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Table 1. Demographic and clinical characteristics of the patients with schizophrenia

Age  PANSS Duration  Duration of Haloperidol
(yr), ofillness  drug treatment equivalent = Main
Subject sex Positive  Negative General Total (yr) (yr) (mg) antipsychotics
1 29,F 12 12 25 49 11 9 3 Olanzapine
2 34,F 17 12 33 62 7 5 6 Risperidone
3 37,F 14 23 27 64 0.5 05 3 Olanzapine
4 43, F 21 27 49 97 22 19 17 Risperidone
5 46,F 16 15 34 65 33 21 10 Nemonapride
6 49, F 24 20 33 77 23 16 19.4 Haloperidol
7 £2,M 15 22 27 64 4 4 4 Olanzapine
8 43,M 15 26 33 74 26 23 9 Haloperidol
9 H4“4M 22 25 40 87 22 22 85 Olanzapine
10 4, M 16 26 37 79 4 4 14 Haloperidol
1 46,M 29 26 56 111 26 26 35 Olanzapine
12 46,M 16 16 25 57 24 24 4 Risperidone
13 52,M 24 35 58 117 18 17 16.5 Olanzapine
14 59,M 27 24 47 87 43 39 103 Mosapramine
191453 221465 374+11.1 7794201 1884122 164+10.8 92457

PANSS, Positive and Negative Syndrome Scale; F, female; M, male.

Haloperidol (1 mg) was equivalent to chlorpromazine (50 mg).

demonstrated to be useful in the study of neuro-
degerative disorders such as Alzheimer’s disease
(Yasuno et al. 2008).

In this study, we investigated PBR binding in pa-
tients with chronic schizophrenia using [*'C]DAA1106
to evaluate whether glial reaction was involved in the
pathophysiology of schizophrenia.

Materials and methods
Subjects

Fourteen patients with schizophrenia [six females,
eight males; 43.9+7.4 yr (mean+s.0.)] and 14 normal
control subjects (five females, nine males; 42.5+9.0 yr)
were enrolled in this study. Patients were recruited
from the outpatient and in-patient units of Nippon
Medical School Hospital, Asai Hospital and Sobu
Hospital, located in Tokyo and Chiba prefecture in
Japan. The patients were diagnosed as having schizo-
phrenia and treated by attending physicians at each
hospital, and their diagnoses were re-evaluated with
structured interviews at our PET centre. All 14
patients were diagnosed with schizophrenia accord-
ing to DSM-IV criteria. Exclusion criteria were current
or past substance, cannabis or alcohol abuse, mood
disorders, and organic brain disease. The patients’
demographic and clinical data are shown in Table 1.
None of the patients had taken benzodiazepines
within more than 1 month prior to PET measurements.

Psychopathology was assessed by the Positive and
Negative Syndrome Scale (PANSS; Kay ¢t al. 1987).
PANSS was completed by three experienced psychi-
atrists on the same day as the PET measurements.
They reviewed the ratings after the interviews, and
disagreements were resolved by consensus; the con-
sensus ratings were used in this study. The symptom
scores were calculated as total scores, positive symp-
tom, negative symptom, and general symptom sub-
scores of PANSS. The total PANSS score ranged
from 49 to 117 (78.6 +20.7). The mean positive symp-
tom score was 19.1+5.3, negative symptom score was
22.1+6.5, and general symptom score was 37.4+11.1.

The normal control subjects were recruited from
the surrounding community. Based on psychiatric
screening interviews, they were free of current and
past psychiatric or major medical disease, and had no
relatives with neuropsychiatric disorders.

This study complied with the current laws of Japan,
and was approved by the Ethics and Radiation Safety
Committee of the National Institute of Radiological
Sciences, Chiba, Japan. Written informed consent was
obtained from all subjects.

Radiochemistry

[*'CJDAA1106 was prepared as described in detail
previously (Ikoma et al. 2007; Zhang et al. 2003). The
precursor was supplied by Taisho Pharmaceutical Co.
(Japan).



PET data acquisition

PET scans were performed with ECAT EXACT HR +
(CTI-Siemens, USA), which provides 63 planes and a
15.5-cm axial field of view (FOV). A 10-min trans-
mission scan with a **Ge-*Ga source was followed
by a 90-min dynamic scan (20s x9, 60s x5, 120s x 4,
240sx 11, and 300s x6) with a bolus injection of
261411 (369+27) MBq of [''C|DAA1106. Specific
radioactivity was 15.4-220.7 GBq/umol at the time of
the injection. There was no significant difference in
injected radioactivity and specific radioactivity be-
tween patients and normal controls (373 +20 MBq and
60.3+44.4 GBq/umol for patients, and 366 +32 MBq
and 98.4 +70.7 GBq/umol for normal controls). Radio-
activity was measured in three-dimensional mode,
and the data were reconstructed with a Hanning filter
with a cut-off frequency of 0.4 (full width half max-
imum=7.5 mm).

Arterial blood sampling

To obtain the arterial input function, an automated
blood sampling system was used for continuous
(counts/s) blood radioactivity measurements during
the first 12 min of PET measurement. At the same
time, arterial blood samples were taken manually and
their radioactivity concentration was measured 13
times during the initial 3 min after the injection, eight
times during the next 17 min, and once every 10 min
until the end of the scan. To analyse the metabolite
fraction in the plasma, arterial blood samples were
taken 10 times during PET measurements. The parent
ligand, separated from the total radioactive com-
pound, was measured as previously described (Ikoma
et al. 2007). The mean time-course of the fraction of
the parent ligand is shown in Fig. 1. There was a
significant group x time interaction using repeated-
measures ANOVA with Greenhouse-Geisser correc-
tion (F345.1=492, p=0.002), although one subject
from each group was excluded for the statistical
analysis due to one missing data-point.

MR imaging

T1-weighted magnetic resonance imaging (MRI) of the
brain was performed with Philips Intera 1.5 T (Philips
Medical Systems, The Netherlands). T1-weighted
images of the brain were obtained from all subjects.
The scan parameters were 1-mm-thick 3D T1 images
with a transverse plane [repetition time (TR)/echo
time (TE) 22/9.2 ms, flip angle 30", matrix 128 x 128,
FOV 256 x 256). Voxel size of the magnetic resonance
images was 1 mm x 1 mm x 1 mm.
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Fig. 1. Mean time-course of the percentage of parent
compound (['C]DAA1106) after venous injection of
[''C]DAA1106 between normal controls (-O-) and patients
(— ®-) with schizophrenia.

Data analysis

Eleven regions of interest (ROIs) (medial frontal cor-
tex, dorsolateral frontal cortex, medial temporal cor-
tex, lateral temporal cortex, parietal cortex, occipital
cortex, thalamus, striatum, cerebellum, anterior
cingulate cortex, and posterior cingulate cortex) were
delineated on the co-registered PET/MRI images. In
addition to each regional ROI, eight cortical ROIs
(medial frontal cortex, dorsolateral frontal cortex, me-
dial temporal cortex, lateral temporal cortex, parietal
cortex, occipital cortex, anterior cingulate cortex, and
posterior cingulate cortex) were also summed up as
total cortical regions.

Regional time-activity data were analysed with
two-tissue compartment model (2-TC) with the
metabolite-corrected plasma input function, a model
demonstrated to estimate binding potential (BPyp)
most reliably for [''C]DAA1106 (Ikoma et al. 2007).
Rate constants were estimated with weighted least
squares and the Marquardt optimizer. For each region,
ky, ks, ks, ky and blood volume were estimated by 2-TC.
BPnpy was calculated as ky/k, in this analysis. Data
analysis was performed with PMOD 2.65 (PMOD
Technologies, Switzerland).

Statistical analysis
Regional ROIs

Statistical analysis of the difference of regional BPnp
for each ROI (for total 11 ROIs) between patients and
normal controls was performed by repeated-measures
ANOVA (p<0.05 was considered significant). When
any interaction was found, post-hoc Bonferroni correc-
tion was used for multiple comparisons.
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Table 2. Significant correlation between PANSS scores and
regional ["'"CJDAA1106 binding

PANSS scores Region p value

Medial frontal cortex 0.002*
Dorsolateral frontal cortex 0.022

Positive symptom

Medial temporal cortex 0.003*
Lateral temporal cortex 0.013
Parietal cortex 0.005
Occipital cortex 0.001*
Cerebellum 0.022
Striatum 0.010

Negative symptom  None

General symptom Medial frontal cortex 0.018
Medial temporal cortex 0.027
Occipital cortex 0.038

Total score Medial frontal cortex 0.012
Medial temporal cortex 0.029
Parietal cortex 0.044
Occipital cortex 0.017

PANSS, Positive and Negative Syndrome Scale.
* p<0.0045 (0.05/11).

Correlation between regional BPyp values and
PANSS scores were analysed with Pearson’s corre-
lation method (p < 0.05 was considered significant).

Correlation between regional BPnp values and
duration of illness, duration of drug treatment, and
chlorpromazine equivalent doses (Inagaki ef al. 1999)
were analysed with Pearson’s correlation method
(p <0.05 was considered significant).

Changes in regional BPyp values with age were
analysed with Pearson’s correlation method for
patients and normal controls, respectively (p<0.05
was considered significant).

Total cortical regions

For analysing differences in total cortical regions
between patients and normal controls, Student’s ¢ test
was used (p <0.05 was considered significant).

Correlations between BPyp values in total cortical
regions and PANSS scores were analysed with
Pearson'’s correlation method (p <0.05 was considered
significant).

Correlation between BPyp values in total cortical
regions and duration of illness, duration of drug
treatment, and chlorpromazine-equivalent doses
(Inagaki et al. 1999) were analysed with Pearson’s
correlation method (p<0.05 was considered sig-
nificant).

[""CIDAA1106 BPyp
in occipital cortex

21 0 15 20 25 30
Positive symptom score

Fig. 2. Positive correlation between [''C]DAA1106 BPyp in
the occipital cortex and positive symptom scores in the
Positive and Negative Syndrome Scale.

Changes in BPyp values in total cortical regions
with age were analysed with Pearson’s correlation
method for patients and normal controls, respectively
(p<0.05 was considered significant).

Results
Regional ROIs

Comparison of regional BPyp values for
[M'CIDAA1106 between the patients with schizo-
phrenia and normal controls by two-way repeated
ANOVA with Greenhouse—Geisser correction showed
no significant group xregion interaction (Fij44=
0.542, p=0.558).

For the correlation analysis between BPyp values
in regional ROIs and positive symptom scores in the
patient group, significant correlations were found in
regions such as the medial frontal cortex, medial tem-
poral cortex and occipital cortex (Table 2) (Fig. 2). No
correlation was found between BPyp values of each
region and negative symptoms. Those three regions
showed trends of positive correlation with general
symptoms and total score (Table 2). There was no
significant correlation between regional BPyp and the
duration of illness.

There was no significant change of regional BPnp
values with age in normal controls, whereas signifi-
cant changes in BPnp values with age in the patients
with schizophrenia were observed in the occipital
cortex (p=0.014), lateral temporal cortex (p=0.023),
parietal cortex (p=0.023), medial temporal cortex
{(p=0.031), and medial frontal cortex (p=0.036).
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Fig. 3. Comparison of [''C]JDAA1106 BPyy; of total cortical
regions between normal controls (NC) and patients with
schizophrenia (5).

Total cortical regions

There was no significant difference of BPnp values
in total cortical regions between patients with
schizophrenia and normal controls (Fig. 3). Significant
correlation was found with the positive symptom
scores (p=0.006) (Fig. 4). There was no significant
correlation with other symptom scores (negative,
general, and total symptom scores). Total cortical re-
gions were correlated with duration of illness (p=
0.020) (Fig. 5) and duration of drug treatment (p=
0.023). BPnp of total cortical regions was not correlated
with chlorpromazine-equivalent doses.

There was no significant change of BPnp values in
total cortical regions with age in normal controls,
but significant changes of BPxp values with age were
observed in total cortical regions of the patients with
schizophrenia (p=0.018).

Discussion

In this study, [''C]DAA1106 binding, which was con-
sidered to correspond to the density of PBR, was not
different between the patients with chronic schizo-
phrenia and normal controls. A recent study demon-
strated that [''C]JPK11195 binding increased in total
grey matter in patients with acute-onset schizophrenia
(van Berckel et al. 2008). Another recent study reported
that [M'C]PK11195 binding in the hippocampus was
significantly increased in patients with schizophrenia
during acute psychosis, while there was no significant
difference in other regions compared with normal
controls (Doorduin et 4l. 2009). To understand the dif-
ference in the results between the present study and
the two [1'C]PK11195 studies, several factors, such as
the use of different radioligands and different patient
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Fig. 4. Positive correlation between [''C]DAA1106 BPnp in
the total cortical region and positive symptom scores in the
Positive and Negative Syndrome Scale.
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Fig. 5. Positive correlation between [''C]DAA1106 BPyp in
the total cortical region and duration of illness.

groups, should be taken into consideration. Although
PK11195 fully displaced the [PHIDAA1106 binding
(Chaki et al. 1999), a high concentration of PK11195
was required for this displacement. This suggested
that the binding domain for DAA1106 contains an ex-
tra component that does not interact efficiently with
PK11195 (Chaki ef al. 1999). The mean age of patients
with schizophrenia enrolled in the present study was
higher (44 yr in 14 patients) than those in the two
[''C]PK11195 studies (24 yr in 10 patients, and 31 yr in
seven patients). Most of the patients in the present
study were at the chronic stage.

Within the patient group, ["'"C]IDAA1106 binding
had a significant correlation with the positive symp-
tom score of PANSS, a finding that might be in line
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with those recent findings with [M'CJPK11195. The
present results might indicate that the activated neuro-
immune system was related to the pathophysiology of
schizophrenia at the chronic stage.

In previous MRI volumetric research in schizo-
phrenia, volume reduction in the brain has been
reported in patients with chronic schizophrenia
(Shenton ¢t al. 2001). However, in the present study,
there was no significant difference in the volume of
ROIs by ANOVA, and total cortical ROI by Student’s ¢
test between the patients and normal controls (data
not shown). Thus, the insignificance of the difference
of ["'CIDAA1106 binding between the patients and
normal controls is not related to the partial volume
effect due to brain atrophy.

In this study, normal controls showed no age effects
on [''C]DAA1106 binding in any region. This is in line
with the report with [''C]PK11195 binding except the
thalamus, where [''C]JPK11195 binding was reported
to increase with age (Cagnin et al. 2001). This might
be due to different radioligands or different age
ranges between the two studies (24-55 yr in this study
and 32-80 yr in the ['C]PK11195 study). On the other
hand, ["'C]DAA1106 binding was found to increase
with age in patients with schizophrenia. Schizo-
phrenia has been considered to be progressive in
functional disability and morphological changes
(Lieberman et al. 2001; Mathalon et al. 2001 ; Saijo et al.
2001). The present results of the positive correlation
among ['C]DAA1106 binding, duration of illness, and
age might suggest that the progressive change occurs
at the glial reaction level.

A recent meta-analysis showed that some cytokines
such as IL-1RA, sIL-2R, and IL-6 are increased in
schizophrenia (Potvin et al. 2008). PBR has been con-
sidered to modulate the release of pro-inflammatory
cytokines in the CNS. PBR was reported to modulate
the release of the inflammatory molecules NO and
tumour necrosis factor-alpha (TNF-¢) (Wilms et al.
2003). A PBR ligand, PK11195, has been reported
to inhibit lipopolysaccharide-induced expressions of
COX-2 and INF-a in human microglia (Choi et al.
2002). Immunomodulatory drugs such as cyclooxy-
genase-2 (COX-2) inihibitors have been reported to
show beneficial effects in schizophrenia (Muller &
Schwarz, 2008). The combination of risperidone and
COX-2 inhibitor has been reported to show superiority
over risperidone alone in positive symptoms and
PANSS total scores (Akhondzadeh et al. 2007). On
the other hand, cytokines such as IL-2 and IL-6 are
reported to increase after olanzapine and clozapine
treatment (Kluge et al. 2009). The present results of
PBR binding in the patients with schizophrenia

might be in accord with the previous reports of
cytokines.

A recent report demonstrated that PBR expression
was not confined to microglia but was inducible in
nervous tissue cells of neuroepithelial origin (Ji et al.
2008). Thus, PBR binding might also arise from astro-
cytes and other non-microglial elements. Schizo-
phrenia patients with high S100B serum concentration,
considered to indicate astrocyte activation, were re-
ported fo have cognitive dysfunction compared with
patients with low S100B serum concentration (Ped-
ersen et al. 2008). DAA1106 binding in patients with
schizophrenia might also be related to the change in
PBR on astrocytes.

In a post-mortem study, a subgroup of the patients
with schizophrenia who committed suicide had in-
creased microglial densities, although microglial
HLA-DR expression in the patients with schizo-
phrenia was not different from normal controls
(Steiner ef al. 2008). Microglial activation has been
suggested to be interpretable as a consequence of pre-
suicidal stress (Avital et al. 2001 ; Lehmann et al. 2002).

Although BPnp of total cortical regions was not
correlated with chlorpromazine-equivalent doses in
the present study, some antipsychotics were reported
to have anti-inflammatory effects (Kato et al. 2007;
Kowalski et al. 2003, 2004; Labuzek et al. 2005; Zheng
et al. 2008). The effect of antipsychotics on DAA1106
binding remains to be studied.

There are several confounding factors in the present
study. First, the number of subjects was relatively
small. Further larger-scale studies will be needed to
confirm the present results. Second, all the patients
were under different kinds of antipsychotic treatment.
Further study is needed with drug-naive patients and
patients under well-controlled drug treatment. Third,
the PANSS scores of patients were higher as the dur-
ation of the illness was longer and age increased. This
might reflect a possible subgroup of treatment-resist-
ant patients.

In conclusion, we found no significant differences
in PBR binding between the brains of patients with
schizophrenia and those of normal control subjects,
unlike recent reports with [*!CJPK11195 (van Berckel
et al. 2008; Doorduin et al. 2009). Nevertheless, PBR
binding in the patients with schizophrenia was cor-
related with positive symptoms, disease duration
and age. The present results suggest that the glial
reaction process might be involved in the patho-
physiology of schizophrenia. Although the corre-
lations should be interpreted with caution, these
results at least suggest that additional studies are
warranted in order to determine whether baseline



differences exist between patients with schizophrenia
and healthy subjects, as well as to reveal the bio-
logical meanings of the correlations with disease
parameters.
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Abstract

Objective Dopamine transporter (DAT) is a reuptake
carrier of dopamine at presynapse that regulates dopami-
nergic neural transmission. [''CIPE2I is a cocaine analog
developed as a potent positron emission tomography (PET)
ligand for DAT with high selectivity. The aim of this study
was to evaluate the applicability of quantification methods
using reference tissue models for [''CIPE2L

Methods Dynamic PET scans were performed in 6 young
healthy male volunteers after an intravenous bolus
injection of [''CJPE2I. Metabolite-corrected arterial
plasma-input functions were obtained. Compartment model
analysis and plasma-input Logan analysis were performed
to determine the kinetic parameters and distribution
volume (Vy). The distribution volume ratio (DVR) was
calculated as the ratio of Vr in the cerebral region to that in
the cerebellum. DVRs were also determined by the original
multilinear reference tissue model method (MRTMo) and
the simplified reference tissue model method (SRTM),
comparing the results with those obtained from graphical
analysis using arterial input function. To estimate errors in
DVR calculated using the reference tissue model, a simu-
lation study that focused on cerebellar kinetics and scan
duration was performed.

Results The highest [''C]PE2I binding was observed in
the striatum, followed by the midbrain and thalamus. The
2-tissue model was preferable to the 1-tissue model for
describing the [M'C]PE2I kinetics in the cerebellum. Both
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the measured and 90-min simulated data showed that
reference tissue models caused an underestimation of DVR
in the striatum. The simulation showed that 90-min scan
duration was insufficient when cerebellar kinetics was
described as a 1-tissue model. Nevertheless, DVR values
determined by MRTMo and SRTM were in good agree-
ment with those by the graphical approach in other lower
binding regions.

Conclusion Due to the [''C]PE2I kinetics in the cere-
bellum and limited scan duration for ''C, MRTMo and
SRTM underestimated the striatal DVR. Despite this limi-
tation, the present study demonstrated the applicability of
reference tissue models. Since DAT in the midbrain and
thalamus is of interest in the pathophysiology of neuro-
psychiatric disease, this noninvasive quantitative analysis
will be useful for clinical investigations.

Keywords [''CJPE2I - Human - Kinetic modeling -
Positron emission tomography (PET) -
Reference tissue model

Introduction

Dopaminergic neurotransmission is of interest in the
pathophysiology of neuropsychiatric disease. One of the
presynaptic functions is the dopamine reuptake mediated
by dopamine transporter (DAT), a membrane-bound pro-
tein. A number of radioligands for in vivo DAT imaging
have been developed for positron emission tomography
(PET), such as [''Clcocaine [1], [''C]WIN35,428 (CFT)
[2, 3], [''CIB-CIT (RTI-55) [4], [''C] B-CIT-FE [5],
[''C]p-threo-methylphenidate  [6], ['*FIFECNT [7],
[''C)Altropane [8], [''CJPE2I [9] and most recently
[''CILBT-999 [10]. Most of them are analogs of cocaine
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and have some degree of affinity for the serotonin trans-
porter. The tropane analog N-(3-iodoprop-2E-enyl)-2p-
carbomethoxy-3 -(4-methylphenyl) nortropane (PE2I) has
29-fold higher affinity for DAT than for serotonin trans-
porter and more than 58-fold higher affinity than for
noradrenalin transporter [9]. Thus, C-labeled PE2I,
["'CIPE2I(([*'C]-(E)-N-3-isodoprop-2-ethyl)-2-carbome-
thoxy-3f-(4-methylphenyl)nortropane), can be expected to
represent a selective PET radioligand for the evaluation of
DAT.

Previous reports have demonstrated the successful
visualization of brain DAT by ['!CJPE2I and PET in
human and nonhuman primates [11, 12]. Changes in DAT
binding in Parkinson’s disease, attention-deficit/hyper-
activity disorder (ADHD) and schizophrenia have also
been observed using ['Z’IJPE2I [13, 14] and ['!C]PE2I
[15-17], respectively. Quantitative analysis using both
arterial input function and reference tissue in humans has
been reported with [**I)PE2I [18, 19] and [''C]PE2I [20-
22]. It has been reported that the binding potential (BPynp)
values of striatal regions are underestimated by the sim-
plified reference tissue model (SRTM) method [20, 23]
compared with those by kinetic analysis and Logan anal-
ysis with use of arterial input function in [''C]PE2I PET
studies [20-22]. However, neither the cause of the under-
estimation with SRTM nor the applicability of SRTM to
other brain regions has as yet been investigated in detail.

In this study, we attempted to validate quantification
methods using a reference tissue model in ["'C]PE2I PET
studies with both measured PET data and simulated data.
In addition to SRTM, the original multilinear reference
tissue model (MRTMo) [24] was applied to estimate the
distribution volume ratio (DVR), instead of BPyp, and
compared by quantitative analysis using arterial input
function.

Materials and methods
Calculation of specific binding

Specific binding of [''CJPE2I to DAT can be evaluated by
the tracer DVR of the target brain region to the reference
tissue region showing negligible specific binding according
to the following equation:

Vr
DVR = —- 1
z (1)
where Vr and Vy' are the distribution volumes of the target
brain and reference region, respectively. The distribution
volume can be estimated using kinetic analysis and plasma-
input Logan analysis with arterial input function.
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Quantification using arterial input function
Kinetic analysis

To describe the [''C]PE2I kinetics in the brain regions, the
2-tissue model consisting of plasma and two tissue com-
ponents (2-tissue model) was used [22, 25-27]. In this
model, the following equations are expressed:

Cr(t) = Cnp(t) + Cs (1), ()
%’:(I) = K, Cp(t) — koCnp(t) — ksCnp(2) + ks Cs(1),

(3)
%SI(Q = k3Cnp(2) — ks Cs(2). (4)

Cr is the total radioactivity concentration in the brain
tissue, Cnp is the radioactivity concentration of
nondisplaceable radioligand in the brain tissue, which
includes nonspecifically bound and free radioligand
concentrations, Cs is the radioactivity concentration of
the radioligand specifically bound to DAT, and Cj, is the
radioactivity concentration of the unchanged radioligand in
plasma (arterial input function). The rate constants K; and
k, describe the influx and efflux rates for radioligand
diffusion through the blood-brain barrier (BBB),
respectively. The rate constants k; and k, represent the
radioligand transfer between the compartments for
nondisplaceable radioligand and specific radioligand
binding to receptors, respectively.

For the 1-tissue model, K; and k, are the influx and
efflux rates for radioligand diffusion through BBB:

Cr(t) = Cnp(1), (5)
dcfi't’(’ ) KiCy() = kG (1) (6)

Total distribution volume (V) denotes the tracer
concentration ratio of tissue to plasma under equilibrium
condition. Vp is calculated for the 2-tissue model as
follows:

K, k3
Vr=—(14+2).
T k2( +k4> (7)

For the 1-tissue model:
=

Additionally, V,, (ml/ml) was introduced as the
fractional volume of blood space in the region. Then

measured radioactivity concentration of the region with
PET is expressed as,

Cror(t) = WwCo(t) + (1 = Vu)Cr(1) ©)

Vr (8)
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where Croi(f) and Cy(#) are the measured radioactivity
concentrations of the region and total blood, respectively.
Each kinetic parameter, including V,, was estimated by
nonlinear least-squares fitting procedure without weighing.
For the cerebellum, the 1-tissue model was also applied.
The appropriate model of the cerebellum was evaluated by
the Akaike information criterion [28].

Plasma-input Logan analysis

The total distribution volume was calculated by plasma-
input Logan analysis developed by Logan et al. [29]. After
an equilibrium time (¢*), the following linear relationship is
obtained:

JoCr(s)ds _ [3 Cols)ds

o) Yo TP

where the slope a denotes the total distribution volume. In
this analysis, t* was determined so that the maximum
discrepancy from the regression line within the linear
segment would be 10% for each time-activity curve
(TAC). To test the possible underestimation of striatal Vp
generated by too early 1*, the caudate TAC of the earliest *
was re-estimated with fixed #* at the latest one.

(t>1), (10)

Quantification using reference tissue data
without arterial input function

To avoid measurements of arterial input function, nonin-
vasive analysis employing a reference region with negli-
gible specific binding was applied. DVR is derived from the
TAC: of the brain regions and reference region. In the case
of DAT, the cerebellum was reported not to express any
mRNA [30]. Pretreatment and blocking studies of
[''C]PE2I in monkeys showed no changes in cerebellar
TACs [11]. Therefore, the cerebellum was used as a ref-
erence brain region. In this study, MRTMo and SRTM
were applied to calculate DVR.

MRTMo method

MRTMo is one of the variations of the graphical approach.
After a certain equilibrium time (#*), the following multi-
linear regression is obtained:

JoC(s)ds  a [y Creg(s)ds ab"\ Cret (1)
O —7 W *( w) C(0)

where C; and C,¢ are tissue radioactive concentrations of
the target brain and reference regions, respectively, a and
d' are the distribution volumes of the target brain and the
reference regions, respectively, and therefore a/a’ denotes
DVR. b and b are —1/k), and —1/k,, respectively, where k)

+b, (11

is k; of the reference region. The time #* was determined in
the same way as described in the plasma-input Logan
analysis previously.

SRTM method

In the SRTM method, DVR can be determined by modifi-
cation of the original SRTM equation as follows:
Rk

Ct(t) = Rlcref(t) + (leiz - le) Cref(t)

R K
— 1 12
®exr>( DVR ) (12)
where R; is K; /K| and K| is K; of the reference tissue.
DVR is calculated by the non-linear least-squares fitting
procedure.
All of the analysis described above was performed

with PMOD Ver. 2.6 (PMOD Technologies, Ziirich,
Switzerland).

Preparation of [''C]PE2I

[''C]PE2I was synthesized by O-methylation of the cor-
responding precursors with ['!C] methyl iodide with ultra-
high specific activity, which was obtained by a reduction of
[''C]CO, with LiAlH, in an inert atmosphere with spe-
cially designed equipment [31], and automatically purified
[32].

Subjects

Six healthy male volunteers (age 20-28 years, 23.8 £ 3.1,
mean + SD) participated in this study. All subjects
underwent 1.5 T T1-weighted MRI examinations to obtain
anatomical brain references for the PET images. The MRI
scanner was Intella (Philips Medical Systems, Best, The
Netherlands). Three-dimensional volumetric acquisition of
a T1-weighted gradient echo sequence produced a gapless
series of thin transverse sections (TE: 9.2 ms; TR: 21 ms;
flip angle: 30°; field of view: 256 mm, acquisition matrix:
256 x 256; slice thickness: 1 mm). None of the subjects
had a significant medical history or brain morphological
abnormalities. This study was performed in compliance
with the Declaration of Helsinki and approved by the
Ethics and Radiation Safety Committees of the National
Institute of Radiological Sciences, Chiba, Japan. Written
informed consent was obtained from all subjects prior to
the study.

PET measurement

PET data were acquired using an ECAT EXACT HR+
(CTI-Siemens, Knoxville, TN, USA) in 3-dimensional

@ Springer

— 103 —



Ann Nucl Med

mode, which provides 63 sections with an axial field of
view of 15.5 cm [33]. The intrinsic in-plane and axial
resolutions were 4.3 and 4.2 mm full width at half maxi-
mum (FWHM), respectively. The dynamic PET image data
were corrected for physical decay of 1C. An individual-
ized thermal plaster mouthpiece and nose plate were used
for head immobilization during the PET scanning. A can-
nula was inserted into the brachial artery for arterial blood
sampling. Prior to the emission scan, a 10-min transmission
scan was performed using a ®*Ge-"®Ga rod source. After
intravenous rapid bolus injection of [''CJPE2I, a 90-min
dynamic PET scan was performed (35 frames: 9 x 20 s,
5x 1min, 4 x 2 min, 12 x 4 min, 5 x 6 min). The
injected dose and specific radioactivity were 197-230 MBq
and 644-1104 GBg/pmol at the time of injection, respec-
tively. The emission data were reconstructed with a Han-
ning filter (cutoff frequency: 0.4 cycle/pixel), and the
reconstructed in-plane resolution was 7.5 mm FWHM.

Arterial input function

Frequent arterial blood sampling was performed through-
out the scan. For the first 5 min after the injection, arterial
blood was withdrawn using a peristaltic pump at a constant
rate to monitor whole blood radioactivity with an automatic
radioactive monitoring system [34] simultaneously with
blood sampling at the end of the tube. The sampling time
points after the tracer injection were as follows: every 10 s
from 15 to 105 s, then 120, 150, 180 s and every 1 min
from 4 to 6 min, every 2 min from 6 to 12 min, 15, 20 min
and every 10 min from 20 to 90 min. The radioactivity in
each sample was measured with a well-type auto-gamma
counter (COBRA II Auto Gamma, Packard Instrument Co.,
Meriden, CT, USA) to obtain the radioactive concentration
in whole blood. Then the blood samples were centrifuged,
and an aliquot of plasma was taken to measure the total
radioactive concentration in plasma. The sensitivities of
the continuous monitoring system and well-type gamma
counter were cross-calibrated with that of the PET system.

Radioactive fractions of unmetabolized [''C]PE2I in
plasma were evaluated by HPLC radiochromatography.
Arterial blood samples taken at 3.5 min and every 10 min
from 9 to 89 min after the tracer injection were centrifuged
and a 1-mL aliquot of plasma was added with the same
amount of acetonitrile. The mixture was vortexed and
centrifuged at 13000 rpm for 2 min with a refrigerated
centrifuge. Then an aliquot of 0.5 mL of the supernatant
was injected into the HPLC system (GL Sciences Inc.,
Tokyo, Japan). The analytical column was Waters
pBondapak C18 (300 x 7.5 mm i.d.), the mobile phase
was acetonitrile and 0.1 M ammonium formate (70/30) at
an isocratic condition, and the flow rate was 6.0 mL/min.
The radiochromatography peak of [''C]PE2I was identified
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by standard PE2I at the detection wavelength of 254 nm.
The unchanged fraction was calculated as the peak area
ratio of unchanged [''C]PE2I to the total peaks detected.
The time course of unchanged ["'C]PE2I fraction was
approximated by a power function (y(r) = Ar™%; y(t) = 1
when Ar? > 1 during the first few minutes) individually.
The arterial input function was obtained as the product of
plasma radioactive concentration and the unchanged frac-
tion. The time lag between brain TACs and input function
was adjusted at their onsets individually. Plasma protein
binding was not determined in the present study.

Regions of interest

T1-weighted MRI images were coregistered and resliced to
PET images using SPM2 [35]. Polygonal regions of
interest (ROIs) were drawn on the MRI images and placed
on the PET summation images. The regions chosen in this
study were the cerebellum, pons, temporal cortex, frontal
cortex, occipital cortex, parietal cortex, caudate head,
thalamus, putamen, midbrain, parahippocampal gyrus,
anterior part of the cingulate gyrus, and white matter
(central semiovale). Then the ROIs were placed on the
dynamic PET images to obtain regional TACs. The TACs
were corrected for physical decay of ''C.

Simulation study

To estimate errors in DVR calculated by the reference
tissue models for [“C]PEZI kinetics in human brain, a
simulation study was performed. Brain TACs were gener-
ated using assumed kinetic parameters taken from the
results of the kinetic analysis of [''CJPE2L For the refer-
ence region, kinetic parameters were assumed for both
1- and 2-tissue models. Kinetic parameters of the refer-
ence region were set as K| =0.25, K|/kj =2, kj =
0.0089 and k, = 0.019 for the 2-tissue model, and K| =
0.25 and K| /k} = 2 for the 1-tissue model. The simulation
results when the reference tissue kinetics as the 1-tissue
model at K| /k, = 2.45 was similar to those of K| /k, = 2.0
(data not shown). To highlight the contribution of the
second tissue compartment of the reference region, a uni-
form K| /kb value was applied. Also, despite the fact that
the K/k, values of striatal regions were approximately
fivefold higher than those of other regions, K /k, and k4 of
the target brain region parameters were assumed to be the
same values as the reference region parameters. The result
of the preliminary simulation using K,/k, = 10 was similar
to that of K /k, = 2.0 (data not shown). K; of the target
region was fixed at 0.20 and k; was varied to alter DVR.
The range of k3 was from 0.0005 to 0.35 in 26 steps or
0.01-0.55 in 24 steps when the reference tissue kinetics
was for the 1-tissue or 2-tissue model, respectively, to
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cover the DVR range from 1.03 to 20. The fractional blood
volume (V,,) was fixed at 0.04 mL/mL for all conditions. A
typical metabolite-corrected input function and whole
blood TAC were used to generate TACs. The assumed
DVR was determined as the ratio of Vr calculated by Eq. 7
of the target brain region to that of the reference region. For
each simulated TAC, DVR was estimated by MRTMo and
SRTM and compared to the corresponding assumed DVR
value. Another simulation was performed to test whether
the scan duration of 90 min was sufficient when the ref-
erence region kinetics was according to the 2-tissue model.
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Fig. 1 Arterial input function. Typical time-activity curves of
arterial whole blood (filled triangles) and unchanged [''CJPE2I in
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The input function was exponentially extrapolated with a
single exponential to 240 min (4 h) using 30-90-min data,
and 4-h target tissue curves were generated in the same
manner as described above. Then, DVR was estimated by
MRTMo and SRTM. For MRTMo, in addition to the
determination of ¢* as the time when the percentage
deviation from the model was within 10% for each case,
DVR was calculated when r* was fixed at 120 min for all
cases.

Results
Input function

Figure 1 shows the typical time course of the radioactive
concentration of whole blood and that of unchanged
["'CJPE2I in plasma. The average time course of the
unchanged fraction is also shown. The metabolism of
[M'CIPE2I is relatively fast, and so the unchanged
['CIPE2I fraction was 25% at 20 min after injection and
continued to decline gradually until the end of the scan.

PET images and ROIs

A typical example of PET images of [''C]PE2I obtained
by summation of the frames from O to 90 min after
injection and coregistered T1-weighted MRI images is
shown in Fig. 2. Higher radioactivity concentrations were
observed in the caudate head and putamen, regions known
to be rich in DAT. Among other regions, the midbrain
and thalamus showed some [''C]PE2I binding, whereas
the cerebellum and other cortical regions demonstrated
very little.
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Brain TACs

Typical TACs of various cerebral regions are shown in
Fig. 3. Marked [''CJPE2I uptake and retention are
observed in the putamen. Midbrain and thalamus showed
slower clearance than the cerebellum and other cortical
regions, and radioactivity concentrations in the midbrain
and thalamus were higher than in other regions at the end
of the scan, with the lowest observed in the cerebellum.
The TAC of the putamen reached a plateau within 90 min
after the injection in all subjects, indicating the reversibility
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Fig. 3 Typical time-activity curves of [''C]PE2I in the human brain

of this tracer. In other regions, TACs attained peaks a few
minutes after the injection and then declined faster than
that of the putamen.

Kinetic analysis and plasma-input Logan analysis

TACs of all ROIs were well described by the 2-tissue
model. Table 1 shows the mean kinetic parameters
obtained by kinetic analysis with 2-tissue model analysis.
For the cerebellum, kinetic analysis with the 1-tissue model
was also applied. Figure 4 shows a cerebellar TAC and the
fitted curves with 1- and 2-tissue models, respectively.
The mean kinetic parameters of the 1-tissue model were
Vb = 0.0544 ml/ml, K; = 0.252 ml/min/ml, k, = 0.104/min
and V1 = 2.45 ml/ml. The mean AICs of the 1-tissue and
2-tissue models were 563 and 519, respectively. Since the
mean AIC of the 2-tissue model was significantly lower
than that of the 1-tissue model by paired ¢ test (P <
0.0005), the 2-tissue model was preferred over the 1-tissue
model for describing the cerebellar TAC. The mean K,/k,
values of striatal regions were 9.79 (caudate) and 11.2
(putamen), and were significantly higher than those of
other regions (approximately 2.0). In addition, the coeffi-
cients of variation of K,/k, in striatal regions were 47.9%
(caudate) and 23.5% (putamen), whereas those of other
regions ranged from 10.6 to 16.8%, except for pons
(26.6%) and white matter (26.5%).

Plasma-input Logan analysis was also performed to
obtain the distribution volume (Vr). Typical examples of
plasma-Logan plot for putamen and midbrain are shown in
Fig. 5. Vr values obtained by kinetic analysis and plasma-
input Logan analysis are shown in Table 1. The * of
striatal regions ranged from 24 to 52 min. The caudate

Table 1 Mean kinetic parameters and total distribution volumes estimated by each analysis in humans (n = 6)

Region 2-Tissue model analysis Graphical analysis
Vb (ml/ml) K, (ml/min/ml) k; (/min) k3 (/min) k4 (/min) Vr (mV/ml) V¢ (ml/ml)
Cerebellum 0.0318 (14.7) 0.264 (18.7) 0.128 (21.3) 0.00892 (59.0) 0.0189 (54.1) 3.08 (15.7) 2.79 (18.1)
Pons 0.0325 (28.9) 0.217 (17.8) 0.107 (39.8)  0.0213 (67.9) 0.0286 (74.3) 4.45 (46.6) 3.38 (21.9)
Temporal cortex 0.0405 (17.4) 0.211 (15.4) 0.109 (22.7)  0.0115 (55.8) 0.0151 (75.4) 4.43 (49.4) 2.96 (10.5)
Frontal cortex 0.0371 (18.0) 0.236 (16.7) 0.130 (24.0)  0.0152 (45.3) 0.0168 (36.2) 3.50 (16.7) 3.12 (17.6)
Occipital cortex 0.0239 (53.5) 0.244 (12.2) 0.126 (23.8)  0.0125 (32.0) 0.0159 (30.9) 3.59 (18.8) 3.18 (17.0)
Caudate 0.0346 (19.5) 0.252 (19.5) 0.0336 (60.6)  0.0936 (122) 0.0178 (34.7) 43.2(25.9) 353 (22.9)
Thalamus 0.0299 (41.1) 0.262 (25.6) 0.153 (83.3)  0.0781 (202) 0.0409 (85.9) 3.77 (18.0) 3.49 (20.9)
Putamen 0.0394 (24.7) 0.276 (23.1) 0.0269 (47.2)  0.0441 (54.7) 0.0143 (24.6) 42.9 (21.7) 33.7 (30.8)
Midbrain 0.0366 (25.1) 0.161 (18.0) 0.0810 (36.4)  0.0441 (71.0) 0.0347 (34.3) 4.54 (20.7) 4.23 (17.9)
Parahippocampal gyrus 0.0422 (14.8) 0.160 (21.3) 0.0859 (27.9)  0.0126 (64.1) 0.0196 (65.5) 2.98 (22.9) 2.78 (22.7)
Anterior cingulate 0.0434 (16.9) 0.234 (20.6) 0.118 (20.7)  0.0137 (38.2) 0.0165 (35.8) 3.65 (14.6) 3.12 (17.4)
Parietal cortex 0.0396 (14.0) 0.248 (16.7) 0.128 (22.2)  0.0119 (38.6) 0.0140 (37.2) 3.68 (15.2) 3.15(14.1)
White matter 0.0136 (15.9) 0.093 (24.5) 0.0821 (43.9)  0.0756 (79.4) 0.0319 (15.7) 3.78 (16.5) 3.62 (20.1)

Mean and coefficient of variation in parentheses are expressed as mean value and normalized SD of each parameter for six subjects
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Fig. 4 Typical example of cerebellar time-activity curve and fitted
model curves. Filled circles, solid line and dashed line represent
measured time—activity curves, the 2-tissue model curve and the
1-tissue model curve, respectively. The estimated parameters for
1-tissue model fit were V, = 0.0521 ml/ml, K; = 0.302 ml/min/ml
and k; = 0.132/min. Those for 2-tissue model fit were V, = 0.0269
ml/ml, K; = 0.320 ml/min/ml, k; = 0.161/min, k3 = 0.00824/min
and k4 = 0.0167/min. The resultant AIC for 1-tissue model fit and
2-tissue model fit were 585 and 532, respectively

TAC of #* = 24 min was re-analyzed with fixed r* at
52 min. The estimated Vy values were 34.2 ml/ml
(* = 24 min) and 35.7 ml/ml (¢* = 52 min), respectively.
The relative difference generated by longer t* was about
4%. t* of other regions ranged from 7 min (thalamus) to
32 min (occipital). Overall, V1 values obtained by plasma-
input Logan analysis were lower than those by kinetic
analysis (approximately, 20% underestimation).

Reference tissue model analysis (noninvasive analysis)

With the SRTM method, 5 of 60 brain TACs, except the
caudate and putamen, failed to converge and were exclu-
ded from further evaluation. The relationship between DVR
obtained by plasma-input Logan analysis and the reference
tissue models is presented in Fig. 6a. The estimated DVR
was found to be underestimated in the striatal regions
showing high DVR. Figure 6b focused on the lower DVR
part of Fig. 6a. In the lower DVR range, DVR values were
consistent between plasma-input Logan analysis and the
reference tissue model methods (R2 = 0.940 for MRTMo
and R*> = 0.607 for SRTM, respectively). The regional
DVRs estimated with MRTMo and SRTM in low DVR
regions are summarized in Table 2. The time #* of MRTMo
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Fig. 5 Examples of plasma-Logan plot of the TACs in Fig. 3. For the
putamen, f* was 52 min, and Vr estimated with plasma-Logan
analysis was 34.3 ml/m], whereas V; estimated with the 2-tissue
compartment model was 40.8 ml/ml. For the midbrain, r* was 24 min
and V1 estimated with plasma-Logan analysis was 5.11 ml/ml,
whereas Vp estimated with the 2-tissue compartment model was
4.84 ml/ml

ranged from 3.5 min (thalamus) to 26 min (pons and
anterior cingulate).

Simulation study

The relationship between the estimated DVR by MRTMo
and SRTM methods and assumed DVR calculated with
kinetic parameters, with tracer kinetics in the reference
region being described by the 2-tissue model, is shown in
Fig. 7a and b. The relationship was curvilinear, similar to
the result of the clinical study. Consequently, when
assumed DVRs were 9.64 and 20.4, estimated DVRs were
6.91 (28.3% underestimation) and 11.2 (45.1% underesti-
mation) by MRTMo, and 7.26 (24.7% underestimation)
and 11.1 (45.6% underestimation) by SRTM, respectively.
Though there was underestimation in the high DVR range,
Fig. 7b also demonstrated the applicability of the reference
tissue models in a lower DVR range. The time #* of
MRTMo ranged from 1.5 min to 18 min. t* of DVRs over
10, corresponding to those of striatal regions, ranged from
5.5 to 13 min and were comparable to the human results.
When tracer kinetics in the reference region was described
by the 1-tissue model, the relationship between estimated
and assumed DVR became almost linear for the entire DVR
range (Fig. 7c).

The results of the simulation for the extended scan
duration up to 4 h, when the reference tissue kinetics was
the 2-tissue model, are shown in Fig. 7d. When the
assumed DVRs were 9.64 and 20.4, estimated DVRs
were 7.89 (18.1% underestimation) and 14.0 (31.4%
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Table 2 Distribution volume ratios obtained by graphical analysis
and reference tissue models

REGION Graphical MRTMo SRTM

analysis

Mean SD Mean SD  Mean SD
Pons 1.21 0.14 1.19 0.12 116 0.12
Temporal cortex 1.08 0.10 1.03 007 103 0.07
Frontal cortex 1.12 0.06 1.07 004 126 021
Occipital cortex 1.15 0.12 1.09 008 120 008
Thalamus 1.25 0.13 1.27 011 125 0.11
Midbrain 1.53 0.25 148 023 137 022
Parahippocampal gyrus 0.996 0.100 0.971 0.104 1.03 0.04
Anterior cingulate 1.12 0.10 1.11 007 115 0.08
Parietal cortex 1.14 0.09 1.08 006 122 0.29
White matter 1.30 0.13 1.22 008 120 007

underestimation) by SRTM, and 8.65 (10.3% underesti-
mation) and 17.5 (14.2% underestimation) by MRTMo
with #* determined within 10% discrepancy, respectively.
The time #* ranged from 1.5 to 42 min. For both reference
tissue models, longer scan duration reduced the underes-
timation of the DVRs. Then, MRTMo with fixed z* at
120 min was applied, and the estimates for assumed DVRs
of 9.64 and 204 were 8.99 (6.74% underestimation) and
18.7 (8.33% underestimation), respectively. On comparing
Fig. 7d with Fig. 7a, the curves became more linear and the
underestimation was recovered with longer scan duration,
and especially the DVR estimated with MRTMo with fixed
t* at 120 min. Therefore, MRTMo with delayed r*
improved the underestimation significantly.

Discussion

Regional distribution of [''CJPE2I in brain was in good
agreement with the known distribution of DAT in
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DVR (plasma-input Logan analysis)

post-mortem brain [36], supporting the contention that
["'CIPE2I-PET imaging is an appropriate technique for
visualizing DAT distribution in human brain in vivo. The
ratio of radioactive concentration in the putamen to that in
the cerebellum was approximately 10 at the end of the
scan. These results were in agreement with a previous
human PET study [22]. Estimated V¢ values of striatal
regions and midbrain were lower than those in previous
reports [21, 22]. On the other hand, Vr of the cerebellar
cortex was similar. The Vp values of the highly accumu-
lated, small regions depend on the ROI determined and the
special resolution of the PET scanner. Though the ROI
delineations of the two reports were not shown, differences
in the ROI delineations can be one of the reasons for such
discrepancies. Another possible explanation is that since
Hirvonen et al. used a high-resolution PET scanner, the
partial volume effect, which causes the underestimation of
V1, may have been less marked.

Quantification using arterial input function

Although it is generally assumed that the tracer kinetics in
the reference region is based on the 1-tissue model, the
2-tissue model was considered superior for describing the
TAC in the cerebellum as reported previously [20, 22].
Recently, two radioactive metabolites of [M'CIPE2I were
identified in rat brain tissue 30 min after intravenous
administration of [''CJPE2I [37]. One was reported to be
pharmacologically active hydroxylated PE2I ([''C]1) and
the other inactive carboxyl-desmethyl-PE2I ([''C]2). The
report showed that [M'CIPE2I was stable in rat brain
homogenates and that liver cytochrome P450 enzymes
were responsible for the formation of [''C]1, and also that
[!C]2 was a metabolite of [''C]1 through alcohol and
aldehyde dehydrogenases. [*)C11 is considered to enter the
brain across BBB from plasma in rats, and more polar
[''C]2 is considered to be transformed within the brain
from [“C]l. Nevertheless, although the metabolism and
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Fig. 7 a Simulation results of
the relationship between
theoretical DVR and estimated
DVR by the reference tissue
models when reference tissue
kinetics is the 2-tissue model.
b Zoom-up of lower DVR range
of a. The solid and dashed lines
are regression lines for MRTMo
(v = 0.802x + 0.268) and
SRTM (v = 0.880x + 0.141).
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pharmacokinetics of [''CJPE2I and BBB-permeability in
humans may be considered different from those in rats, this
cannot directly indicate that a BBB-permeable metabolite
accumulated in the human brain and affected the kinetics.
For the discrepancy of K/k, values between striatal regions
and the other regions, the larger coefficients of variation
implied that the curve fitting of these high V7 regions was
somewhat unstable. On the other hand, the curve fitting
using the constrained K /k, values of the cerebellum even
worsened the goodness of fit for all cases (data not shown).
Therefore, K/k, values of striatal regions are unlikely to be
the same as that of the cerebellum.

Though various r* values were determined across the
regions in plasma-input Logan analysis, Vy values were
insensitive to r*. Therefore, uniform r*, for example
30 min, can be applied to all regions. The estimated dis-
tribution volumes by kinetic analysis and plasma-input
Logan analysis were in good agreement, although the
values by the latter were systematically lower than those by
the former. It was considered that 90 min was an insuffi-
cient scan time for the estimation of Vy with plasma-input
Logan analysis as described in a recent study [20], in
addition to the noise-induced underestimation [38]. In

} 0 ' " } }
20 25 0 5 10 15 20 25
Nominal DVR

some cases in kinetic analysis, extremely small k4 values
(<0.01, approximately half of the averaged k) generated
significantly large V¢ values in kinetic analysis. Conse-
quently, large discrepancies of estimated Vr values
between kinetic analysis and plasma-input Logan analysis
and relatively larger coefficients of variation for Vy derived
by kinetic analysis than those by plasma-input Logan
analysis occurred. Therefore, Vi estimated by plasma-input
Logan analysis was considered more suitable to validate
DVR estimation with the reference tissue models.

Reference tissue model methods

Underestimation of DVR was observed in regions with high
DVR, i.e., the striatum for both reference tissue model
methods MRTMo and SRTM as compared with plasma-
input Logan analysis and kinetic analysis in the measured
data as shown in Fig. 6a. Previous reports also showed
underestimation of BPyp in the striatum obtained with
SRTM [20-22]. One of the reasons for this underestimation
was considered to be the fact that the tracer kinetics in the
cerebellum could be described by the 2-tissue model, while
the assumption of both of the reference tissue models was
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that the kinetics of the reference tissue must be described
with the 1-tissue model. The results of the simulation study
shown in Fig. 7a and ¢ indicates that the TAC of the ref-
erence region underlies the underestimation of high DVR.
Such underestimation of BPyp, which is equivalent to
DVR-1, calculated by SRTM was also reported in PET
studies with [carbonyl-'!CIWAY-100635, a 5-HT;a
receptor ligand [39].

On the other hand, in the regions with low DVR, both the
human and 90-min simulation studies showed that DVR
estimated with the reference tissue models was well corre-
lated with those calculated with plasma-input Logan anal-
ysis despite the violation of the assumption of the reference
tissue model methods (Figs. 6b, 7b). Therefore, these
methods were thought to be practically applicable under
certain conditions, though the reference tissue TAC was
well fitted by the 2-tissue model. Since ["'C]PE2I kinetics
in the striatal regions is slow, we speculated that the
underestimation of high DVR could be remedied by a longer
PET data duration if physical decay of the radioisotope was
allowed. The simulation extending scan duration up to 4 h
showed that the underestimation could be improved by
longer scan time for both methods; especially, DVRs esti-
mated with MRTMo applying prolonged #* were linearly
correlated with assumed DVRs with a slope of 0.91
(Fig. 7d). The further improvement of the underestimation
by MRTMo with prolonged #* implies that the contribution
of the latter part of the TACs was involved in the estimation
of closer DVR to that of analysis using plasma-input func-
tion. Therefore, it is suggested that higher DVR estimation
with the reference tissue models requires an even longer
acquisition time than does the analysis using plasma-input
function when reference tissue TAC is described with a
2-tissue model. However, in practice, the physical decay of
!1C limits the scan duration to up to 90 min.

For SRTM, it was possible to raise underestimated DVR
by constraining lower k; for 90-min data. For some other
established reference tissue model methods, which need pre-
determined k5, DVR can be raised by giving smaller k. Such
application may remedy the underestimation of high DVR
for 90-min data, but the validation must be carefully done.

For the estimation of lower DVR with the reference
tissue models, 90-min scan was considered a sufficient
duration. Ichise et al. [40] investigated the bias and vari-
ability of BPyp estimated with several reference tissue
models by simulations. They showed that MRTMo pro-
duced a variability of 5%, negative bias of 11.4% and no
outliers (e.g., nonconvergent case) for a TAC with 5%
noise, whereas SRTM produced 35.6% variability, 6.7%
positive bias and some outliers at the same noise level
when BPnp = 0.27 (DVR = 1.27). In the present study,
though no extreme outliner was generated, there were some
nonconvergent data in the SRTM estimation results. This
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suggests that MRTMo reveals more stable BPyp (DVR) but
produces noise-dependent underestimation, and also that
SRTM is somewhat unstable but has less deviation when
BPnp (DVR) is low. Yet, the simulation study indicated
that SRTM estimates were in closer agreement with the
nominal values than MRTMo estimates (Fig. 7b).

The previous study of Hirvonen et al. [21] reported
excellent reproducibility in BPyp, of thalamus and midbrain
estimated with SRTM. In the present study, both the mea-
sured and simulated data demonstrated consistency between
the reference tissue models and plasma-input Logan anal-
ysis using arterial input function for 90-min data duration.
Taken together, with some cautions as described above, the
noninvasive approaches appear to be applicable and feasi-
ble for evaluating specific binding of [''C]PE2I in lower
binding regions including the midbrain and thalamus.

Conclusion

The use of SRTM and MRTMo for the estimation of DVRs
of low-binding regions is a feasible noninvasive analysis for
90-min scan time for [''CJPE2I despite the violation of the
assumption of the reference tissne models. The simulation
study suggested that the estimation of high DVR such as of
striatal regions, the ['!C]PE2I kinetics of which is slower,
needed further data duration, which is an unrealistic situa-
tion for the ''C-labeled ligand. Taken together, [''C]PE21 is
a useful radioligand to evaluate DAT activity in lower
binding regions such as the midbrain and thalamus.
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ARTICLE INFO ABSTRACT

Aims: Abnormality of cognitive function in schizophrenia has been suggested to be related to dopamine D;
receptor. However, the results of previous positron emission tomography (PET) studies of dopamine D,
receptor in schizophrenia were not consistent.

Main methods: In this study, six patients with schizophrenia in severe residual phase with chronic
antipsychotic treatment and twelve healthy age-matched controls participated. Two different radioligands,
["C]NNC112 and [''C]SCH23390, for dopamine D, receptor were used on the same subjects. Binding of the
ligands was measured by PET, and statistical analysis was performed using one-way analysis of covariate
(ANCOVA) with age as covariate.

Key findings: Good correlations between binding potential values (BPyp) and age were observed in all regions
of interest (ROIs) with both ligands. ANCOVA with age as covariate of BPyp values of all ROIs revealed that
the patient group showed significantly lower BPyp value compared with the control group in both ligands.
Significance: In patients with chronic schizophrenia in severe residual phase with chronic antipsychotic
treatment, the binding potential values of both ligands were significantly lower in the striatum and cortical
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regions than those of healthy controls.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Schizophrenia is a chronic illness characterized by positive, negative,
cognitive and affective symptoms (Schultz and Andreasen 1999).
Although a positive symptom is characteristic of schizophrenia in the
acute phase, the characteristic symptoms in the severe residual phase are
negative symptom and cognitive dysfunction. The dopamine hypothesis
is widely accepted for the pathophysiology of schizophrenia. Regarding
dopamine receptors, the density of dopamine D, receptor in the cortical
region is several times higher than that of dopamine D, receptor (Lidow
et al. 1998). Abnormality of cognitive function in schizophrenia has been
suggested to be related to dopamine function in the prefrontal cortex
(Sawaguchi and Goldman-Rakic 1991). Dopamine D; receptor
plays important roles in cognitive function such as working memory
(Goldman-Rakic, 2000). One postmortem study has reported low
dopamine D; receptors in the striatum in patients with schizophrenia
(Hess et al. 1987), but no significant change has been reported in other
studies (Seeman et al. 1987; Czudek and Reynolds 1988; Knable et al.
1994). In vivo PET studies reported decreased (Okubo et al. 1997),
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unaltered (Karlsson et al. 2002), and increased (Abi-Dargham et al. 2002)
binding of D; receptor in patients with schizophrenia compared with
control subjects. Those results were possibly influenced by parameters of
the particular patient populations including duration of illness, symptoms
and medications. In addition, differences in radioligand [*'C]SCH23390
(Okubo et al. 1997; Karlsson et al. 2002) and [''CJNNC112 (Abi-Dargham
et al. 2002) were suggested to account for inconsistent PET findings.
Furthermore, subjects were medication-free or -naive patients with
schizophrenia in the prodromal, acute or active phase, and the duration of
untreated illness may have influenced the difference in dopamine D,
receptor binding in previous human PET studies.

The purpose of the present study was to compare the dopamine D,
receptor binding of chronic patients with schizophrenia in severe
residual phase with chronic antipsychotic treatment to that of
healthy controls in the striatum and extrastriatal regions using both
[''C]SCH23390 and [''C]NNC112 in the same subjects.

Materials and methods
Subjects

Six patients with schizophrenia, 1 female and 5 males aged 46.5 +
8.2 years (mean =+ SD), participated in this study (Table 1). All patients
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