3 criteria (Reisberg et al., 1982). After following
the subjects for 1-3 years, amnestic MCI subjects
showing AD-like metabolic changes (decreased
CMRglc in the temporoparietal areas and posterior
cingulate) were found to be at risk for conversion
to AD.

Follow-up FDG-PET has not been performed
in CDR 0.5 subjects, but follow-up with other
approaches has indicated that CDR 0.5 subjects
with a higher CDR-sum of boxes (SB) score more
frequently decline to AD compared with those
with lower CDR-SB scores (Morris ez al., 2001).
CDR 0.5 subjects with a higher SB score also
show decreased mertabolism in AD-specific areas
(Perneczky et al.,, 2007). These results suggest
that CDR 0.5 converters to AD have an AD-like
metabolic pattern, and the aim of this study was
to examine this hypothesis using FDG-PET in our
MCI/CDR 0.5 cohort.

The Osaki-Tajini Project, previously called the
Tajiri Project, is a community-based program on
stroke, dementia, and bed-confinement prevention
in Osaki, northern Japan. In our Prevalence Study
1998 (Meguro er al,, 2002), we reported rates
of CDR 0.5 and MCI of 30.1% and 4.9%,
respectively, with CDR 0.5 having a significantly
greater prevalence (Meguro er al., 2004). Among
the participants in Prevalence Study 1998, we were
able to examine CMRglc for 68 people and follow
them for five years, after which we examined the
incidence of dementia that developed in CDR 0 and
0.5 subjects (Incidence Study 2003; Meguro et al.,
2007). In the current study, we investigated whether
the baseline CMRglc of CDR 0.5 converters to
dementia manifests as metabolic changes specific
to early AD.

Methods

Participants

In Prevalence Study 1998, 564 adults from
among an epidemiologic population of 1,654 were
randomly selected to undergo MRI (1.5T, Shimazu,
Japan). The cost of all the MRIs was officially borne
by the town. Finally, 497 participants agreed to
undergo MRI: 346 CDR 0 (healthy), 119 CDR
0.5 (questionable dementia), and 32 CDR 1+
(dementia) subjects. T'1-weighted (TR/TE 400/14)
and T2-weighted (TR/TE 3000/90) images were
used for assessing atrophy and cerebrovascular
diseases, as described previously (Meguro er al.,
2002).

Owing to the limited time available for FDG-
PET examination at Tohoku University Cyclotron
Radioisotope Center (an average of four patients
a month), we had to select subjects who would
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receive PET. From the 497 subjects who underwent
MRI, we randomly selected 35 CDR 0 (10% of
346) and 60 CDR 0.5 (50% of 119) subjects, and
all 14 AD patients among the CDR 14 group, for
PET. Finally, we were able to examine 68 subjects
using PET: 14 CDR 0, 42 CDR 0.5, and 12
AD. The other subjects refused to undergo PET
examinations due to “psychological” reasons and
the travelling distance between the community and
the PET center (a one-hour drive).

All AD patients had a rating of CDR 1 and
met the NINCDS-ADRDA criteria for probable
AD (McKhann et al., 1984). All CDR 0.5 subjects
showed mild cognitive dysfunction, but this did not
affect their daily lives in the community and none
met the DSM-IV criteria for dementia (American
Psychiatric Association, 1994). All 68 subjects met
the following inclusion criteria: (1) no history of
stroke, head injury or systemic disorders that could
affect brain function, and normal values of vitamin
B;, B, Byz, folate, and thyroid hormones; (2) no
cerebrovascular diseases as shown by MRI, and
no marked neurological signs and symptoms; and
(3) agreement of the subjects and family members
to participate in Incidence Study 2003 and to be
followed for five years.

Written informed consent was obtained from all
CDR 0 and 0.5 subjects and from the families of
CDR 0.5 and AD patients. The study was approved
by the Ethical Committee of the Cyclotron
Radioisotope Center of Tohoku University and the
Tajiri SKIP Center.

CDR assessment

A clinical team of doctors and public health nurses
determined the CDR while blinded to the cognitive
tests (see below) and PET findings. Before being
interviewed by the doctors, public health nurses
visited the participants’ homes to evaluate their
daily activities. Observations by family members
regarding the participants’ lives were described in
a semi-structured questionnaire; for participants
who lived alone, public health nurses visited
them frequently to evaluate their daily lives. The
participants were interviewed by doctors to assess
episodic memory, orientation, problem solving and
judgment. Finally, the CDR stages were decided at
a joint meeting, with reference to the information
provided by the family. A reliable Japanese version
of the CDR Work Sheet (Meguro, 2004) has been
established, and one of the authors (K.M) has been
certified as a CDR rater at the Alzheimer’s Disease
Research Center, Washington University School of
Medicine. CDR 0.5 participants who converted to
AD were classified as CDR 0.5/converters and those
who did not convert as CDR 0.5/non-converters.
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The CDR was evaluated using the same approach
at baseline and follow-up.

Cognitive assessment

A team of trained psychologists performed cognitive
tests while blinded to the CDR stages and
PET findings. These tests included the Mini-
mental State Examination (MMSE; Folstein ez al.,
1975) and the Cognitive Abilities Screening Instru-
ment (CASI) (Teng er al., 1994). The CASI
has nine domains: long-term memory, short-
term memory, attention, concentration/mental
manipulation, orientation, visual construction,
abstraction and judgment, list-generating fluency,
and language. The long-term memory domain
evaluates knowledge and remote memory, and
herein we refer to this domain as “remote memory.”
The short-term memory domain assesses delayed
recall of three words presented orally and immediate
recall of five objects presented visually, and we refer
to this domain as “recent memory.”

PET

The PET study was performed with a model
PT931/04-12 scanner (CTI Inc., USA; axial/
transaxial resolutions: 8 mm) using ['8F]fluoro-
deoxyglucose (FDG) (Phelps et al., 1979; Reivich
et al., 1979). A short cannula was placed in a
radial artery for blood sampling. Each subject
was positioned with the OM line parallel 1o the
detector rings according to brain slices collected
by MRI. A cross of light was projected onto marks
on the subject’s head, which were set at standard
points of 30 mm and 77 mm above and parallel
to the OM line. A 20-minute transmission scan
was performed using a *®*Ge/*®*Ga external ring
source. Thirty to 45 minutes after injection of 5-12
mCi of FDG, two emission scans were performed
and data were collected simultaneously from each
of seven contiguous axial sections. A total of 14
slices parallel to the OM line with a thickness of
6 mm were analyzed, encompassing virtually the
whole brain. The detailed methodology has been
described previously (Yamaguchi ez al., 1997).

Imaging analyses

ROI

After two different pairs of axial T1-weighted
MRI and PET images were matched with each
other at the same brain slice, the position of
the regions of interest (circular ROIs, 2.7 cm?)
were defined manually using the overlapped
images. A total of 13 ROIs in each hemisphere
were selected: upper frontal, anterior frontal,
inferior frontal, parietal, temporo-parieto-occipital,
primary auditory, temporal, hippocampus, primary

visual, occipital, basal ganglia, cerebellum, and
white matter. The detailed methodology has been
described previously (Yamaguchi er al., 1997).

SPM

Basic image processing and voxel-based data
analysis were performed using SPM2 (Wellcome
Department of Cognitive Neurology, London,
U.K.) on a Windows XP machine. PET data
were subjected to an affine and non-linear spatial
normalization into the standard MNI PET template
of SPM2, and to re-slicing of 2x2x 2 mm. The PET
images were smoothed using an isotropic Gaussian
filter of 12 mm in diameter to compensate for
intersubject gyral variability and to reduce high-
frequency noise. The anatomically standardized
images were then normalized by ANCOVA to
a mean value of 50 mg/100 g/min. The four
groups (CDR 0, CDR 0.5/non-converters, CDR
0.5/converters, AD) were compared with ANCOVA
(covariance of age and educational level). Pairs of
groups were compared with unpaired t-tests. For
muldple comparison, significance was accepted if
the voxels survived an uncorrected threshold of
p<0.001.

INDIVIDUAL ANALYSIS

Individual CMRglc pattern analysis was conducted
using the classification of Silverman er al
(2001): NI, normal metabolism; N2, global
hypometabolism; N3, focal hypometabolism; Pl,
parietal/temporal with/without frontal hypometa-
bolism; P2, frontal predominant hypometabolism;
P3, hypometabolism of both the caudate head and
lentiform nuclei. N indicates non-progressive PET
patterns, and P shows progressive PET patterns.
P1 indicates a PET pattern consistent with AD,
and P2 and P3 indicate progressive but non-AD
patterns. The patterns were compared between
CDR 0.5/non-converters and CDR 0.5/converters
by x? test.

Clinical reassessments

In Incidence Study 2003, the CDR stages of
all the subjects in the current PET smudy were
reassessed to determine whether they met the
criteria for dementia and AD. The reassessments
were performed by evaluators who were blinded to
the baseline CDR, neuropsychological tests, and
PET findings. We mainly focused on CDR 0.5
subjects 1o determine whether they met the criteria
for CDR 1 and AD.
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Clinical outcome

All participants in the CDR 0 group were reassessed
as CDR 0 after the five-year period. In the
CDR 0.5 group, 20 participants converted to AD
(CDR 0.5/converters) and 22 participants remained
as CDR 0.5 (CDR 0.5/non-converters). All AD
patients declined to CDR 2. The demographics
of the four groups are shown in Table 1. Age
and educational level did not differ significantly
among the groups. The AD group had significantly
lower cognitive scores compared with the other
groups.

Cognitive impairment

The CASI scores of the four groups are shown
in Table 2. The AD group had significantly lower
scores for all domains except “remote memory,”
compared with the other groups. CDR 0.5/convert-
ers showed a significantly lower “recent memory”
score compared with CDR 0.5/non-converters.
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Baseline glucose metabolism

Absolute rCMRglc values were calculated using
arterial blood sampling and autoradiography. Using
the ROI method, we found that the AD group
had severely decreased rCMRglc compared with
other groups, except in the basal ganglia and
white matter, as shown in Table 3. There was
no significant difference between CDR 0.5/non-
converters and the CDR 0 group. However, CDR
0.5/converters had decreased rCMRglc in the
temporoparieto-occipital (TPO) and hippocampus
compared with CDR 0 subjects, and decreased
rCMRglc in the TPO compared with CDR 0.5/non-
converters.

SPM

COMPARISONS OF CDR 0.5 SUBJECTS WITH
CDR 0 SUBJECTS AND AD PATIENTS

Comparisons of CDR 0.5/converters and CDR
0.5/non-converters with CDR 0 subjects are shown
in Figure 1, and similar comparisons with AD

Table 1. Demographics of the study population at baseline

GROUP MALE/FEMALE AGE (y) EDUCATION (V) CASI TOTAL
CDRO 4/10 77.7(1.5) 8.4 (0.2) 80.7 (1.4)
CDR 0.5/non-converters 715 78.0 (1.6) 8.4 (0.2) 87.9 (1.6)
CDR 0.5/converters M3 78.4 (1.7) 9.1 (0.3) 79.9 (1.7)
AD 6/6 80.0 (1.8) 8.3(0.4) 50.7 (2.4)'

Shown are the mean (SD).

Age (one-way ANOVA, F = 2.410, p = 0.081) and educational level (F = 0.393, p = 0.0759) did not differ significantly
among the groups. The AD group had significantly lower cognitive scores compared with the other groups (F = 35.810,

p<0.0001)().

CDR = Clinical Dementia Rating, AD = Alzheimer's disease.

CASI = Cognitive Abilities Screening Instrument.

Table 2. Cognitive performances of four groups at baseline

CDR 0.5/ CDR 0.5/ F p
CASI ITEMS CDR 0 NON-CONVERTERS CONVERTERS AD VALUE VALUE
Remote Memory 10.0 (0.0) 10.0 (0.0) 9.6 (0.8) 8.3 (2.9) 2.200 0.073
Recent Memory 10.8 (1.6) 10.8 (1.6) 6.8 (3.1)* 2.8 (1.9)*> 20,900 0.000
Artention 6.5(1.3) 6.8(1.7) 6.9 (1.0) 4.4 (2.0)%< 3.860 0.006
Concentration/ 7.3(1L.7) 7.6(1.6) 7.5 (2.0) 3.8 (3.4)" 6402  0.000
Mental Manipulation

Orientarion 17.8 (0.4) 16.7 (3.1) 15.2 (3.3) 5.3 (3.7)"»  26.056 0.000
Visual Construction 9.9 (0.3) 9.7(0.7) 9.7 (0.5) 7.7 (2.4 5880  0.000
Abstraction and Judgement 9.2 (2.2) 8.8 (2.1) 6.9 (2.0) 5.1 (2.9)* 5.886 0.000
List-generating Fluency 8.0(1.8) 7.6(2.2) 6.5 (1.8) 43 (2.0 6159  0.000

9.8 (0.4) 9.9(0.3) 9.7 (0.5) 8.2 (2.0)** 4.057  0.005

Showns are the mean (SD).

ANCOVA among four groups with the age and education level as covariance was performed.

The AD group had significantly lower scores for all domains except “remote memory,” compared with the other groups (ANCOVA,
covariance of age and educational level, p = 0.008). CDR 0.5/converters showed a significantly lower “recent memory™ score compared with
CDR 0.5/non-converters (ANCOVA, covariance of age and educational level, p = 0.008). post hoc tests, significantly (p=<0.05) different
from Normal (), CDR 0.5/non-converters (b), and CDR 0.5/converters (c).

CDR = Clinical Dementia Rating, AD = Alzheimer's disease.
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Table 3. ROI values of four groups

CDR 0 CDR 0.5/NON- CDR 0.5/

NORMAL CONVERTERS CONVERTERS CDR 1+AD F-
ROI (n=14) (n=22) (n=20) (N = 12) MS VALUE VALUE
Upper frontal 8.58 (1.17) 8.31 (0.43) 8.13 (0.38) 5.73 (0.86)"™ 22433 44.054 <0.001
Anterior frontal 7.64 (1.33) 7.09 (0.49) 6.90 (0.63) 4.64 (1.03)"= 22522 30.436 <0.001
Inferior frontal 6,72 (1.31) 6.24 (0.51) 6.08 (0.42) 4.96 (0.90)™ 7.061 11.258 <0.001
Parietal B.35(1.13) 8.02(0.42) 7.99 (0.47) 5.46 (0.83)" 23,181 46.317 <0.001
TPO 7.31(1.13) 6.87 (0.36) 5.84 (0.43)* 4.34 (1.07)"™ 23774 43.005 <0.001
Primary auditory  8.81 (0.85) 8.59 (0.44) 8.54 (0.44) 5.16 (0.96)"™™ 39.814 03,525 <0.001
Temporal 6.89 (1.35) 6.42(0.48) 6.26 (0.53) 4.50 (0.93)™ 14.053 20.761 <0.001
Hippocampus 6.20 (0.86) 6.05 (0.52) 5.45 (0.70)* 4.50 (0.95)*= 8.106 15.092 <0.001
Primary visual 9.34 (1.24) 8.43 (0.51) 8.19 (0.63) 5.70 (0.84)"c 20.721 24.203  <0.001
Occipital 7.91(1.18) 7.11 (0.50) 6.54 (0.91) 4.16 (0.82)"* 42,626 52.311 <0.001
Basal ganglia 6.58 (1.16) 6.43 (0.27) 6.38 (0.30) 6.02 (0.76) 0.723 1.716 0.172
Cerebellum 7.32(1.20) 17.39 (0.31) 7.27 (0.43) 6.06 (1.00)™ 5371 0.721 <0.001
White matter 5.94 (1.08) 5.70 (0.32) 5.62 (0.52) 5.38 (0.88) 0.701  1.458 0.234

Shown are the means (SD).

The AD group had severely decreased rCMRgic compared with other groups, except in the basal ganglia and whire matrer
(multiple ANOVAs and post hoc tests). There were no significant differences between CDR 0.5/non-converters and the CDR 0 group.
However, CDR 0.5/Converters had decreased rCMRglc in the TPO and hippocampus compared with CDR 0 subjects, and decreased

rCMRglc in the TPO compared with CDR 0.5/non-converters.

post hoc tests, significantly (p<0.05) different from Normal (a), CDR 0.5/non-converters (b), and CDR 0.5/converters (c).
ROI = region of interests, TPO = Temporo-parieto-occipital, CDR = Clinical Dementia Rating, con. = converters, AD = Alzheimer's disease.

(a) CDR 0.5/Converters < CDR 0

(b) CDR 0.5/Non-converters < COR 0

Figure 1. Results from voxel-based analysis with SPM2. (a) Voxels showing significant hypometabolism for COR 0.5/converters compared
to CDR 0 subjects (p<0.001, uncorrected). (b) Voxels showing significant hypometabolism for CDR 0.5/non-converters compared to CDR
0 subjects (p<0.001, uncorrected). The local maxima for the brain regions are shown in Table 3.

patients are shown in Figure 2. A region of hypo-
metabolism was considered significant at p<0.001
(uncorrected) for a cluster of >20 contiguous
voxels superimposed on 3D-rendered MR images
in Montreal Neurological Institute (MNI) space
(Evans er al., 1994). Brain areas reaching the

significance threshold were identified by voxel
coordinates and labeled according to Talairach and
Trournoux after coordinate conversion from MNI
to Talairach space using a non-linear transforma-
tion algorithm (http:/imaging.mre-cbu.cam.ac.uk/
imaging/MniTalairach) (Talairach and Trournoux,
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(a) AD < CDR 0.5/Converters (b) AD < CDR 0.5/Non-converters

Figure 2. (a) Voxels showing significant hypometabolism for patients with AD compared to COR 0.5/converters (p<0.001, uncorrected).
(b) Voxels showing significant hypometabolism for patients with AD compared to CDR 0.5/non-converters (p<0.001, uncorrected).

Table 4. Location and peak coordinates of significant voxels from voxel-based analysis using SMP2

TALAIRACH
COORDINATES

X Y z T STATISTICS BRODMANN ANATOMIC REGION

CDR 0.5/converters < CDR 0

—44 -53 19 4.04 22 Left superior temporal gyrus
—44 —46 17 3,57 22 Left superior temporal gyrus

36 -36 -13 4.01 36 Right parahippocampal gyrus
CDR 0. 5/con-converters < CDR 0

8 51 20 3.59 9 Righr medial frontal gyrus

AD < CDR 0.5/converters

41 20 10 4.04 45 Right inferior frontal gyrus
AD < CDR 0.5/non-converters
-55 —45 -8 4.91 21 Left middle temporal gyrus
-57 -32 ~15 3.77 20 Left inferior Temporal gyrus
-26 —45 —8 4.14 37 Left fusiform gyrus

46 18 10 4.08 45 Right inferior frontal gyrus
=10 57 5 3.97 10 Left medial frontal gyrus
-12 38 -20 3.70 11 Left straight gyrus

=5 34 -8B 3.54 32 Left cingulate gyrus
—44 =71 35 3.37 39 Left angular gyrus
CDR 0.5/converters < CDR 0. 5/non-comverters
—40 ~61 25 3.85 39 Left middle temporal gyrus
—46 —40 22 3.61 40 Left inferior parictal lobule

12 -37 37 3.61 31 Right cingulate gyrus
—55 —43 -11 3.51 37 Left inferior temporal gyrus
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CDR 0.5/Converters < CDR 0.5/Non-converters
Figure 3. (Left) Voxels showing significant hypometabolism for COR 0.5/converters compared to CDR 0.5/non-converters (p<0.001,
uncorrected). (Right) The same results were displayed on 2D planes of a normal MRI template provided by SPM2 to clarify their anatomic
locations. The color bar represents t values derived from the voxel-based analysis.

Table 5. PET patterns of Silverman’s classification for
two CDR 0.5 groups

Nl N2 N3 Pl P2 P3 TOTAL

5 0 0 23
12 0 0 20

Non-converters 5 5 7
Converters 3 1 4

N = non-progressive patterns, p = progressive paterns

1998). Areas showing a significant difference
(SPM2, p<0.001, uncorrected) are shown in
Table 4. For multiple comparisons, the significance
level was set at 0.001.

COMPARISON BETWEEN CDR 0.5/CONVERTERS
AND CDR 0.5/NON-CONVERTERS

CDR 0.5/converters had significantly lower
CMRglc values (SPM2, p<0.001, uncorrected) in
the left middle temporal gyrus, left inferior parietal
lobule, right cingulate gyrus, and left inferior
temporal gyrus, compared with CDR 0.5/non-
converters (Figure 3 and see Table 4).

INDIVIDUAL ANALYSIS USING SILVERMAN'S

CLASSIFICATION

PET patterns using Silverman’s classification for the
two CDR 0.5 groups are shown in Table 5. The
difference between the groups was significant by 2
test (p<0.05), with CDR 0.5/converters showing a
P1 pattern more frequently. No participants showed
P2 or P3 patterns. Comparing all non-progressive
patterns (N1-N3) with the progressive pattern (P1)
for the two groups, a true positive rate (sensitivity)
of 0.60, a true negative rate (specificity) of 0.74,
a positive predictive value of 0,71, and a negative

predictive value of 0.68 were found. Of the 14
normal subjects, 12 showed an N1 pattern and 2
had an N2 pattern. The 12 AD patients all showed
P1 patterns.

Discussion

In this study, CDR 0.5/converters showed greater
baseline hypometabolism compared with CDR
0.5/non-converters in brain areas specific for AD,
suggesting that CDR 0.5 converters might have AD-
like changes.

Methodological issues

There are some methodological limitations in the
study. First, only 40% of the CDR 0 subjects and
70% of the CDR 0.5 subjects were scanned due
to limited availability of the FDG-PET scanner
(an average of four patients a month). The long
distance between Tajiri and the PET center also
prevented some older adults from participating in
the study. Therefore, there may be some sampling
bias and caution is required in interpretation of
the results. Second, evaluation was only performed
at two time points, rather than annually; however,
the administrative situation brought about by the
formation of a new city in 2006 through the
merger of several towns, including Tajiri, prevented
use of an annual study design. Third, although
the CASI provided sufficient information for a
detailed analysis, assessments such as the WMS-R
for memory and the WAIS-R for general intelligence
would have provided more cognitive information;
however, the time required for assessing community
residents prevented use of these tests.
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Neuropsychological findings

Only the CASI “recent memory” score showed a
significant difference between CDR 0.5/converters
and CDR 0.5/non-converters (p = 0.008). This
is consistent with previous studies (Arnaiz er al.,
2001; Visser er al, 2002) and suggests that
CDR 0.5/converters already have AD-like changes,
since recent memory impairment is a well-known
neuropsychological feature of AD,

Criteria for amnestic MCI

We evaluated the effect of amnestic MCI criteria
retrospectively. Among the CDR 0.5 group, those
who met the following criteria were also considered
to have amnestic MCI (Meguro er al., 2004):
memory complaints, a CASI “recent memory”
score of —1.5 SD lower than the normal values
for each age group, and normal MMSE scores for
each educational level. Four CDR 0.5 subjects met
these criteria and all converted to AD, Although
the sample size was small, these results suggest that
criteria for amnestic MCI are more “specific” for
AD changes, whereas CDR 0.5 criteria are more
“sensitive.”

Metabolic patterns of CDR 0.5 converters

The lack of metabolic differences after taking
CASI scores into covariance might indicate that
cognitive, rather than metabolic, differences predict
conversion to AD. However, the aim of this study
was to investigate whether metabolic changes in
CDR 0.5 converters manifest as a decrease in
CMRglc in a manner specific to early AD. Although
the predictive power may be stronger for cognitive
dysfunction, we believe that the findings support the
hypothesis of the study.

Our findings suggest that CDR 0.5 participants
who decline to AD develop hypometabolism in the
posterior cingulate and other brain regions that
might be specific to AD. These hypometabolic
areas are similar to those observed in patients
with probable AD (Hoffman ez al., 2000). Previous
longitudinal studies on amnestic MCI have also in-
dicated that these areas differ significantly between
converters and non-converters (Arnaiz er al,
2001; Chetelat et al., 2003; Drzezga et al., 2003;
Mosconi ez al., 2004). A follow-up SPECT study on
amnestic MCI also showed asymmetric reduction of
perfusion in the parahippocampus, lateral parietal
lobe, and posterior cingulate cortices in converters
(Ishiwata er al., 2006). Parahippocampal gyri are
very small areas and other studies may have missed
these regions using the SPM method.

Since SPM reveals much more restricted
abnormalities than suggested by individual clas-
sification, analysis of the individual patterns is
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required to provide support for SPM findings. In
individual analysis of the CMRglc pattern, the
AD pattern (P1) was most frequent among CDR
0.5/converters, whereas N1 and N3 patterns were
frequent in CDR 0.5/non-converters (Table 5).
These results are consistent with past studies and
indicate that most CDR 0.5/converters already have
AD pathology. The data also support the results
of SPM analysis, indicating that both visual and
automated methods are preferable to confirm the
reliability of acquired data.

Conclusion

Neurological findings for MCI/CDR 0.5 decliners
may show manifestation of hypometabolism in brain
areas specific to AD. Since the prevalence of CDR
0.5 is much higher than that of MCI and the rate of
decline to dementia from the two conditions is about
the same, use of CDR 0.5 criteria may increase
the detection rate of decliners in a community
population.
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The aims of this study were to visualize in vivo binding of donepezil to
acetylcholinesterase (AChE) in the brain and to establish a method for
measuring the amount of binding of orally administered donepezil.

METHODS

[5-""C-methoxy]-donepezil ([''Cl-donepezil) was radiolabelled as a
positron emission tomography (PET) tracer. The biodistribution of
["'C]-donepezil was measured by PET in 10 AD patients and six elderly
normal subjects. Two AD patients underwent additional PET
measurements after oral administration of donepezil for 6 months

RESULTS

|"'Cl-donepezil-PET images demonstrated high densities of tracer
distribution in AChE-rich brain regions such as the striatum, thalamus,
and cerebellum, Compared with elderly normal subjects, patients with
mild AD exhibited about 18-20% reduction of donepezil binding in the
neocortex and hippocampus, while patients with moderate AD
exhibited about 24-30% reduction of donepezil binding throughout
the brain, Orally administered donepezil (5 mg day ') induced
61.6-63.3% reduction of donepezil binding in AD brains. The
distribution volume of ["'C]-donepezil in the hippocampus was
significantly correlated with MMSE scores in AD patients

CONCLUSIONS

["'Cl-donepezil-PET enables quantitative measurement of donepezil
binding in the brain. AD patients exhibited reduction of donepezil
binding in the brain, even in the early stage of disease. Longitudinal
evaluation by this technique enables determination of AChE binding
occupancy of orally administered donepezil,
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Introduction

Cholinergic deficit is consistently found in the brain of
patients with Alzheimer's disease (AD). Reduction in the
activity of choline acetyltransferase (ChAT) and acetylicho-
linesterase (AChE) is evident in AD brains and correlates
with cognitive decline [1, 2]. For this reason, cholinergic
enhancement is a major approach to the treatment of AD.
Currently, several AChE inhibitors (AChEls) are widely pre-
scribed to improve cognitive function in patients with AD
[3]. However, not all patients respond to these treatments.
It is thus important to identify factors that determine indi-
vidual responses to treatment with AChEls.

Functional imaging of cholinergic function is a useful
strategy for determination of the treatment protocol of
demented patients. Use of AChEls themselves as radiotrac-
ers enables direct investigation of the pharmacokinetics of
AChEIs using positron emission tomography (PET). Done-
pezil hydrochloride is currently the AChEl most widely
used for the treatment of AD. It exhibits selective binding
of AChE compared with butyrylcholinesterase (BuChE) [4].
Radiolabelled donepezil can thus be used as a tracer 1o
measure brain concentrations of AChE. If the distribution
of donepezil in the brain can be measured quantitatively
by PET, this will be useful for pharmacological evaluation of
AChEls and for prediction of efficacy of treatment with
donepezil. In this study, we performed PET examinations
using [5-''C-methoxyl-donepezil ([''Cl-donepezil) and
determined the in vivo binding characteristics of donepezil
in AD patients.

Methods

Subjects and patients

Six elderly normal subjects and 10 patients with probable
AD were studied 1o examine the distribution of ["'C}-
donepezil in the brain. The AD patients were recruited
through The Tohoku University Hospital Dementia Patients
Registry. The diagnosis of AD was made according to the
National Institute of Neurologic Disorders and Stroke/
Alzheimer's Disease and Related Disorders Association
(NINCDS-ADRDA) criteria. AD patients were further divided
into two groups by severity: a mild AD group (n= 5; MMSE
score = 23 points) and a moderate AD group (n = 5; MMSE
score <20 points). The normal control group was com-
prised of volunteers without impairment of cognitive func-
tion who had no cerebrovascular lesions on magnetic
resonance (MR) images. After complete description of the
study to the patients and subjects, written informed
consent was obtained from them. PET study was per-
formed within 3 months after the completion of a medical
and neuropsychological examination. Although no signifi-
cant difference in age was observed between the mild AD
group and elderly normal group, the moderate AD group
was older than the elderly normal group (Table 1). The

Table 1
Subjects and patients demographics

Mild AD A F
AD2 F 72 23
AD3 M n 26
ADd4 F 66 25
ADS M 63 7
Mean 71.0 250
sD 4.1 1.6

Moderate AD ADE F 77 14
AD7 F 78 12
ADB F 79 19
ADS M B4 17
ADID F B1 15
Mean 79.8 15.4
5D 18 2.7

MMSE score of the elderly normal subjects (mean + SD
29.7 + 0.8) was significantly higher than that of the mild
AD (25.0 = 1.6) and moderate AD (15.4 * 2.7) subjects.

Radiosynthesis of [5-'' C-methoxy]-donepezil
Synthesis of [''C]-donepezil was performed (Figure 1) as
described previously [5]. Briefly, 5-O-desmethylprecursor
(M2) was dissolved in methylethylketone and then tet-
rabutylammonium hydroxide was added. [''C}-Methyl
iodide was prepared from [''C]-CO; and converted to [''C]-
methyl triflate (["'Cl-MeOTf).[''Cl-Donepezil was produced
on the loop from ["'C]-MeOTf and purified by high perfor-
mance liquid chromatography (HPLC). The radioactivity
obtained was 155.4-814 MBq (4.2-22 mCi), and the radio-
chemical yield was 25-30% based on [''C]-MeOTf
after decay-correction, Specific activity was 111-
354 GBq pumol ™' at the end of synthesis (30-40 min from
the end of "'C production). Radiochemical purity was
greater than 99%.

PET acquisition protocols

The protocol of the PET study was approved by the Com-
mittee on Clinical Investigation at The Tohoku University
School of Medicine and the Advisory Committee on Radio-
active Substances at Tohoku University. The [''C]-donepezil
PET study was performed using a SET-2400 W PET scanner
(Shimadzu Inc,, Japan) under resting condition with eyes
closed. Following a **Ge/Ga transmission scan of 7 min
duration, an emission scan was started soon after intrave-
nous injection of 7.1-9.5 mCi of [''C]-donepezil. Emission
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Figure 1

Chemical structures and radiosynthesis of donepezil and its metabolites

data were acquired for 60 min. Standardized uptake value
(SUV)images were obtained by normalizing tissue concen-
tration by injected dose and body mass. Arterialized
venous blood samples were obtained from a hand vein,
heated in a far-infrared mat, and radioactivity was mea-
sured in a well-type scintillation counter. Sampled plasma
(2 ml) was denaturated with 1 m HCIOs: MeCN (7 :3) and
centrifuged at 3000 x g for 3 min.The supernatant solution
was injected into a column (YMC ODS A-324, YMC Co,, Ltd,
Kyoto, Japan; 10 mm id.x30cm long) with a solvent
system of 0.1 M ammonium formate : acetonitrile (60 : 40)
at a flow rate of 5.0 ml min '.The eluates were collected at
time intervals of 0.5 min and were counted for radioactiv-
ity with a gamma counter.

Image analysis

Region of interest (ROI) analysis was performed to evaluate
the regional distribution of [''C]-donepexzil. Circular ROls
(1.0 cm in diameter) were placed on individual axial PET
images in the cerebellar hemisphere, striatum, thalamus,
lateral frontal cortex (Brodmann's areas (BA) 44, 45,46, and
47), lateral temporal cortex (BA 20, 21, and 22), parietal
cortex (BA 39 and 40), occipital cortex (BA 17), anterior
cingulate cortex (BA 24 and 32), posterior cingulate cortex
(BA 23 and 31), and medial temporal cortex (BA 27, 28, 34,
and 35), referring to the individual MR images.To measure
donepezil -binding AChE density in the brain, the distribu-
tion volume (DV), the ratio of [''C]-donepezil concentra-
tion in tissue to that in plasma at equilibrium, was
calculated by Logan’s graphical analysis [6], since done-
pezil reversibly binds to AChE. Using this method, the DV in
each ROI was determined from the slopes obtained from
the values of each ROl and input function from metabolite-
corrected plasma radioactivity. The slopes were deter-
mined from the last 15 points of the respective regions.
Details of the quantitative analysis will be described
elsewhere.

Statistical analysis
Differences in age, MMSE score, and DV among the three
groups were evaluated by one-way analysis of variance
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o
LD
CH,0

[6-!!C-methoxy]-donepezil

"D e ™

;O
[5-!'C-methoxy]-donepexzil

(anova) followed by Bonferroni’s multiple comparison test
(GraphPad Prism Software). For each analysis, findings
were considered significant at P < 0.05.

Results

Tissue time activity curves (TAC) of [''C]-donepezil in the
brain indicated initial rapid uptake of radioactivity fol-
lowed by gradual clearance from the brain in both elderly
normal (Figure 2A) and AD subjects (Figure 2B). Relatively
high concentrations of radioactivity of [''Cl-donepezil
were observed in AChE-rich brain regions such as the stria-
tum, thalamus, and cerebellum, whereas radioactivity
uptake in the neocortex including frontal, temporal, and
parietal cortices was moderate. Plasma radioactivity of
[''Cl-donepezil peaked at 30-60 s postinjection, followed
by a rapid decline (Figure 2C). Proportions of unchanged
["'Cl-donepezil in plasma were 91.0 + 7.0%, 88.1 + 12.5%,
and 82.5 + 5.1% at 5, 15, and 30 min postinjection, respec-
tively. The metabolite-corrected plasma time-activity
curve was used to calculate specific DVs from the region-
of-interest-derived regional time-activity curve. [''Cl-
donepezil exhibited linear regression curves on Logan plot
analysis in all brain regions examined (Figure 3). Since the
slopes of the regression lines represent the DV of the
tracer, these findings indicate a higher DV of donepezil in
the striatum than in the frontal cortex. Parametric images
of ['"Cl-donepezil DV clearly revealed higher concentra-
tions of tracer distribution in the striatum and cerebellum
than in the neocortex. Patients with mild AD exhibited
reduction of DV in the hippocampus and neocortex, com-
pared with elderly normal subjects. The magnitude of DV
reduction in the mild AD group was about 20% in the
hippocampus and 18% in temporal and parietal cortices.In
patients with moderate AD, DV reduction was evident
throughout the brain (Figure 4, Figure 5, Table 2).The mag-
nitude of DV reduction was about 30% in the hippocam-
pus and 24% in frontal, temporal, and parietal cortices. Two
AD patiepts (AD3 and AD10) underwent another PET scan
after treatment with 5 mg donepezil for 6 months. Orally
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Figure 2

Time activity data for ["'Cl-donepezil PET In humans. Brain SUV time activity curves for elderly normal subjects (A) and AD patients (B). and plasma time
activity curve (C) are shown. The dotted line indicates total time activity curve and the solid line indicates metabolite-corrected time activity curve
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Elderly

normal

Mild AD
(MMSE:27)

Moderate AD
(MMSE:17)

Distribution volume images of ["'C}-donepezil in elderly normal subjects
(left), patients with mild AD (middle), and patients with moderate AD
(right)

administered donepezil induced substantial reduction of
DV in all regions of brain examined (Figure 6). Mean DV
reduction in patient 1 (AD3) was 61.6% (55.5% in the cer-
ebellum, 65.2% in the striatum, 63.6% in the thalamus,
62.5% in the frontal cortex, 61.6% in the temporal
cortex, 59.6% in the parietal cortex, 62.6% in the occipital
cortex, 60.3% in the anterior cingulate cortex, 59.5% in the
posterior cingulate cortex and 65.5% in the medial tempo-
ral cortex). Mean DV reduction in patient 2 (AD10) was
63.3% (59.9% in the cerebellum, 72.0% in the striatum,
60.6% in the thalamus, 61.6% in the frontal cortex, 52.9% in
the temporal cortex, 62.4% in the parietal cortex, 54.2% in
the occipital cortex, 62.4% in the anterior cingulate cortex,
57.9% in the posterior cingulate cortex and 78.8% in
medial temporal cortex). Finally, the correlation of done-
pezil binding with severity of dementia was examined
within the AD patient group. As shown in Figure 7, the DV
value in the hippocampus was significantly correlated with
MMSE scores of AD patients.

Currently, in vivo monitoring of brain AChE activity using
positron emission tomography (PET) is beneficial in devel-
oping strategies for dementia therapy. ["'C]-MP4A and
["'CI-PMP, which are metabolically trapped acetylcholine
analogues, have been successfully applied to the evalua-
tion of AChE activity in the brain [7, 8]. PET studies in AD
patients have demonstrated reduction of AChE activity in

476 | 65:4 | Br) Clin Pharmacol

the early stage of disease, with the degree of reduction
correlating with cognitive dysfunction [9, 10]. Another
strategy involves use of AChEls themselves as radiotracers.
This method enables direct investigation of the pharmaco
kinetics of AChEls. [''Cl-physostigmine [11], [''Cl-methyl-
tacrine [12),and ["'C]-CP-126 998 [13] have been designed
as radiotracers for clinical PET study. In vivo imaging tech-
niques using such radiotracers can measure the concen-
trations of tracer-binding AChE. If these radiotracers and
therapeutic drugs competitively bind to AChE, the occu-
pancy of binding sites on AChE by therapeutic drugs could
be measured by subtraction of post-treatment from pre-
treatment PET scans.

This PET study demonstrated that intravenously
administered [''C]-donepezil rapidly enters the brain and is
mainly distributed in the striatum, thalamus, and cerebel-
lum, which are known to contain high densities of AChE
compared with the cerebral cortex and hippocampus.This
finding is consistent with the findings of our previous
study in rats [5). The regional distribution of [''C}-donepezil
was also consistent with regional AChE activity deter-
mined in @ human postmortem study [14], suggesting
selective binding of donepezil to AChE.

Post-treatment evaluation following administration of
5mg donepezil day ' revealed a remarkable reduction
(61.6-63.3% compared with pretreatment scan) of [''C}-
donepezil binding throughout the brain. This indicates
that the AChE occupancy by donepezil, when adminis-
tered in daily doses of 5 mg, was about 35-40% in these
two patients. A previous PET study using [''C]-MP4A
revealed a mean 39% reduction in AChE activity after oral
administration of 3-5mg donepezil [15]. Intravenous
administration of donepezil in monkeys also resulted in a
mean 27% reduction of AChE activity at a dose of
100 pg kg ' [16]. These findings together suggest that inhi-
bition of AChE activity matches occupancy of AChEI
binding sites. Moreover, orally administered donepezil
{5 mg) induced substantial inhibition (43-62%) of the
binding of another radiotracer, [''C}-CP-126 998, to AChE
[13]. This finding is roughly consistent with our observa-
tions. The amount of binding of orally administered done-
pezil to AChE is considered a key factor in determining
therapeutic response, AChE binding occupancy by orally
administered donepezil could be modulated by blood-
brain barrier permeability, tissue distribution, metabolism,
and also by AChE density in the brain. In vivo evaluation of
AChE occupancy could thus be a powerful strategy for
determining the optimal dose of donepezil. In the future,
quantitative evaluation of donepezil binding sites might
be used to optimize regimens of treatment with donepezil
and to predict the response to treatment. To this purpose,
red blood cell AChE inhibition has been explored as a
peripheral surrogate marker for the activity of AChEls [17].
In a future study, we plan to examine the relationship
between red blood cell AChE inhibition and ["'C-
donepezil binding in the brain.

— 145 —



In vivo visualization of donepezil binding in the brain using PET B]‘CP

L L [ o
(=] L= o

DV (mi ")

Regional distribution volume data in elderly normal subjects (], mild AD (70, and moderate AD patients (Il

Regional distribution volume of ['Cl-donepezil in elderly normal subjects
and AD patients (mean — SEM)

Elderly normal Mild AD

Cereballum 23411358 196 = 1.4 176 = 1.4¢
Striatum 740+ 41 200 =31 185+ 1.6
Thalamus 4.1 e0=21 1721 = 1.0
Frontal 2.5 IS8 18 M0 1.5
Temporal 26 162 = 1.3+ 151 « 09*
Parietal 19.5=27 6.1 = 1.7 1 1.1
Occipital 194 » 32 161 =2 146= 1.1
Anterior cingulate 196 =26 162 = 1.7 14.7 = 1.9*
Posterior cingulate 21=30 17.2 = 23 163 = 1.7*
Hippocampus 214=21 73 =24 148 = 1.2¢
*P < 0.05, sgnficantly different from agad normal group

Patients with moderate AD exhibited significant reduc-
tion of [''Cl-donepezil DV in all brain regions examined, in
comparison with elderly normal subjects. Furthermore,
temporo-parietal and hippocampal DVs were significantly
reduced even in patients with mild AD, compared with
elderly normal group. These reductions suggest early
involvement of the cholinergic system in AD, since the
AChE in brain is predominantly located in presynaptic cho-
linergic neurones (18], A previous [''C}-MP4A PET study
demonstrated 21% reduction of hippocampal AChE activ-
ity in patients with early onset AD [19]. We observed an
approximately 20% reduction in hippocampal DV in the

Distribution velume images before and after oral administration of done
pezil in AD patients

mild AD group and 30% reduction in the moderate AD
group. These findings suggest that the concentration of
donepezil-binding AChE is matched by regional AChE
activity. In a postmortem study, AD patients exhibited
reduction of AChE activity, and this reduction was corre-
lated with the severity of dementia [20, 21], We observed

Br ) Clin Pharmacol /| 65:4 [ 477

— 146 —



N.Okamura et al.

BJC

197

Logan DV in hippocampus

10 15 20 25 30
MMSE score

Figure 7
Carrelation between MMSE scores and distribution volume in the hippoc-
ampus of AD patients. Pearson r=0.659 and p=0.038

that DV in the hippocampus was correlated with the cog-
nitive status in AD patients, a finding in accord with post-
mortem data. However, it is important to note that the
partial volume effect due to structural atrophy might
cause the underestimation of DV in the hippocampus.
Analysis after partial volume correction is therefore
needed to establish further the relationship between the
regional DV of [''C]-donepezil and the severity of dementia
in AD.

Compared with previously reported findings of PET
imaging with ["'C}-MP4A (9] and ['CJ-PMP [10], the present
[''C)-donepezil-PET study demonstrated a relatively higher
cortical retention of radiotracer, suggesting the existence
of alternative binding sites for donepezil other than AChE.
Donepezil is reported to have high binding affinity for
ay-receptors, which are widely distributed in the brain
including the cerebral cortex, hippocampus, and cerebel-
lum [22-24]. A recent human PET study using a
or-receptor-specific radioligand demonstrated prominent
reduction of oy-receptor density in the cerebral cortex and
cerebellum of AD patients [25]. Thus, concomitant binding
of donepezil to 6;-receptors might have contributed to the
distinctive distribution of [''CJ-donepezil we observed in
the brain.

Previously, the tracer kinetics of [''C]-donepezil with
labelling of the methoxy group at position 6 ([6-''C-
methoxy]-donepezil) were examined in mice and rabbits,
to test this agent as a candidate for a PET radioligand [26].
However, the regional brain distribution of this radiotracer
did not reflect the distribution of AChE in the brain. In
contrast, our previous study yielded successful in vivo visu-
alization of AChE by donepezil labelled with "'C at the
methoxy group at position 5 ([5-'"C-methoxy]-donepezil)

478 /| 65:4 | Br| Clin Pharmacol

[5]. The differences between these findings might be
attributable to the affinity of unlabelled metabolites to
AChE. Indeed, the unlabelled metabolite of [6-"'C-
methoxy]-donepezil (M1 in Figure 1) has high binding
affinity for AChE (ICso=6.4 nM), resulting in competition
for binding between ''C-labelled tracer and unlabelled
metabolite, while the metabolite of [5-''C-methoxy]-
donepezil (M2 in Figure 1) exhibits lower affinity of binding
to AChE (ICso= 1.1 pm) than M1. [5-''C-methoxy]-donepezil
is thus suitable for detection of AChE in vivo. In addition,
the specific radioactivity of [5-''C-methoxy]-donepezil in
this study (111-354 GBq umol™') was higher than that of
[6-"'C-methoxyl-donepezil in a previous study [26). High
specific activity of [''Cl-donepezil might therefore be
another contributing factor of successful visualization of
AChE.

In this study, the distribution of donepezil in human
brain was successfully visualized using [''Cl-donepezil and
PET. Graphical analysis by Logan plots can be used to
obtain quantitative estimates of specific donepezil
binding. AD patients exhibited significant reduction of
donepezil distribution, even in the early stages of disease.
This imaging technique will be useful as a new surrogate
marker for evaluation of treatment with donepezil.
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Beyond PIB: the next generation of amyloid-imaging ligands
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Pittsburgh Compound B (PIB) is the commonly used
name for N-methyl-["'C]2-{4’-methylaminophenyl)-6-
hydroxybenzothiazole (6-OH-BTA-1), an amyloid-
imaging ligand that is widely used in the US, Europe,
Australia, and Japan. Before Klunk and Mathis' devel-
oped [''C]-PIB successfully at Pittsburgh University, a
number of research groups had worked to find appro-
priate compounds as amyloid-imaging ligands in vivo.
Attempts to find suitable compounds for positron
emission tomography (PET) or single photon emission
computed tomography (SPECT) studies started in the
early 1990s. Radiolabelled monoclonal antibodies tar-
geted to [-amyloid (AP) peptide were exploited as
amyloid-imaging agents in vivo.? However, the primary
limitation of this approach is that large molecular
weight biomolecules cannot efficiently cross the
blood-brain barrier (BBB) and bind to amyloid
plaques contained within the parenchyma of the
Alzheimer's disease (AD) brain. Mathis et al." at Pitts-
burgh University initially focused their attention on
Congo red, an amyloid-staining agent widely used in
histological studies of post-mortem AD brain tissue
sections. Congo red is a large molecule, a negatively
charged sulfonate under physiological conditions, and
is too hydrophilic to penetrate the BBB. Mathis et al.’
then investigated the binding properties of Chrysamine
G, a more lipophilic and potent Ap ligand. However,
efforts over more than 10 years to develop radiola-
belled analogs of Congo red and Chrysamine G as
amyloid-imaging agents for PET and SPECT were
hampered by the relatively poor brain penetration of
these compounds.

© 2008 The Authors
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The first successful in vivo attempt to image AB in
the brain of AD patients used PET and the malononitrile
derivative ["®*F]2-(1-{6-[(2-fluoroethyl)methyl-amino]-2-
naphthyljethylidene)malononitrile (["°F}FDDNP), which
was developed by Agdeppa et al.® at the University of
California, Los Angeles. This ligand is a derivative of
2-dialkylamino-6-acylmalononitrile-substituted napth-
thalenes (DDNP), which is a hydrophobic, viscosity
sensitive fluorescent probe. ['°F]-FDDNP has a high
affinity for both AB and neurofibrillar tangles (NFT).
Shoghi-Jadid et al.* reported the initial results from
PET studies in 2002. The PET images showed high
accumulation of radioactivity in the frontal, temporal,
and parietal cortex in AD patients following injection
of ["®F]-FDDNP. Unfortunately, signal-to-background
ratios ‘are low in the brain with this ligand and ['*F]-
FDDNP PET only showed 9% higher cortical uptake in
AD brain than in healthy controls.®

Mathis et al.' then turned their attention to thiofla-
vin T, a dye for amyloid and with a small molecular
weight. They removed positively charged heterocyclic
nitrogen from thioflavin T to allow it to readily cross
the BBB and 6-hydroxylated it for rapid clearance
from the brain without AB. The resulting compound,
["C]-6-OH BTA-1, was named 'PIB' at the University
of Uppsala, where the first clinical study was per-
formed with this ligand and PET. In 2004, Klunk et al.
reported the initial results of a ["'C]-PIB PET study in 9
healthy volunteers and 16 patients with AD.® [''C]-PIB
PET showed a 70% increase in the cerebral cortex in
AD patients compared with healthy controls. Many
researchers in PET centers in the US, Europe,
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Australia, and Japan followed their lead to start PET
studies with ['C]-PIB. At present, [''C]-PIB PET
studies are underway at seven PET centers in Japan
and will soon be started at three others.

The ['C]-PIB PET studies showed that almost all
AD patients have high PIB binding in the cerebral
cortex,® two-thirds of patients with mild cognitive
impairment (MCI) have high PIB binding in the cere-
bral cortex similar to AD,® 80% of patients with Lewy
bodies have high PIB binding in the cerebral cortex,’”
and 10-20% of healthy elderly people have high PIB
binding in the cerebral cortex.® Patients with amyloid
angiopathy also have high AR accumulation in the
cerebral cortex, especially in the occipital cortex.’
Longitudinal studies on healthy controls, MCI
patients, and AD patients are underway in several
institutions, and are expected to reveal the natural
course of amyloid deposition in elderly people and
AD.

The third successful in vivo attempt to image
amyloid in the brain of AD patients, performed
in Canada, used the stilbene derivative [''C]-4-
N-methylamino-4’-hydroxystilbene ([''C]-SB-13)."% In
Japan, Kudo et al."" investigated benzoxazole deriva-
tives as amyloid-imaging ligands and developed
[''C]-2-(2-[2-dimethylaminothiazol-5-yl]ethenyl)-6-(2-
[fluoro]ethoxy)benzoxazole ([''C]-BF-227) as a PET
tracer. [''C}-BF-227 may be unigque because this
ligand specifically binds to cored or mature plaques,
whereas [''C]-PIB seems to bind not only to neuritic
plaques, but also to some extent to diffuse plaques.™
However, these amyloid-imaging compounds have a
lower signal-to-background ratio in the brain of AD
patients than [''C]-PIB. At present, [''C]-PIB seems to
be the best ligand for imaging AP in the AD brain
by PET.

Does PIB fulfill all the requirements of an amyloid-
imaging ligand in routine clinical studies? Carbon-11
is rapidly decayed, with a short half-life of only
20.4 min, which limits the use of PIB to PET centers
with an on-site cyclotron and radiochemistry exper-
tise. Fluorine-18 has a half-life of 110 min, meaning
that fluorine-18-labelled compounds, such as ["®F)-
fluoro-D-deoxyglucose (["®F]-FDG) can be delivered to
many PET centers from radiopharmaceutical compa-
nies. In the US, 95% of PET centers can receive a
supply of an ["*F]-compound from radiopharmaceuti-
cal companies. In Japan as well, many PET centers
are covered by the supply of ['"*F]-FDG from a radio-
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pharmaceutical company. Amyloid-imaging ligands
labelled with fluorine-18 would greatly facilitate
amyloid imaging with PET and it would be a profitable
business.

SPECT is more widely available than PET, based on
the fact that SPECT scanners are less expensive.
lodide-123 is a single photon emitter with a half-life of
13 h. *"Technetium is also a single photon emitter,
has a half-life of 6 h, and could be produced at insti-
tutions by milking. Therefore, amyloid-imaging ligands
labelled with ['#*1] or [*™Tc] would also greatly facilitate
amyloid imaging.

Several companies are interested in the develop-
ment of amyloid-imaging ligands labelled with ['°F],
'), or [*Tc]. In 2003, GE Healthcare licensed a
number of compounds from the University of Pitts-
burgh, including PIB, and started large multisite trials
with fluorine-18-labelled PIB in 2007. Avid Radiophar-
maceutical Incorporation is a new venture company
specializing in the development of imaging agents for
AD and Parkinson’s disease. They investigated stil-
bene derivatives and developed a series of ligands
that share common structural features with PIB. Bayer
Schering Pharma licensed one of the ligands devel-
oped by Avid Inc., known as ['*F]-BAY94-9172
or trans-4-(N-methyl-amino)-4’-{2-[2-(2-["®F]-fluoro-
ethoxy)-ethoxy]-ethoxy}-stilbene (also as ["®*F]-AV1/
ZK). ['*F]-BAY94-9172 has been used at the Center for
PET, Austin Health, In Australia.” PET images similar
to ['"C}-PIB PET images have been obtained in
patients with AD and healthy controls with ['°F]-
BAY94-9172 and PET. The mean neocortical uptake
90-120 min after injection of ["*F]-BAY94-9172 was
57% greater in AD patients than in healthy controls.”

['®1]-IMPY was developed as an amyloid-imaging
ligand for SPECT.' Unfortunately, the signal-to-
background ratio in the brain of AD patients is low and
there is considerable overlap in the target/cerebellum
ratio between healthy controls and patients with AD.
The development of better SPECT ligands for AR
plagque is well underway.

Apart from amyloid imaging with PET or SPECT,
Nakada et al.™ recently reported the direct visualiza-
tion of AP plaques in patients with AD in vivo by
magnetic resonance microscopy on a 7T clinical
system.

In parallel with the development of amyloid-
imaging techniques, clinical trials of many anti-
amyloid therapeutic drugs are underway.'® A Phase IIl
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study with monoclonal antibody therapy (bapineu-
zumab (AAB-001); Elan Corperation, Athlone, Ireland),
is ongoing and this agent may be approved for clini-
cal use within a few years in the US and Europe
(see http://clinicaltrials.gov/ct2/results?term=bapineu
zumab). Several clinical trials of gamma secretase
inhibitors or modulators are also underway.

The development of amyloid-imaging techniques
and anti-amyloid therapy may dramatically change
the clinical treatment of AD within a few years. Elderly
people, perhaps from 60 years on, may receive a brain
checkup, including amyloid imaging, every 5 years. If
they are found to have amyloid deposition in the cere-
bral cortex, they will then be treated with anti-amyloid
drugs. The number of AD patients may decrease
markedly if anti-amyloid therapy is proven effective.
Although we still do not know whether the amyloid
cascade hypothesis is true, we are waiting further
developments with high expectations. A new
diagnostic-therapeutic paradigm to successfully
address AD and its harbinger, MCl-amnestic type, is
emerging.
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