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Abstract We recently developed a novel PET tracer,
"C-labeled 2-(2-[2-dimethylaminothiazol-5-yl]ethenyl)-6-
(2-[fluoro]ethoxy)benzoxazole ([''C]BF-227), and had
success with in vivo detection of amyloid plaques in Alz-
heimer’s disease (AD) brains (Kudo et al. in J Nucl Med
8:553-561, 2007). We applied this tracer to subjects with
mild cognitive impairment (MCI) and AD in order to
elucidate the status of amyloid plaque deposition in MCI
and compared the diagnostic performance of BF-227-PET
with that of FDG-PET in AD cases. We studied 12 aged

K. Furukawa and N. Okamura equally contributed to the article.

K. Furukawa (<) - M. Waragai - H. Arai
Department of Geriatrics and Gerontology,

Division of Brain Sciences, Institute of Development,
Aging and Cancer, Tohoku University,

4-1 Seiryomachi, Aobaku, Sendai 980-8498, Japan
e-mail: kfurukawa-ns @umin.ac.jp

N. Okamura - S. Furumoto - K. Yanai
Department of Pharmacology,

Tohoku University Graduate School of Medicine,
4-1 Seiryomachi, Aobaku, Sendai 980-8575, Japan

M. Tashiro

Division of Cyclotron Nuclear Medicine,

Cyclotron and Radioisotope Center, 6-3Aoba,
Aramaki, Aoba-ku, Sendai, Miyagi 980-8578, Japan

R. Iwata

Division of Radiopharmaceutical Chemistry,
Cyclotron and Radioisotope Center, 6-3Aoba,
Aramaki, Aoba-ku, Sendai, Miyagi 980-8578, Japan

Y. Kudo

Department of Neurolmaging Research,
Innovation New Biomedical Engineering Center,
Tohoku University, 4-1 Seiryomachi, Aobaku,
Sendai 980-8498, Japan

normal (AN) subjects, 15 MCIs and 15 ADs with PET
using [''CJBF-227. PET images were obtained after
administration of BF-227 and the regional standardized
uptake value (SUV) and the ratio of regional to cerebellar
SUV were calculated as an index of BF-227 binding. AD
patients showed increased uptake of [''C]BE-227 in the
neocortical areas and striatum as well as decreased glucose
metabolism in temporoparietal, posterior cingulate and
medial temporal areas. MCI subjects showed a significant
increase in BF-227 uptake in the neocortical areas similar
to AD, and the most significant difference of BF-227
retention was observed in the parietal lobe if its retentions
for MCI were compared to those for AD and AN. On the
other hand, glucose hypometabolism in MCI was confined
to cingulate and medial temporal cortices. Neocortical BF-
227 uptake negatively correlated with glucose metabolism.
Receiver operating characteristic (ROC) analysis indicated
higher specificity and sensitivity with BF-227-PET than
those with FDG-PET for differential diagnosis between
AD and normal control. We conclude that ["C]BF—227-
PET has a possibility to be a useful technology for early
detection of AD pathology and also even in the MCI stage.

Keywords Alzheimer’s disease - Amyloid -
Senile plaque - PET - MCI

Introduction

Senile or amyloid plaque is a pathological hallmark of
Alzheimer’s disease (AD), and amyloid f peptide (Ap),
which is a main component of the senile plaque, is believed
to play a key role in the pathogenesis of AD [8]. In recent
years several laboratories, including ours, have succeeded
in visualizing Af deposition in living patients’ brains with
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AD using PET probes [13, 14, 24]. Pittsburgh Compound-
B (PIB), which is the most commonly used probe for Af
now, has been applied not only to AD but also to several
other neurological disorders [15, 24].

Petersen from the Mayo clinic addressed the concept of
mild cognitive impairment (MCI), which is an intermediate
state between normal aging and AD [20, 21]. The criteria
he stated for MCI are cognitive concern expressed by a
physician, informant, participant or nurse; cognitive
impairment in one or multiple domains (executive func-
tion, memory, language or visuospatial); normal functional
activities; not demented.

Regional cerebral glucose metabolism (rCMRglu) has
been studied by several investigators [9, 18, 19] using ['*F]
2-fluoro-deoxy-D-glucose (FDG) and PET in diseases
causing dementia including AD. We used BF-227-PET as
well as FDG-PET on the same subjects (AN, MCI, and
AD) and carefully analyzed and compared the results with
these two kinds of PET. Finally using these data we
investigated and compared the specificity and sensitivity of
BF-227 PET and FDG-PET in diagnosing AD.

Method

Twelve ANs, 15 subjects with MCI and 15 patients with
AD were recruited in the present study. The demographic
information of the subjects is shown in Table 1. The
diagnosis for MCI and probable AD followed the MCI
clinical criteria presented by “Petersen et al.” [20] and
“the National Institute of Neurological and Communica-
tive Disorders and Stroke—Alzheimer’s Disease and
Related Disorders Association” [17], respectively. In 15
MCI subjects, 10 were amnestic multi-domain MCI and the
other 5 subjects were amnestic single-domain MCI. Mini-
mental state examination (MMSE) scores were signifi-
cantly different between “AN and MCI”, “AN and AD”,
and “MCI and AD”. The study protocol was approved by
the Committee on Clinical Investigation at Tohoku Uni-
versity School of Medicine and the Advisory Committee
on Radioactive Substances at Tohoku University. After a
complete description of the study to the patients and sub-
jects, written informed consent was obtained.

Table 1 Demographic details of the subjects in this study

N Gender Age MMSE
AN 12 M/F = 17/5 66.3 + 3.3 299 +03
MCI 15 M/F = 8/7 783 £ 3.8 255125
AD 15 M/F = 5/10 725 £ 6.9 19.5 +£3.7

AN aged normal, MCI mild cognitive impairment, AD Alzheimer’s
disease. MMSE scores are significantly different between “AN and
MCI”, “AN and AD”, and “MCI and AD”

@ Springer

The PET procedure for BF-227 was described precisely
before [14]. BF-227 and its N-desmethylated derivative (a
precursor of [''C]BF-227) were custom-synthesized by
Tanabe R&D Service Co. ['!C]BF-227 was synthesized
from the precursor by N-methylation in dimethyl sulfoxide
using [*'C]methyl triflate. The [''C]BF-227 PET study was
performed using a PET SET-2400 W scanner (Shimadzu
Inc., Japan). After intravenous injection of 211-366 mBq
of [''C]BF-227, dynamic PET images were obtained for
60 min with each subject’s eyes closed. Standardized
uptake value (SUV) images of [''CIBF-227 were obtained
by normalizing tissue radioactivity concentration by
injected dose and body weight. The FDG-PET procedure
was described previously [19]. Subjects were scanned in a
quiet and dimly-lit room with their eyes closed after at least
4 h of food restriction. Following a 68 Ga/Ga transmission
scan of 7 min duration, an emission scan, which lasted
60 min after intravenous injection of FDG, was performed.
The emission data were corrected for tissue attenuation
using the transmission data. Regions of interest (ROIs)
were placed on individual axial magnetic resonance (MR)
images in the cerebellar hemisphere, striatum, frontal, lat-
eral temporal, medial temporal, parietal, occipital, anterior
and posterior cingulate cortices. The ROI information was
then copied onto dynamic PET SUV images, and regional
SUVs were sampled using Dr. View/LINUX software (AJS
inc., Japan). Because there were neither senile plaques nor
glucose hypometabolism in the cerebellum of AD, ratios of
regional SUV to cerebellar SUV (SUVR) were calculated
as an index of [''C]BF-227 retention and CMRglu. Neo-
cortical SUVR was calculated by averaging SUVRs in the
frontal, lateral temporal, parietal and posterior cingulate
cortices.

For statistical comparison in the three groups, we
applied one-way analysis of variance (ANOVA) followed
by the Bonferroni-Dunn post hoc test. The performance of
diagnostic indices to discriminate among groups was
assessed using the ROC analysis. Areas under ROC curves
(AUC) were calculated and compared using GraphPad
Prism Software (GraphPad Software Inc., San Diego, CA).
Statistical significance was defined as p < 0.05.

Results
BF-227 retention in MCI

First, we analyzed PET images with ['!C]BF-227 among the
three groups (AN, MCI, and AD), and representative brain
PET images are shown in Fig. 1. As indicated in the figure,
some MCT subjects showed strong retention of [''C]BF-227,
but other MCI subjects did not. Most AD cases, however,
indicated strong accumulation of [*!CIBF-227 especially in
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Fig. 1 Representative axial
brain PET images with BF-227.
Both the AD cases showed high
SUVR compared to the aged
normal subjects, although the
‘MCI cases showed
heterogeneity, that is, one MCI
case (MMSE = 25) showed a
comparative SUVR level to AN
but another case showed SUVR
as high as the AD level

frontal, temporal and parietal cortices. If the retention pattern
of [''C]BF-227 is compared to that of PIB, the accumulation
of [”C]BF-227 in the frontal lobe looks much weaker than
that of PIB [3].

Figure 2 shows the mean neocortical and regional SU-
VRs of [''CIBF-227 for the three groups. Both the mean
neocortical SUVRs for MCI and AD are significantly
higher than that for AN. As we previously reported [1],
significantly higher SUVRs were observed in most cerebral
regions in AD compared to AN except for the medial
temporal lobe. MCI subjects indicated a significantly
increased SUVR in frontal, lateral temporal, parietal,
occipital cortices as well as anterior cingulate gyrus com-
pared to AN, and the most prominent increase was
observed in the lateral temporal cortex. A significantly
lower SUVR in MCI was observed in the parietal cortex
compared to AD. In the other neocortical regions, MCI
subjects showed a tendency towards milder retention of
BF-227 than that in AD. In the relationship between BF
retentions and MMSE scores in all the subjects together
(NC, MCI, and AD), no strong correlations were observed
(data not shown).

Cerebral glucose metabolism in AN, MCI and AD

Next, we analyzed CMRglu in the same subjects using
FDG-PET in order to compare to the findings with
[''CIBF-227, which is considered to indicate amyloid
plaque depositions. As a result, a significant reduction of
neocortical SUVR was observed in both MCI and AD
patients compared to AN in FDG-PET (Table 1; Fig. 3).
Regional SUVR in FDG-PET was significantly decreased
in the cingulate gyrus and medial temporal cortex of MCI

5 &

&
& 0

MCI MCl MCI AD AD
(MMSE 25) (MMSE 28) (MMSE 23) (MMSE 25) (MMSE 21)

subjects and in the lateral temporal, parietal, posterior
cingulate and medial temporal cortices of AD patients,
compared to AN. Table 2.

Neocortical SUVR of FDG-PET for each subject was
plotted against neocortical SUVR of BF-227-PET
(Fig. 4a). SUVR of BF-227 negatively correlated to SUVR
of FDG in analyzing the subjects from three groups all
together (r = —0.337, p = 0.029). A significant correla-
tion of regional SUVR in BF-227-PET and FDG-PET was
also observed in the temporal and parietal cortices (data not
shown). However, no significant correlation was observed
when the analysis was confined to the subjects in each
group.

Furthermore, in order to compare sensitivity and speci-
ficity to differentiate AD from AN, ROC analysis was
performed for the lateral temporal SUVR of BF-227 and
posterior cingulate SUVR of FDG (Fig. 4b). The AUC for
BF-227 (0.994) is much higher than that for FDG (0.839),
indicating that BF-227 is more sensitive as well as more
specific than FDG in diagnosing AD.

Discussion

Our group recently developed a novel PET tracer, BF-227,
and has reported that this compound is able to selectively
detect dense amyloid deposits including senile plaques
primarily in the posterior association area of AD patients.
In the present study we applied this tracer to MCI cases and
concluded that the mean value for the MCI cases with BF-
227 was intermittent between AN and AD. Also we clari-
fied that BF-227-PET is a useful technology to distinguish
early AD patients from AN compared to FDG-PET.

@ Springer
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Fig. 2 Box plots of SUVR Mean neocortex
values with BF-227 PET for 1.5,
AN, MCI and AD. Each dot
indicates the mean SUVR from
“the mean neocortex” and “the 1.3 .
eight regions”, that is, frontal, T
temporal, parietal, occipital,
anterior cingulate, posterior 5
cingulated, striatum and medial i3 1.
temporal cortex. Box indicates 1.0 1

interquartile range. Vertical

bars indicate minimum— 0.9

maximum range AN Met AD

Parietal
*
1.5 4 * *
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AN MCl AD

MCI is now classified into 4 subtypes, that is, amnestic
single-domain MCI, amnestic multi-domain MCI, non-
amnestic single-domain MCI and non-amnestic multi-
domain MCI. The important thing is that MCI (especially
amnestic MCI) is regarded as a prodromal state of AD, in
other words, a high percentage of MCI subjects are
considered to convert to AD. It has been reported that 10—
20% of MCI cases are going to convert to AD although
only 1-2% of normal elderly convert to AD [21]. The
present study concludes that MCI has high levels of
[''C]BF-227 retention indicating that senile plaque
deposition already advances severely in the stage of MCI
before dementia symptoms become obvious. Previous
amyloid PET studies using '®F-labeled 2-(1,1-dicyano-
propen-2-y1)-6-(2-fluoroethyl)-methylamino-naphthalene
(FDDNP) or PIB also indicated significant tracer retention
in MCI and AD. Small et al. [24] presented that FDDNP
can detect a high signal in MCI by binding not only for
amyloid plaques but also tau neurofibrillary tangles, and

@ Springer
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the retention level for MCI is between AN and AD. On
the other hand, several groups reported that about a half
of the MCI subjects showed PIB uptake in the AD range,
and other MCI subjects indicated retention levels lower
than the AD range [12]. A group from Sweden concluded
that MCI subjects who converted to AD later showed
significantly higher PIB retention compared to non-con-
verting MCI subjects and NC [6]. The present study also
revealed higher retention of BF-227 in 60-70% of MCI
subjects and in almost all the AD patients. Therefore, the
amyloid PET technique is considered to be a highly
useful and strong method for early detection of AD
patients in the MCI stage. These pieces of information are
indispensable in applying new treatment technologies
against dementia into the prodromal stage of Alzheimer’s
disease. In other words, because it is considered that
aggregation and deposition of Af starts much earlier
before patients indicate symptoms of dementia, it is
undoubtedly important to detect Aff deposition as early as
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Fig. 3 Box plots of SUVR 15 Mean neocortex 15 Frontal 15 Lateral temporal
values with FDG-PET for AN, =7 ,*—*———. : :
MCI and AD. Each dor indicates 144 —%— 1.44 144 —*——
the mean SUVR from the mean 1.3 1.3 1.3
neocortex and eight cerebral xi2 xr 1.21 T x iz
regions, that is, frontal, 5 1 = J ; 114 e i 5 11 .
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interquartile range. Vertical 07 07 07
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Table 2 Comparison of SUVR values of BF-227-PET and FDG-PET
Mean Frontal Lateral Parietal Occipital Anterior Posterior Striatum Medial
neo cortex temporal cingulate cingulate temporal
BF-227 AN 1.05x0.04 1.00+006 103004 108 +0.05 108+ 005 104+003 1111007 1342006 1.16=x0.06
MCI 1.16 £0.10* 1.10 £ 0.11* 1.17 £0.10* 1.18 £ 0.10* 116 £0.08* 115+0.11* 1.20+0.11 141011 1181010
AD 122 4+ 0.06* 1.13 &+ 0.07* 1.24 £ 0.07* 125+ 0.09*f 1.19 £+ 0.06* 1.16 = 0.09* 1.25 £ 0.06* 1.47 £ 0.09* 1.19 & 0.09
FDG AN 118x010 110011 110010 1.15+0.09 124 £012 1104010 139013 129013 050006
MCI 1.10 £+ 0.06* 1.05+0.06 1.03x007 1.08+0.08 1.23 +0.14 099 £+ 0.08* 1.24 +0.09* 1.27 £ 0.13 0.82 + 0.06*
AD 106+ 008* 105014 098 £0.11* 1.01+009* 125+015 1004012 120+0.13* 131011 081 x0.07*

Mean SUVR value for each brain region was obtained from AN, MCI and AD. * p < 0.05, versus AN, T p < 0.05 versus MCI

possible in order to begin medication to prevent or treat
cognitive decline before the manifestations of dementia
become clear.

In most PIB positive MCI and AD cases presented by
several different laboratories, the frontal cortex showed
high PIB retention, although the frontal cortex is not a
region where amyloid plaques are predominantly rich in

the early stage of AD or MCI according to the autopsy
studies [1, 10]. Our newly developed tracer, BF-227,
showed relatively high retention in temporal and parietal
lobes for MCI and AD compared to the results with PIB.
Since it is well known that the functional activity of the
parietal lobe decreases in the early stage of AD [16], it is
reasonable that the distribution of high BF-227-PET
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Fig. 4 a Relationship between neocortical SUVRs in FDG-PET and
BF-227-PET. Neocortical SUVR of FDG-PET for each subject was
plotted against neocortical SUVR of BF-227-PET. White, gray and
black dots indicate AN, MCI and AD, respectively. b Receiver
operating characteristic (ROC) curves of BF-227 and FDG-PET. BF-
227-PET SUVR in the lateral temporal cortex and FDG-PET SUVR
in the posterior cingulate cortex for differentiation between AD and
AN

retention is closely related to the area indicating functional
deterioration in the early stage of AD or MCL

Low rCMRglu in AD especially in the posterior cingu-
late, precuneus, temporoparietal and frontal cortices was
reported. FDG-PET has also been used in investigations
for MCI, and low rCMRglu in the temporo-parietal and
medial frontal cortices and hippocampus was reported as
the most prominent predictor of subsequent cognitive
decline [2-5]. Our results indicate, however, that amyloid
retention detected by BF-227 is more sensitive and specific
than FDG-PET for AD diagnosis. Therefore it is reason-
able that amyloid PET is more sensitive than FDG-PET for
detecting MCI, which is regarded as a prodromal state of

@ Springer

dementia or early AD. According to previous autopsy
studies with MCI, amyloid plaques were found predomi-
nantly in the temporal lobe structure and most amnestic
MCI cases showed Braak stage II or III [11, 22]. Further-
more both neurofibrillary tangles and senile plaques were
found in nondemented aging and “preclinical” AD, and
profound neuronal loss was observed in layer II of the
entorhinal cortex {7, 23]. Our results with BF-227 PET for
MCI presented here agree with postmortem studies because
BF-227 also showed high retention predominantly in the
temporal lobe and the retention was intermittent between
NC and AD. There are some discrepancies, however,
between the results with our BF-227-PET and with

" autopsy, that is, some cerebral white matter, thalamus and

pons showed high retention of BF-227 in MCI, although
these regions are usually not rich in senile plaques in the
autopsy studies. Although it is considered that the deposi-
tion of BF-227 in these regions comes from its non-specific
retention by high lipophilicity, it is supposed that more
precise studies are needed using more subjects for both
PET and autopsy.

We now have to carefully consider the heterogeneity of
BE-227 retention in MCI, which was also observed in
FDDNP or PIB studies, that is, some subjects show rich
retention but others do not. Although it was reported that
MCI subjects showing high retention of PIB had a high
tendency to convert to AD as we mentioned above [6], the
number of subjects they examined was relatively small.
Therefore, further careful studies are needed to clarify if
the accumulation of amyloid PET probes correlates with
the severity of cognitive impairment and a conversion rate
to dementia.

Our results using BF-227 for MCI are “continuous”
rather than “off/fon”, “negative/positive” or “dichoto-
mous” signals compared to those with PIB. We speculate
that because BF-227 can depict a small difference of
amyloid deposition more finely than PIB, the results with
BF-227 in MCI are more continuous than those with PIB.
Therefore, BF-227 could reveal a degree of senile plaque
deposition more precisely and accurately than PIB as far as
in cases with MCL

We would like to conclude that our newly developed
amyloid PET tracer, BF-227, can detect amyloid aggrega-
tion and deposition in MCI cases and the PET signal
intensity for MCI was intermittent between NC and AD,
Results obtained with BF-227 PET are significantly more
sensitive and specific than FDG-PET in diagnosing AD. As
far as the retention pattern in the frontal and parietal cor-
tices, BF-227 more accurately reflects senile plaque
deposition observed in the autopsy studies than PIB does.
Therefore, BF-227 PET should be an invaluable tool for
diagnosis of AD in the early stage. Finally, we recently
developed a novel probe, which has similar structure to BF-
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227, labeled with F-18, and applied it to living humans. We
have finished more than 20 cases so far and obtained
similar results to BF-227.
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