagonists to receptors has not been investigated using
["'CIMNPA. We compared dopamine I;R occupancies by risperidone, an antagonist to receptors, between
["CIMNPA and ["C]raclopride to confirm whether risperidone occupies Dapigh and Dy, at almost
identical proportions. PET studies were performed on 11 healthy men under resting condition and
following oral administration of a single dose of risperidone (0.5-2.0 mg). Striatal receptor occupancy for
each radioligand was calculated. The relationship between dose or plasma concentration of risperidone
and dopamine D;R occupancy was calculated. Striatal dopamine D,R occupancies measured with
["CIMNPA and ["C]raclopride were 22—65% and 24-69%, respectively. In the striatum, EDy, values
measured with ["CIMNPA and ["Clraclopride were 0.98 and 1.03 mg, respectively. The striatal EDy,
values as calculated from plasma concentration were 9.15ng/ml and 8.01 ng/ml, respectively. Almost
identical occupancies and ED;, values were observed between the two radioligands, indicating that
risperidone bound to Dy igh and D, at almost identical proportions in a dose-dependent manner.
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Key words: Binding potential, dopamine D; receptor, receptor occupancy, risperidone, ["CJMNPA.

Introduction interconvertible affinity states for endogenous dopa-
- mine, referred to as high-affinity (Djnign) and low-
affinity (D;,0w) states (De Lean et al. 1982 ; George et al.
1985; Richfield et al. 1989; Sibley et al. 1982). D,R
antagonists are reported to have equal affinity to both
states of receptors, while endogenous dopamine pref-
erentially binds to Dapign (Seneca ef al. 2006). The
increased proportion of D; hign is assumed to correlate
with dopamine hypersensitivity, implying a relation-
ship with psychotic symptoms observed in psychiatric

The dopaminergic neurotransmission system is of
central interest in schizophrenia, and dopamine D,
receptors (D;Rs) are the main target in the treatment
with antipsychotics (Seeman et al. 1975). Early in-vitro
studies reported that dopamine D;Rs have two
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disorders such as schizophrenia (Seeman et al. 2005).
["'Clraclopride, an antagonist radioligand for do-
pamine D,Rs, has been used to measure striatal
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dopamine D,R binding with positron emission tom-
ography (PET). ["C]raclopride is thought to bind to
both D, jg1, and D, .- Recently, several agonist radio-
ligands for dopamine D,Rs that are thought to
bind preferentially to D,ni,n were developed, ie.
(—)-N-["C]propyl-norapomorphine (["C]NPA ; Hwang
et al. 2000), ["]C(+)-4-propyl-3,4,4a,5,6,10b-hexahydro-
2H-naphtho[1,2-b][1,4Joxazin-9-ol (["C]PHNO; Wilson
et al. 2005), and ["'C](R)-2-CH30-N-n-propylnorapo-
morphine (["CJMNPA). [PC]JMNPA has high selec-
tivity and affinity to dopamine DyRs (IC;4: 1.02 nM, K;:
0.17 nm; Gao et al. 1990; Neumeyer et al. 1990) and is
believed to bind preferentially to the high-affinity state
of dopamine D, /;Rs.

The receptor occupancy for endogenous dopamine
and dopamine agonists using ["CJMNPA and
["C]raclopride has been studied (Finnema et al. 2009;
Seneca et al. 2006), but occupancy by dopamine an-
tagonists was not fully investigated using ["C]MNPA
(Finnema et al. 2005). Most antipsychotic drugs are
antagonists to dopamine D;Rs, and the antipsychotic
effects of such drugs have been considered to be
mediated by blockade of dopamine D,Rs. The degree
of blockade can be evaluated by the occupancy of
dopamine D,Rs using PET. Because dopamine D,R
antagonists bind to both Dy and Dy, occu-
pancies of dopamine D,Rs by antagonist antipsychotic
drugs measured with ["'C]raclopride and ["C]MNPA
are expected to be the same.

In the present study, we measured dopamine D;R
occupancies by administration of a single dose of the
antipsychotic risperidone as a dopamine D,R antag-
onist using both ["Clraclopride and ["C]MNPA in
healthy subjects. The dose-occupancy curves and the
ED;, values in the putamen and caudate nuclei were

compared between ["'C]raclopride and ["C]MNPA.

Materials and methods
Subjects

Eleven healthy male volunteers (age range 21-39 yr,
mean+sD. 27+7.4yr) were recruited and written
informed consent was obtained. They were healthy
according to T1- and T2-weighted magnetic reson-
ance (MR) imaging (Philips Medical Systems, The
Netherlands) and blood (blood cell count, aspartate
aminotransferase, alanine aminotransferase, lactate
dehydrogenase, gamma glutamyltransferase, creatine
kinase, serum sodium, potassium, chlorine, blood urea
nitrogen, serum creatinine, blood sugar) and urine
screening tests. None had a history of psychiatric or
neurological disorders, and they were free of physical
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disease. They had no history of current or previous
drug abuse. The subjects were assigned to one of
three groups according to risperidone dose: 0.5 mg
(n=5), 1.0 mg (n=3), 2.0 mg (n=3). This study pro-
tocol was approved by the Ethics and Radiation Safety
Comimittees of the National Institute of Radiological
Science, Chiba, Japan.

PET procedures

All PET data were obtained 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 (cut-off frequency 0.4 cycle/
pixel), the reconstructed in-plane resolution was
7.5 mm FWHM. Imaging data were acquired in 3D
mode. Scatter correction was performed (Watson et al.
1996). A thermoplastic head fixation device was used
to minimize head movement during PET scanning.
A 10-min transmission scan using a **Ge-%Ge line
source was performed for attenuation correction.

PET studies were performed under resting con-
dition (baseline study) and oral administration of
risperidone (drug challenge study) on separate days.
The average interval between the two studies was
8.312.8d. After intravenous rapid bolus injection of
[*Clraclopride, dynamic PET scanning was performed
for 60 min. One hour after the end of ["'C]raclopride
PET measurement, dynamic PET scanning was per-
formed for 90 min after intravenous rapid bolus injec-
tion of ["C]MNPA. The frame sequence comprised
nine 20-s frames, five 60-s frames, four 120-s frames,
eleven 240-s frames and six 300-s frames for ["'C]-
MNPA, and twelve 20-s frames, sixteen 60-s frames
and ten 240-s frames for ["C]raclopride. Injected
radioactivities for ["CJMNPA and [C]raclopride
under baseline conditions were 208-248 MBq and
207-241 MBgq, respectively, and under drug challenge
214-235 MBq and 182-232 MBq, respectively, for
["CIMNPA and ["Cl]raclopride. The specific radio-
activities for ["CIMNPA and [“C]raclopride under
baseline conditions were 148-429 GBq/umol and
222-736 GBq/umol, respectively, and under drug
challenge 103-411 GBq/umol and 211-545 GBq/umol,
respectively.

Measurement of plasma concentration of risperidone

In the drug challenge study, 0.5-2 mg risperidone was
orally administered 2 h prior to the start of PET scan-
ning with ["C]raclopride. To determine the plasma
concentration of risperidone and its active metabolite



(9-hydroxy-risperidone), venous blood samples were
drawn at 10-15 min before, and at 1h,2 h,3h,4 h,5.5
and 7 h after its oral administration.

The series of blood samples of each subject were
collected in heparinized tubes and centrifuged for
10 min at 3000 rpm. All plasma samples were stored at
—20 °C. The plasma concentrations of risperidone and
9-hydroxy-risperidone were determined using the
liquid chromatography coupled to mass spectrometry/
mass spectrometry (LC-MS/MS) method with a
target lower limit of quantification of 0.10ng/ml
(Johnson & Johnson Pharmaceutical Research and
Development L. L. C., Belgium). Since risperidone and
9-hydroxy risperidone have similar binding profiles
to neuroreceptors (Leysen et al. 1994), the sum of the
plasma concentrations of risperidone and 9-hydroxy-
risperidone was used as the plasma concentration of
the antipsychotic drug (Ito et al. 20094; Leysen et al.
1994).

MR imaging

MR images were acquired with a 1.5-T MR scanner
(Philips Medical Systems, The Netherlands). 3D volu-
metric acquisition of a Tl-weighted gradient echo
sequence produced a gapless series of thin transverse
sections (TE 9.2ms, TR 21 ms, flip angle 30°, field
of view 256 mm, acquisition matrix 256 x 256, slice
thickness 1 mm).

Data analysis

All data analyses were performed with PMOD 3.0
software (PMOD Technologies, Switzerland). Volumes
of interest (VOIs) were defined for the caudate head,
putamen, dorsal striatum (caudate head and putamen)
and cerebellar cortex. For accurate definition of each
VOI, each MR image was co-registered to the corre-
sponding summated PET image. VOIs were drawn
manually on each summated PET image with refer-
ence to each co-registered MR image. Subsequently,
the data of each VOI were applied to each dynamic
PET image. In the present study, we applied VOIs
obtained from individual PET space according to the
previous quantitative study of ['C]JMNPA in humans
(Otsuka et al. 2009). To obtain regional time-activity
curves, regional radioactivity was calculated for each
frame, corrected for decay, and plotted vs. time.
Dopamine D;R binding was quantified using a
three-parameter simplified reference tissue model
(Lammertsma & Hume, 1996). The cerebellar cortex
was used as reference tissue due to its negligible den-
sity of dopamine D;Rs (Suhara et al. 1999). This model
allows the estimation of binding potential (BPyp).
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BPnp was defined as a follows:

BPND =fND X Bmax /K, ®
where fyp is the free fraction of radioligand in the non-
displaceable tissue compartment, B, the neuro-
receptor density, and K, the dissociation constant of
radioligand to receptors (Innis et al. 2007). The dopa-
mine D;R occupancies by risperidone were calculated
as follows:

occupancy (%)= (BPbase — BParg)/BPoase X 100, 2

where BPy, is the BPyp in the drug-free state, and
BPyng the BPyp under administration of risperidone
(Takano ef al. 2004, 2006; Yasuno et al. 2001). The re-
lationship between the dose or the plasma concen-
tration of antipsychotic drug and dopamine D,R
occupancy can be expressed as follows:

occupancy (%) =D/(D +EDg) x 100, (3)

where D is the dose or the sum of the plasma con-
centrations of risperidone and 9-hydroxy-risperidone
(Nyberg et al. 1999), and ED;, is the plasma concen-
tration required to induce 50% occupancy. The maxi-
mal occupancy of D,Rs was restricted to 100% to
reflect the expected maximal occupancy. All the
regression analyses were performed using Kaleida
Graph 4.01 software (Synergy Software, USA). The
regression line was fitted according to equation (3),
with calculation of the EDj, values and regression
coefficients for each radioligand. The mean plasma
concentration values at the start and end of PET scan-
ning were used for the calculation of EDj, values.

Results

Baseline BPyp values of [UC]MNPA were 0.84+0.1
in the striatum, 0.67+0.1 in the caudate nuclei and
09340.1 in the putamen. Baseline BPyp values of
[“Clraclopride were 3.17+ 0.4 in the striatum, 2.83 + 0.4
in the caudate nuclei and 3.37+0.4 in the putamen
(Table 1).

The dopamine D;R occupancies using ["CIMNPA
ranged from 22% to 66% for the striatum, 34-78% for
the caudate nuclei, and 17-67% for the putamen in
the three dose groups. Receptor occupancies using
[Y'CJraclopride ranged from 18% to 70% for the stria-
tum, 22-72% for the caudate nuclei, and 17-69% for
the putamen.

Significant positive correlations of dopamine D,R
occupancies between [*Clraclopride and ["'C][MNPA
were observed in the caudate nuclei and putamen
(caudate nuclei: r=0.65, p=0.04; putamen: r=0.86,
p=0.01).
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Fig. 1. The relationship between dopamine D, receptor
occupancy in the striatum and risperidone dose. Open
symbols (O) and solid curve (—) indicate receptor
occupancy with ["CIMNPA and its fitting curve, and solid
symbols (@) and dashed curve (-~ -) indicate receptor
occupancy with ["'Clraclopride and its fitting curve,
respectively. EDs, in the striatum was 1.08 and 1.00 mg
for ["CJMNPA and ["C]raclopride, respectively.

The relationship between dopamine D,R occupancy
in the striatum and risperidone dose are shown in
Fig. 1. These relationships are well described by
equation (3) (striatum: r=0.86 and r=0.68; caudate
nuclei: r=0.86 and r=0.62; putamen: r=0.85 and
r=0.78 for ["C]raclopride and ["C]MNPA, respect-
ively). The EDs, values calculated from ["Clraclopride
and ["C]MNPA, respectively, were 1.00 mg (r=0.86)
and 1.08 mg (r=0.68) in the striatum, 0.88 mg (r=
0.86) and 0.80 mg (r=0.62) in the caudate nuclei, and
1.07 (r=0.85) mg and 1.00 mg (r=0.78) in the putamen.

The sum of plasma concentrations of risperidone
and 9-hydroxy-risperidone during ["'C]raclopride and
[MCIMNPA studies, averaged between the start
and end of each scanning, was 9.37 +4.89 ng/ml and
7.74+3.91 ng/ml (mean+s.D.), respectively. The re-
lationship between dopamine D,R occupancy in the
striatum and the sum of plasma concentrations of
risperidone and 9-hydroxy-risperidone are shown in
Fig. 2. The ED;, values from the plasma concen-
tration—occupancy curves with ["Clraclopride and
[CIMNPA, respectively, were 9.15ng/ml (r=0.91)
and 8.32 ng/ml (r=0.36) in the striatum, 8.00 ng/ml
(r=0.88) and 6.12ng/ml (r=053) in the caudate
nuclei, and 9.75ng/ml (r=092) and 7.70ng/ml
(r=0.74) in the putamen.
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Table 1. The range of dopamine D, receptor binding potential
values of [""CJMNPA and ["'C]raclopride by dose of risper-

idone

Baseline 05mg 10mg 20mg
["CJMNPA
Caudate head  0.40-0.81 0.32-0.49 0.21-0.33 0.16-0.39
Putamen 0.70-1.22 0.48-0.79 0.45-0.52 0.28-0.44
Dorsal striatum  0.84-0.13 0.44-0.65 0.40-0.40 0.26-0.41
["C]raclopride
Caudate head  2.19-3.36 1.65-2.28 0.66-1.22 0.84-1.1
Putamen 256-4.11 237-2.86 1.00-1.44 1.03-1.44
Dorsal striatum 2.55-3.84 2.15-2.65 0.87-1.37 0.99-1.28
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Fig. 2. The relationship between dopamine D, receptor
occupancy in the striatum and the sum of plasma
concentrations of risperidone and 9-hydroxy-risperidone.
Open symbols (@) and solid curve (—) indicate receptor
occupancy with ["CJMNPA and its fitting curve, and solid
symbols (O) and dashed curve (- - -) indicate receptor
occupancy with ["'Clraclopride and its fitting curve,
respectively. EDs, in the striatum was 8.32 ng/ml and
9.15 ng/mil for ["CJMNPA and ["C]raclopride, respectively.

Discussion

The present study demonstrated dopamine D,R occu-
pancies by risperidone measured with both [*C[MNPA
and ["Clraclopride, i.e. the effects of risperidone on
D; high and Dy jow- The dopamine D;R occupancies and
ED;, values measured by ["Clraclopride under ris-
peridone administration were in agreement with most
previous studies (Kapur et al. 1999; Nyberg et al. 1999;



Yasuno et al. 2001). In addition, the dose—occupancy
curves and EDj, values with ["CJMNPA were almost
identical to those of ["CJraclopride. Therefore, these
results indicate that risperidene binds to both Ds pigh
and D,),, at almost identical proportions. This is
in accord with the report that risperidene is an antag-
onist for dopamine D;Rs (Leysen et al. 1994) and has
equal binding affinity to both D, high and Dy oy, re-
ceptors (Seneca et al. 2006).

The ["C]MNPA PET studies began 2 h after the start
of the ["C]raclopride PET studies. The sums of the
plasma concentrations of risperidone and 9-hydroxy-
risperidone were thus slightly higher during [“C]-
raclopride studies (9.37+4.89ng/ml) than during
[MC]MNPA studies (7741391 ng/ml), raising the
possibility that the occupancy of ["CJMNPA by dose
could be underestimated in the present study. How-
ever, the ED;, value calculated by plasma concen-
trations showed almost identical values with the EDy,
value by dose.

With regard to the in-vivo proportion of Dy nign to
D; 10w in dopamine D;Rs, several arguments have been
put forward. Seneca et al. (2006) demonstrated that the
sensitivity of striatal uptake of ["C]MNPA is greater
than that of ["C]raclopride in response to ampheta-
mine-induced dopamine release. It was indicated that
["CIMNPA BPyp was ~50% more sensitive to change
than ["C]raclopride to amphetamine-induced increase
in synaptic dopamine. These authors suggested that
61% of the D,Rs are configured in the high-affinity
state (10% occupied by dopamine at baseline, 23%
synaptic and 28% extrasynaptic) (Seneca et al. 2006).
Narendran et al. (2010) also observed greater ["CINPA
BPnp reduction in response to amphetamine-induced
dopamine release compared to ["C]raclopride in
healthy humans (Narendran et al. 2010). Moreover,
Seeman (2009) demonstrated in their ex-vivo study
that the dopamine agonist NPA inhibited [*HJPHNO
binding more than [*H]raclopride did inamphetamine-
sensitized rodents, indicating in-vive competition of
NPA to Dsphigh (Seeman, 2009). These experimental
observations might provide psychopharmacological
basis of dopamine D,R hypersensitivity in patients
with schizophrenia, ie. use of psychostimulants
worsens psychotic symptoms in patients with
schizophrenia (Curran et al. 2004; Lieberman ef al.
1987).

In contrast, Finnema ef al. (2009) did not find dis-
tinguishable ID;, and K; values of apomorphine for
dopamine D,;Rs when measured with [*CJMNPA and
["Clraclopride (Finnema et al. 2009). In-vitro binding
studies demonstrated that apomorphine binds to
Dsnigh with 30- to 60-fold higher affinity compared to
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D;jow (De Lean ef al. 1982; Sibley et al. 1982), and they
suggest that almost all dopamine D;Rs are in a high-
affinity state at in-vivo condition. These findings might
be the case for dopamine D, antagonists, partial as
well as full agonists. Peng et al. (2010) found no sig-
nificant differences of dopamine D,R occupancy with
[*Hlraclopride, ['H]MNPA and [*H]PHNO by using
quinpirole (full agonist), aripiprazole (partial agonist),
and halopridol (antagonist) (Peng et al. 2010). A simi-
lar finding was observed in a previous ex-vivo study
with ["CJPHNO (McCormick ef al. 2008). In clinical
investigations, there is no clear evidence for the Dyygp,
to D, 10, proportion in dopamine D,Rs. While ~20%
differences of dopamine D,R occupancy between
["CIMNPA and ["C]raclopride were observed in long-
term treated patients with schizophrenia by Graff-
Guerrero et al. (2009a), they found no significant
differences of ["C]JPHNO binding in patients with
schizophrenia-spectrum disorder amidst an acute
psychotic episode group compared to control group
(Graff-Guerrero ef al. 2009b). In any case, further
in-vivo investigations would be needed to elucidate the
plausible ratio of Dyhigh 10 Dyjow- In particular, an
in-vivo human receptor occupancy PET study using
dopamine full agonists and/or partial agonists (e.g. an
antipsychotic agent aripiprazole; Mamo et al. 2007)
might help elucidate the D, 15, and Dy, proportions
in dopamine D;Rs.

It is reported that a part of dopamine D,R agonist
radioligands shows higher affinity for dopamine D;Rs.
["C]PHNO is assumed to have ~50-fold higher sel-
ectivity to dopamine D;Rs than to dopamine D,Rs
(Freedman et al. 1994; Narendran et al. 2006). This
indicates that the observed differences of K; value be-
tween ["'CJPHNO and ["C]raclopride could be inter-
preted as the difference between D;, and D; binding
property. Meanwhile, a previous ex-vivo study showed
that ["C]MNPA has almost identical affinity to dopa-
mine D, and Dj receptors [2.21 nm (D;) and 2.02 nm
(Dy)] (Skinbjerg et al. 2009).

The dopamine D, antagonist administered could
bind to dopamine D, autoreceptors as well as to
post-synaptic dopamine D;Rs. Blockade of dopamine
D, autoreceptors could regulate dopaminergic neuro-
transmission in the present study. A recent human
PET study on acute administration of the dopamine D,
antagonist (risperidone) showed a stabilizing effect of
risperidone on dopamine synthesis (Ito et al. 20095b).
That study raised the possibility that acute adminis-
tration of dopamine D;R antagonist affects post-
synaptic receptors by regulating the dopaminergic
neurotransmission. Further study will be needed to
elucidate the effect on dopamine D, autoreceptors.
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In conclusion, dopamine D,R occupancies by ad-
ministration of risperidone, a dopamine D,R antag-
onist, were measured in healthy subjects using both
["ClJraclopride and [MC]MNPA. Almost identical
occupancies were observed with the two radioligands,
implying that risperidone binds to Dy ,;gn and Dy 1, at
almost identical proportions in a dose-dependent
manner. The present results of dose—occupancy curves
with both radioligands also suggest that the same
therapeutic window could be applicable to Dy nign and
for dopamine D,Rs including both D high and Dy o
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In positron emission tomography (PET) studies with radioligands for neuroreceptors, tracer kinetics have
been described by the standard two-tissue compartment model that includes the compartments of
nondisplaceable binding and specific binding to receptors. In the present study, we have developed a new
graphic plot analysis to determine the total distribution volume (V) and nondisplaceable distribution
volume (Vyp) independently, and therefore the binding potential (BPyp). In this plot, Y(t) is the ratio of brain
tissue activity to time-integrated arterial input function, and X(t) is the ratio of time-integrated brain tissue
activity to time-integrated arterial input function. The x-intercept of linear regression of the plots for early
phase represents Vyp, and the x-intercept of linear regression of the plots for delayed phase after the
equilibrium time represents V. BPyp can be calculated by BPyp = V¢ / Vp — 1. Dynamic PET scanning with
measurement of arterial input function was performed on six healthy men after intravenous rapid bolus
injection of [''C]JFLB457. The plot yielded a curve in regions with specific binding while it yielded a straight
line through all plot data in regions with no specific binding. Vnp, Vr, and BPyp values calculated by the
present method were in good agreement with those by conventional non-linear least-squares fitting
procedure. This method can be used to distinguish graphically whether the radioligand binding includes

specific binding or not.

© 2009 Elsevier Inc. All rights reserved.

Introduction

In positron emission tomography (PET) studies with radioligands
for neuroreceptors, tracer kinetics have been described by the
standard two-tissue compartment model containing the compart-
ments of nondisplaceable binding and specific binding to receptors
(Huang et al., 1986; Mintun et al., 1984). Based on the use of a
radioligand with high specific radioactivity, the kinetic parameters can
be determined by non-linear curve fitting procedure in a least-squares
sense. To estimate the binding to receptors, the binding potential
corresponding to specific binding to receptors and the total distribu-
tion volume including that of nondisplaceable and specific bindings
are calculated from the kinetic parameters. To determine the total
distribution volume, a graphic plot analysis developed by Logan et al.
(1990) has also been used. By this method, only the total distribution
volume can be calculated by simple linear least-squares fitting with
rapid calculation time. This method can also be used to distinguish
graphically whether the radioligand binding is reversible or not.

* Corresponding author. Fax: +81 43 253 0396.
E-mail address: hito@nirs.go.jp (H. Ito).

1053-8119/§ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2009.07.021

Previously, we developed a graphic plot analysis to determine
cerebral blood flow and distribution volume with single-photon
emission computed tomography and iodine-123-labeled N-isopropyl-
4-iodoamphetamine, in which the tracer kinetics were determined
according to the one-tissue compartment model (Yokoi et al., 1993). In
that plot, Y(t) is the ratio of brain tissue activity to time-integrated
arterial input function, and X(t) is the ratio of time-integrated brain
tissue activity to time-integrated arterial input function. The y-
intercept of linear regression of the plots represents cerebral blood
flow, and the x-intercept represents the distribution volume. By this
method, parameters can be rapidly calculated by simple linear least-
squares fitting. However, this method has not been applied to PET
studies with other radioligands in which the kinetics can be described
by two-tissue compartment model.

In the present study, we applied our graphic plot analysis to the
PET data of [''C]FLB457, a radioligand for extrastriatal dopamine D,
receptors. Using this method, the total distribution volume and
nondisplaceable distribution volume corresponding to nondisplace-
able binding could be determined independently by simple linear
least-squares fitting, and as a result the binding potential could be
calculated.
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Materials and methods
Subjects

The study was approved by the Ethics and Radiation Safety
Committees of the National Institute of Radiological Sciences, Chiba,
Japan. Six healthy men (20-30 years of age) were recruited and their
written informed consent was obtained. The subjects were healthy,
based on their medical history of somatic or psychiatric disorders and
magnetic resonance (MR) imaging of the brain.

PET procedures

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 8Ge-58Ga line source was
performed for correction of attenuation. After intravenous rapid bolus
injection of [''C]FLB457, data were acquired for 90 min in a
consecutive series of time frames. The frame sequence consisted of
nine 20-sec frames, five 1-min frames, four 2-min frames, eleven 4-
min frames, and six 5-min frames. [!'C]JFLB457 was synthesized as
described previously (Halldin et al.,, 1995a; Suzuki et al., 1999b). The
specific radioactivity of [''C]JFLB457 was 85-362 GBq/umol at the time
of injection. The radioactivity injected was 136-253 MBq.

To obtain the arterial input function, samples of arterial blood were
taken periodically, twenty-eight in total. The fraction of radioactivity
representing unchanged [''CJFLB457 in plasma was determined by
HPLC (Halldin et al., 1995b; Suzuki et al.,, 1999a; Swahn et al., 1994).
For HPLC analysis, arterial blood samples were drawn at 3.5, 9, 18, 28,
39, 49, 59, 69, 79, and 89 min after injection. Plasma protein binding
was not determined in the present study. The radioactivity of
unchanged ["'C]JFLB457 in plasma was used as the arterial input
function.

Regions-of-interest

Regions-of-interest (ROIs) were drawn on the reconstructed PET
images. ROIs were defined for the cerebellar cortex, thalamus, and
four neocortical regions representing the frontal, temporal, parietal,
and occipital lobes. Several circular ROIs, 8 mm in diameter, were
located for each region covering 5-15 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. To diminish the influence of tracer
remaining in the blood, a standard value for regional cerebral blood
volume (4%) and the curve for measured radioactivity in arterial
whole blood were used. The thereby calculated radioactivity in the
blood was then subtracted from the regional time-activity curves
(Lammertsma et al., 1996).

Kinetic model

The time-activity curves of several neuroreceptor ligands with
high specific radioactivity have been described by the standard
two-tissue compartment model with four first-order rate constants
(Fig. 1) (Huang et al, 1986; Mintun et al, 1984). Three compart-
ments are defined. Cp is the radioactivity concentration of
unchanged radioligand in plasma (arterial input function); Cnp is

the radioactivity concentration of nondisplaceable radioligand in
brain, which includes nonspecifically bound and free radioligand
concentrations; Cs is the radioactivity concentration of radioligand
specifically bound to receptors. The rate constants K; and k;
describe the influx and efflux rates for radioligand diffusion
through the blood brain barrier, respectively. The rate constants
ks and ks describe the radioligand transfer between the compart-
ments for nondisplaceable radioligand and specific radioligand
binding to receptors. This model can be described by the following
equations:

dcgf;(‘) = KyGolt) —(ky + ks)Cuo(t) + kyCi(0) M
dcdst(t) = k3Cyp(t) — kaCs(t) 2)
Gr(t) = Gup(t) + Gy o). 3

Cr is the total radioactivity concentration in a brain region as
measured by PET.

A quantitative approach has been to express radioligand binding in
terms of distribution volume concepts (Laruelle et al., 1994). Two such
volumes expressed relative to the radioactivity concentration of
unchanged radioligand in plasma (Cp) are defined by the following
equations:

K
VND:k—; (4)
K k
V; =—1(1+—3). 5
T k2 k4 ()

Vnp is the distribution volume in a brain region with nondisplace-
able binding only and thus is devoid of specific binding sites. Vr is the
total distribution volume. Binding potential relative to the radio-
activity concentration of nondisplaceable radioligand in brain (BPyp),
which reflects the ratio of receptor density (Bmax) and affinity (Kp), is
expressed as follows (Huang et al., 1986; Mintun et al., 1984):

ks _ Vi — Vo

BPyp = 7 v (6)

The time-activity curves of neuroreceptor ligands have also been
described by the one-tissue compartment model with two rate
constants (Ito et al., 1996; Koeppe et al.,, 1991) (Fig. 1). The rate
constants K; and k, describe the influx and efflux rates for radioligand

Two-tissue compartment

K, ks
Ce Cyp Cs

One-tissue compartment

K;
C Cr
P (Cxp +Cy)
k

Fig. 1. Kinetic models to describe the time-activity curves of neuroreceptor ligands.
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diffusion through the blood brain barrier, respectively. This model can
be described by the following equation:

dCy(t)

dt = KiCP(t) -

ko Cr(2). (7
In this model, V; is defined as follows:

Vi =

&=
C)

Theory of graphic plot analysis

The integration of Egs. (1) and (2) gives the following equations:

Cro(®) K1/ Co(T)dT —(ky + kg)/ Cro(T) dT+k4/ C(r)dr (9)

t t
Cs(t) = ks f Cup(T)dT — ks / Cs(r)dr. (10)
0 0
Adding Egs. (9) and (10) provides:
t t
t) =K, / Co(rydr — k, / Cup(T)dT. (11)
0 0

By dividing both sides of Eq. 11 by fé Cp(7)dT, the following linear
relationship is obtained:

Cyp(T)dT
C(t ND
—— 10—k - kg (12)
/ Cp(r)dr Co(r)dr
0 0
When t— 0, Cy can be considered equal to Cnp.
Y(t) = K; — kX(t) (t—0) (13)
04
o BPND =0
-
~ R
=R
S
<

N

Y(t)

10

I Cr(7)d7
jﬂc p(D)dt

X@)=

Fig. 2. An illustration of the present graphic plot analysis. When t— 0, the y- and x-
intercepts of the regression line represent K; and Vyp, respectively. When >t (1"
equilibrium time), the x-intercept of the regression line represents Vr.

where

f CT(T)dT
X(t) =

/0 Cp(T)dT

/ Co(rydr

The plot of Y(t) against X(t) yields a straight line with a slope of
—k, and a y-intercept equal to K; when t— 0. Therefore, the x-
intercept of the line represents Vyp (Fig. 2).

The integration of Eq. (7) gives the following equation:

Gt = K, /0 ‘Comydr — k, /0 ‘¢ (mydr. (14)
A
0.4
Cerebellum
Y
~ =
SRS
Sl S
=
Il
=
6 8 10
J'Cr(r)dr
X)==
jocp(z)dr
B

04

Frontal cortex

8 10

Fig. 3. Typical plots using the present graphic analysis in the cerebellum (A) and frontal
cortex (B).
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Table 1

Parameters calculated by kinetic analysis and the total distribution volume calculated by Logan plot analysis.

Kinetic analysis

Logan plot analysis

K; (mL/cm?/min) ko (min— ') ks (min~ 1) ks (min—") Vnp (mL/cm?) BPnp Vr (mL/cm?) Vr (mL/cm?3)
Cerebellum 0.360 4+ 0.043 0.12540.007 0.018 +-0.004 0.062 £ 0.030 2.88+0.31 0.334+0.14 3.854-0.69 3.824+0.62
Thalamus 0.354+0.033 0.1004+0.025 0.123 4-0.037 0.031 4+ 0.004 3.66+0.72 3.97+0.72 18.01 +-3.28 16.68 + 1.91
Frontal cortex 0.345 4 0.031 0.12540.021 0.071 £0.022 0.044 4+ 0.007 2.79+0.35 1.61+0.37 7.29+1.37 738+ 129
Temporal cortex 0.3164+0.038 0.113 £0.027 0.11040.031 0.038 4+ 0.005 2874045 2.924+0.69 11.20 £ 2.50 11.334+2.26
Parietal cortex 0.331+£0.021 0.126 +0.023 0.080+0.022 0.041 +0.007 2.70+£ 042 1.94+0.32 794+ 1.57 8.06 4 1.50
Occipital cortex 0.330+0.036 0.123 +0.018 0.052+0.018 0.041 +0.008 2734043 1254023 6144+ 1.11 6.224+1.10

Values are mean + SD.

By dividing both sides of Eq. (14) by fé Cp(7)dT, the following linear
relationship is obtained:

Y(t) = K, — k,X(t) (t> t‘) (15)
where
/ ‘Cy(rydr
X(t) = Ot—
/ Go(m)dr
0
vty =
/ Co(r)dr
0

t* is the equilibrium time. When t— e, X(t) equals V¢ (Lassen, 1992).
Therefore, the plot of Y(t) against X(t) reaches the x-intercept
representing Vr with a slope of —k, and a y-intercept for K; after
the equilibrium time (Fig. 2) (see Appendix). When BPyp is zero, the
plot of Y(t) against X(t) yields a straight line with a slope of —k;, a y-
intercept of K; and an x-intercept of Vyp through all plot data (Fig. 2)
(Yokoi et al., 1993).

In the measured PET data, plot data for early phase, from 90 to 330 s
at mid-scan time, were used for linear least-squares fitting to calculate
K; and Vyp, and plot data for delayed phase, from 62.5 to 87.5 min, which
could be considered as being after the equilibrium time, were used for
linear least-squares fitting to calculate Vr. The plot data from 10 to 70 s
were not used because of noise due to short scan duration of each frame.

Kinetic analysis

To estimate the rate constants (Kj, k, k3, and k,) in the two-tissue
compartment model for measured PET data, a conventional non-
linear least-squares fitting procedure was also applied to the regional
time-activity curves (Marquardt, 1963).

Logan plot analysis

The total distribution volume Vr was also calculated using the
graphic plot analysis developed by Logan et al. (1990). In this analysis,
plot data from 62.5 to 87.5 min were used for linear least-squares
fitting to calculate Vr.

Simulation study

To estimate errors of K3, Vnp, Vi, and BPyp, a simulation study was
performed. Tissue time-activity curves (0-90 min) for brain regions
were generated according to the two-tissue compartment model. We
assumed that the value for K; equaled 0.33 mL/cm?®/min, Vyp equaled
3.0 mL/cm® and k4 equaled 0.04 min~'. The tissue time-activity
curves were generated with k3 values between 0 and 0.2 min~! in
eleven steps. These assumed values were taken from the results
obtained by kinetic analysis. The average of arterial input functions for

all subjects was used for generating tissue time-activity curves. K,
Vb, V1, and BPyp values were calculated by the graphic plot analysis
with these generated tissue time-activity curves, and were compared
with the assumed values. In the graphic plot analysis, plot data from
90 to 330 s at mid-scan time were used to calculate K; and Vyp. Plot
data from 62.5 to 87.5 min were used to calculate V.

Tissue time-activity curves with several noise levels were also
generated to investigate the bias and variation of parameter estimates
caused by statistical noise for the graphic plot analysis. The noise was
generated with random numbers based on Gaussian distribution and
added to the non-decaying tissue time-activity curves described
above. The noise ratio for each time frame was determined according
to the collected total count given by

NOISE (%) = @ 100 (16)
i
G+ 5 _
N, = / () e Mt F (17)
t -5

where i is the frame number, C; is the non-decaying tissue
radioactivity concentration derived from the rate constants and the
arterial input function, ¢; is the midpoint time of the i-th frame, At; is
the data collection time, A is the radioisotope decay constant, and F is
a scaling factor representing the sensitivity of the measurement
system and is introduced here to adjust the noise level (Ikoma et al.,
2008). The level of noise for the dynamic data was expressed as the
mean of percent noise described in Eq. (16) from 1.5 to 90 min. In this
simulation study, F was chosen so that the mean of percent noise
would be 1%, 3%, 5%, 7%, and 10%, and a thousand noisy data sets were
generated for each. In these noise-added tissue time-activity curves,
Vb, Vi, and BPyp values were calculated by the present graphic plot
analysis. Vp was also calculated using the Logan plot analysis.
Reliability of the estimated parameters was evaluated by the bias of
median and quartile deviation of the estimates.

Results
Typical plots using the present graphic analysis are shown in Fig. 3.

Using the present plot analysis, K;, Vnp, Vi, and BPyp values could be
calculated rapidly by linear least-squares fitting. The Kj, Vyp, Vi, and

Table 2
Parameters calculated by the present graphic plot analysis.
Kq Vo BPnp Vr
(mL/cm?/min) (mL/cm?) (mL/cm?)
Cerebellum 0.37140.050 2.82+037 0.36+0.08 3.8540.64
Thalamus 0.349 +0.028 4.40+0.57 3.16+0.75 18.044-1.85
Frontal cortex 0.34040.025 3.174+0.36 1.32+0.20 7404129
Temporal cortex 03124 0.030 3.40+0.47 2324035 11.354+2.25
Parietal cortex 0.326 +0.019 3134044 1.57£0.21 8.07 +1.50
Occipital cortex 0.328 £ 0.035 2.97+£041 1.0940.14 6.23+1.10

Values are mean 4+ SD.
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Fig. 4. Relations between kinetic analysis and graphic plot analysis in K; (A), Vnp (B), V¢ (C), and BPyp (D). The Bland-Altman plots for Vyp (E) and BPyp (F) are also shown.
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Fig. 5. Simulation of graphic plots for BPyp of 0 to 5,

BPnp values calculated by kinetic analysis and the present graphic plot
analysis are shown in Tables 1 and 2. Overestimation of Vyp and
underestimation of BPyp by the graphic plot analysis were prominent
in regions with high BPyp. The coefficients of variation were almost
the same between the two analytical methods. The relations between
kinetic analysis and graphic plot analysis in Kj, Vyp, V1, and BPyp are
shown in Fig. 4. Good correlations were observed in all parameters.
The Bland-Altman plots for Vyp and BPyp are also shown in Fig. 4. V¢
values were in good agreement between Logan plot analysis and the
present graphic plot analysis (Tables 1 and 2).

Simulated graphic plots are shown in Fig. 5. The plot yields a curve
in regions with specific binding. The plot for delayed phase shows an
approximate straight line, which can be considered as being after the
equilibrium time. In regions with no specific binding, the plot yields a
straight line through all plot data, Errors in K;, Vyp, Vi and BPyp
values calculated by graphic plot analysis were simulated in Fig. 6.
Systemic overestimation of Vyp and underestimation of BPnp by
graphic plot analysis were observed. When the assumed BPyp was
greater, the magnitudes of the systemic overestimation and under-
estimation were greater.

80
-0 K]
60 - -V
40- 0-v,
——BP,,
—_ 201
R
0BG
£
R 904
_40 -
=60
'80 T T T T T
0 1 2 3 4 5
Assumed BPy;,

Fig. 6. Errors in K;, Vyp, V5, and BPyp by graphic plot analysis estimated with simulated
tissue time-activity curves.

The bias of median and quartile deviation of Vyp, V1, and BPnp
estimated by simulation studies with noise-added tissue time-activity
curves are shown in Figs. 7 and 8. The quartile deviations of Vyp and
BPnp became larger as the noise level increased, while the bias was
almost constant. V¢ calculated by Logan plot analysis was under-
estimated when the noise level was high whereas the bias of V;
calculated by the present graphic plot analysis was negligibly small.
On the other hand, the quartile deviation of V; by the present graphic
plot analysis was larger than that by Logan plot analysis when the
noise level was high.

Discussion

In the present graphic plot analysis, the plot yields a curve in
regions with specific binding for both measured and simulated data
while it yields a straight line through all plot data in regions with no
specific binding, This indicates that the present analysis can be used to
distinguish graphically whether the radioligand binding includes
specific binding or not. In this study, the plot yields a curve for the
cerebellum. Although specific [''C]FLB457 binding in the cerebellum
was not supported statistically in previous studies (Olsson et al., 1999;
Suhara et al., 1999), it has recently been reported that a non-negligible

A
120
—O—V_ BP_=) —@—BP_(BP =1)
——V_(BP_=3) —A—BP_(BP <3
80 —-V, (BP_=5) —W-BP_(BP <5)
— AT —3
S L’\E\[I
A—— A A
£ & Thm—
- . S g § ————‘O——m—( D
T o
£
“ o PP
w * 2 & & F Y
g Yp-u—8—n »
-]
.3042
!
!
'120 -: T T T
0 2 4 6 8 10
Noise level (%)
B
200

—O0—V, (BP_=1)
—&— V¥, (BP_=3)
160- - Vo (BP =5)

§ —— BP_ (BP_=1)
" —h— BPNn (BPW=3)
=]
.g 1204 —a BPN“ (BPW=S)
8
S
@
-
2 80
£
8
40-

Noise level (%)

Fig. 7. The bias of median (A) and quartile deviation (B) of Viyp and BPyp by the graphic
plot analysis estimated with noise-added tissue time-activity curves.
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Fig. 8. The bias of median (A) and quartile deviation (B) of V; by the present graphic
plot analysis and Logan plot analysis estimated with noise-added tissue time-activity
curves.

density of dopamine D, receptors in the cerebellum led to the
underestimation of BPyp, in a brain region in ['C]JFLB457 PET studies
when the cerebellum was used as a reference brain region for
calculation of BPyp (Asselin et al, 2007). A curve plot for the
cerebellum can indicate a non-negligible density of dopamine D,
receptors in this region. Although the present graphic plot analysis
was applied to ["'C|FLB457 that showed relatively high affinity to
dopamine D, receptors in this study, this graphic plot analysis can also
be applied to other radioligands with low affinity, e.g., [''Craclopride
in order to distinguish whether the radioligand binding includes
specific binding or nat.

Specific binding to receptors can be estimated by kinetic analysis
with a non-linear least-squares fitting procedure based on the
standard two-tissue compartment model containing compartments
of nondisplaceable binding and specific binding. However, a non-
linear least-squares fitting procedure is time-consuming and the
separation of nondisplaceable and specific binding is often made
unstable by noisy time-activity data. In the present graphic plot
analysis, the plot showed an approximate straight line after the
equilibrium time, and both Vyp and Vi could be rapidly calculated
independently by linear least-squares fitting. Although systemic
overestimation of Vyp, and therefore systemic underestimation of

BPyp, was observed in the present graphic plot analysis, the K;, Vip,
V1, and BPyp values were in good agreement between the kinetic
analysis and the present graphic plot analysis, indicating its validity.
In the present study, plot data for only early phase (90-330 s) were
used to calculate Vyp by the present graphic plot analysis, and
therefore estimation of Viyp might not be reliable, In simulation
studies, the quartile deviation of Vyp became larger as the noise level
increased. However, coefficients of variation of Viyp were almost the
same between the kinetic analysis and the present graphic plot
analysis. If earlier phase of PET data with reduced noise level can be
used, the systemic errors in Vyp and BPnp calculated by the present
graphic plot analysis can be reduced.

Logan plot analysis could also reveal the Vy values with the linear
least-squares fitting procedure, similar to the present graphic plot
analysis. The V; values were in good agreement between the two
graphic plot analyses. In the present graphic plot analysis, linear
regression of the plots for delayed phase would be horizontal for
radioligands with irreversible binding (Yokoi et al., 1993). Thus, this
graphic plot analysis can be used to distinguish the reversibility of
radioligand binding graphically, as can Logan plot analysis. It has been
reported that noise in time-activity data caused a bias in the Vy values
in Logan plot analysis (Logan et al., 2001). In simulation studies, the
bias of Vycalculated by the present graphic plot analysis was negligibly
small whereas that by Logan plot analysis was larger as the noise level
increased. However, the quartile deviation of V¢ by the present
graphic plot analysis was larger than that by Logan plot analysis when
the noise level was high.

In this study, we applied the present graphic plot analysis to the
standard two-tissue compartment model with four rate constants. In
this regard, a three-tissue compartment model with six rate constants
including ks and kg, in which the compartment of nondisplaceable
radioligand was divided into compartments of nonspecifically bound
and free radioligand, has also been proposed to describe the kinetics of
radioligands for neuroreceptors (Wong et al., 1986). To generalize the
theory of this graphic plot analysis for multi-tissue compartment
model, further studies will be required.

Using the present analysis, parametric maps of Vyp, V5 and BPyp
can be calculated on a voxel-by-voxel basis in a rapid manner. Because
the time-activity data in a voxel is noisy, the variations of Vyp and
BPyp calculated using the present analysis method might be large for
parametric mapping. More caution should be given in calculation of
parametric images. Recently, a method for the determination of input
function without arterial blood sampling was developed (Naganawa
et al,, 2005). Using this method combined with the present graphic
method, it may be possible to calculate a parametric map of BPyp
without arterial blood sampling and without the use of a reference
brain region that has negligible specific binding.

In conclusion, we have applied a new graphic plot analysis to PET
data of a radioligand for extrastriatal dopamine D, receptors. Using
this method, Vyp, V1, and BPyp could be calculated with a rapid
calculation time. The Viyp, Vi, and BPyp values calculated by this
method were in good agreement with those by conventional non-
linear least-squares fitting procedure. This method can be used to
distinguish graphically whether the radioligand binding includes
specific binding or not. In addition, the reversibility of radioligand
binding can also be distinguished graphically by this method.
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Appendix

The time course of the radioactivity in multi-compartment
systems driven by an arterial input function Cp(t) can be expressed
as follows (Logan et al.,, 1990; Patlak and Blasberg, 1985):

3 =K + QG (A1)
where Cy is the column vector of radioactivity concentrations for each
tissue compartment at time ¢, K is the matrix of rate constants, and Q
is the vector describing the influx rate constant from plasma to brain.
Eq. (A1) can be written as follows (Logan et al., 1990; Patlak and
Blasberg, 1985):

UK 'c,=U'K'Q ‘c '
n T =U, p(T)dT + | Cr(m)dr (A2)
0 0

where U] is a row vector of 1s and Cy(t) = ULCr. The total radioactivity
in a region-of-interest, ROI(t), contains the intravascular radioactivity
and is expressed as follows:

ROI(t) = Cy(t) + VpGp(t) = URCy + VoGo(t) (A3)

where V; is the plasma volume in a region-of-interest that depends on
the first-pass extraction fraction of tracer. With Eq. (A3), Eq. (A2)
becomes the following:

ROI(t)

— 2 —yK'C
UG + VeGo() 7

= (UK'Q - V) jorcp(r)dr

t
+ /0 ROI(T)dT. (Ad)

By dividing both sides of Eq. (A4) by fé Cp(7)dr, the following
linear relationship is obtained:

ROI(t)
/ t Cp(T)dr
0

_ UGy + VpGo(t)
UK G

(UIK~'Q — V)

t
UG, + VeGoe) |, RO
T —1 t °
UK™'G / Co(T)dT
Q

+ (A5)

The relation Cr = — K™ 'QCp(t) after the equilibrium time has been
shown (steady-state condition) (Patlak et al., 1983), and Eq. (A5)
becomes the following:

Tye—1 2
(_UnK Q+Vp) i—uﬁk“q+vpx

YO = —yeme Tl (A6)
where

/ ‘ ROI(T)dT
Xty = Ot—

/ Co(r)dr

0
Y(r)=HtROI(t) .

[ comar

Eq. (A6) is the generalized equation of the present graphic plot
analysis. The plot of Y(t) against X(t) yields a straight line after the

equilibrium time r* The slope, y-intercept, and x-intercept are
follows:

(-ulk '@+ vp)2

y-intercept = U270 (A7)

slope = — __U-rl;l(_lq—+‘/]) (AS)
UIK—2Q

x-intercept = — ULK™'Q + Vp. (A9)

When the two-tissue compartment model with four rate constants
is applied (Fig. 1), the vectors are defined as follows:

T _ 1 Gl K
U, =11 1] CT—{CS(t)} Q_{OJ

K= —(ky +k3) k4 .
k3 —k4

With these vectors and neglecting Vp the slope, y-intercept,
and x-intercept are defined as follows:

y-intercept(K;) = K}( z (A10)
213
(ks + kq)?
slope = —kaky E (A11)
ky + kg + 22
P I + kg
X-intercept = K (1 + &) (A12)
ka Ky

From Eqgs. (4), (5), and (A10), k3 and k4 can be calculated as
follows:

KiK; (Vr—Vip)®

Ko A13
3 K] — Ki VNDVTZ ( )
_ KK Ve — Vi

ky= K-k VI (A14)
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