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FIG. 3. Z-scores of parahippocampal atrophy in three groups. Scatter
plot of individual Z-scores of GMV reduction in the parahippocampus,
compared to those of the healthy control group. Filled circles and tri-
angles indicate DLB, whereas open circles and triangles indicate PDD.

coexistent AD-type pathology, such as AB and tau,
whereas both cortical LBs and AD-type pathology are
rare in PD without dementia.> Ap pathology would be
linked with other pathological changes, such as tau
and cortical LBs, which may be associated with de-
mentia and cortical atrophy in DLB/PDD patients.

A pathological study reported that a high cortical
AR score along with an older age at onset were associ-

ated with a shorter time-to-dementia period in PDD.>
Rowe et al. reported that cortical PIB binding was
correlated inversely with the interval from onset of
cognitive impairment to diagnosis in DLB.?® Longitu-
dinal studies in DLB/PDD patients will be required to
elucidate whether AB deposition accelerates the pro-
gression of dementia and brain atrophy and whether
alpha-synuclein accelerates AB deposition in the brain.

Mean cortical PIB binding also did not correlate
with voxel-by-voxel GMV in DLB/PDD patients in the
present study. Chételat et al. found an association
between cortical atrophy and A deposition at subjec-
tive cognitive impairment, but not in mild cognitive
impairment (MCI) and AD.?” This finding suggests that
AB deposition is likely to reach a plateau in the very
early disease process of AD, and there are downstream
drivers of progressive atrophy from the MCI stage. The
lack of correlation between PIB uptake and cortical at-
rophy in DLB/PD could also be attributed to such time
courses of AB deposition and cortical atrophy.

In pathological studies, most DLB patients showed
cortical AP burdens.?® Ballard et al. reported that 25
of 29 DLB patients (87%) and 12 of 28 PDD patients
(43%) had moderate or abundant cortical amyloid
plaques measured using the Consortium to Establish a
Registry for Alzheimer’s Disease protocol,”” 2 of 29 DLB
patients (7%) and 6 of 28 PDD patients (21%) had
scarce cortical amyloid plaques, and 2 of 29 DLB
patients (7%) and 10 of 28 PDD patients (36%) had no
cortical amyloid plaques.® AB plaques appear to be
more frequent in postmortem DLB/PDD brains in patho-
logical studies than in in vivo PET studies, but this could
be explained by the fact that most postmortem brains
were obtained at the terminal stage of DLB/PDD.

The distribution of cortical atrophy observed in 6
PIB(+) DLB/PDD patients in our study was quite simi-
lar to that in AD patients. Perhaps it may be a more-
interesting finding in this study that there was no
striking gray-matter atrophy, despite the presence of

TABLE 2. GMV reduction normalized by total intracranial volumes, compared to controls

DLB/PDD
PIB(-) PIB(+) AD Note

Frontal 1.65 = 1.54 3.04 + 152° 2.60 = 1.40°

Sensorimotor 0.85 = 1.15 1.42 = 0.84 1.22 = 1.05

Parietal 134 £ 1.22 2.28 * 0.40° 2.08 = 1.30°

Striatum 1.22 + 1.30 2.23 + 1.60° 214 + 2.06°

Occipital 1.18 + 0.86 1.70 = 1.02° 1.94 = 1,04°

Lateral temporal 1.40 + 0.93 2.81 = 1.26° 322 + 1.24°

Parahippocampal area 0.76 = 0.50 1.94 + 0.60° 1.91 + 0.78° PIB(~) < AD, PIB(—) < PIB(+)?
Hippocampus 0.66 = 1.07 1.82 + 0.94* 221 + 0.96° PIB(—) < AD?
Amygdala 0.83 + 1.43 267 + 1512 3.71 + 1.59° PIB(—) < ADP

GMV reduction, compared to controls, adjusted by each intracranial volume, is expressed by Z-score, and values are listed as mean = SD.

P < 0.05.

PP < 0.01 (rank ANCOVA, adijusting for differences in age, followed by Bonferroni’s correction).
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dementia, in PIB(—) DLB/PDD patients. Graff-Radford
et al. reported that patients with DLB, but without the
imaging features of coexistent AD-related pathology,
such as parahippocampal atrophy and PIB(+), were
more likely to cognitively improve with acetylcholines-
terase inhibitor treatment.® These findings would sug-
gest a predominant subcortical mechanism, such as
cholinergic dysfunction, underlying dementia in beta-
amyloid-negative DLB patients.

Limitations of the study are the small number of
DLB/PDD patients and the lack of the investigation
about cholinergic function. Therefore, further studies
are needed to confirm the mechanism of dementia,
especially in beta-amyloid-negative DLB patients.

I'N

Conclusions

In conclusion, our results suggest that A deposition
is associated with AD-like atrophy in DLB/PDD. Anti-
amyloid therapy for AD is in progress, with promising
evidence for the reduction of AP. Early intervention
against AP may prevent or delay AD-like atrophy in
patients with DLB/PDD with AP deposition. @
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Cardiac Positron-Emission Tomography Images With an
Amyloid-Specific Tracer in Familial Transthyretin-Related
Systemic Amyloidosis

Katsutoshi Furukawa, MD, PhD; Shu-ichi Ikeda, MD, PhD; Nobuyuki Okamura, MD, PhD;
Manabu Tashiro, MD, PhD; Naoki Tomita, MD, PhD; Shozo Furumoto, PhD; Ren Iwata, PhD;
Kazuhiko Yanai, MD, PhD; Yukitsuka Kudo, PhD; Hiroyuki Arai, MD, PhD

‘N T e report the case of a 32-year-old man who had

suffered from orthostatic syncope and body weight
loss since he was 27 years old. As years passed by, he also
showed muscle weakness and abnormal sensations in both
legs, hyporeflexia in 4 limbs, and autonomic failure (impo-
tence, urinary and fecal incontinence, and edema in lower
limbs) suggesting the presence of peripheral somatic and
autonomic polyneuropathy. His mother, mother’s father, and
mother’s paternal aunt also had similar symptoms. Both the
sensory nerve action potential and the sensory nerve conduc-
tion velocity of his right sural nerve were low (1.26 wV and

Patient

Normal control

47.2 m/s, respectively), and the motor nerve conduction
velocity of his right tibial nerve was 41.1 m/s (normal >45
m/s). A DNA test on the man disclosed a missense mutation
in the transthyretin gene (Ser50Arg), which is relatively rare
in familial transthyretin-related systemic amyloidosis.!2
Transthyretin-immunoreactive amyloid deposition was dem-
onstrated in the biopsied gastroduodenal mucosa (Figure 1).
Echocardiography showed a markedly thickened ventricular
wall (thickness of interventricular septum 22.3 mm [normal
<12 mm]) with normal wall motion (fractional shortening
37.6% [normal 28 -42%]), indicating that he also had cardiac

Figure 1. Detection of amyloid deposition in the
intestines. Congo red (A and B) and BF-227 (C
and D) clearly detect transthyretin in the submuco-
sal space of the small intestine of the patient.
Scale bars, 100 pm.
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amyloidosis (Figure 2A). Contrast magnetic resonance imag-
ing® revealed focal late gadolinium enhancement in the
thickened ventricular wall (Figure 2B). The patient had been
treated with orthotopic live-donor liver transplantation when
he was 31 years old to alleviate and prevent exacerbation of
his neuronal and cardiac symptoms. His condition, including
the neurological disability, gradually improved, and he
started to work again 10 months after liver transplantation.
In order to visualize amyloid deposition in the myocardium,
the patient underwent a cardiac positron-emission tomography
study with [*'C}-BF-227 that sensitively and specifically binds
to aggregated amyloid fibrils.# The positron-emission tomogra-
phy images revealed significantly robust retention of
[''C}-BF-227 in the patient’s heart compared with that of the
normal control (Figure 3). Biopsy specimens from the patient’s
duodenum also showed higher signals of BF-227 compared
with that of the normal control (Figure 1, C and D). The
present result provides evidence that our amyloid-specific
positron-emission tomography tracer, [''C]-BF-227, can suc-
cessfully detect amyloid deposition in the heart. Several
molecules, such as **™Tc-aprotinin and **™Tc-labeled phos-
phate derivatives, have been investigated to visualize cardiac
amyloidosis.> None of the previous tracers, however, could
specifically bind to aggregated amyloid, which forms a
B-pleated sheet structure. In any of the amyloidgenic disor-
ders, such as transthyretin-related systemic amyloidosis and
Alzheimer’s disease, it is surmised that the monomer of the
amyloid protein itself is not very toxic, whereas misfolded
oligomers could cause damage to human organs.'-* It is
therefore truly important to detect the accumulation of real
amyloid fibrils for the early and accurate diagnosis of
amyloidosis. To our knowledge, this is the first report

Patient

Normal control

[*'C]-BF-227 Visualizes Cardiac Amyloidosis 557

Figure 2. A, Echocardiographic finding.
Four chamber views show symmetrical
thickening of ventricular walls and sep-
tum with hyperrefractile myocardial echo
(the so-called granular sparkling appear-
ance). B, Contrast magnetic resonance
imaging with gadolinium. Focal late gad-
olinium enhancement is visible (arrows).

showing the usefulness of a B-pleated sheet structare-specific
positron-emission tomography in investing visceral organ
amyloidosis.
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Abstract

Purpose: The aims of this study were to evaluate the binding and pharmacokinetics of novel '8F-
labeled ethenyl-benzoxazole derivatives (i.e., ['®F] fluorinated amyloid imaging compound of
Tohoku university (['®FJFACT)) as amyloid positron emission tomography (PET) tracers and to
assess ['®F]FACT efficacy in imaging of Alzheimer's disease (AD).

Procedures: Binding assay was conducted using synthetic amyloid-g (AB) fibrils, fluorescence
microscopy, and autoradiogram in three postmortem AD brains. Pharmacokinetics of ['®FJFACT was
assessed using 12 Crj:CD-1 (ICR) mice. /n vivo binding ability with brain amyloid was investigated
using amyloid precursor protein (APP) transgenic mouse. Clinical PET scanning using ['®FJFACT was
performed in ten healthy controls and ten mild cognitive impairment and ten AD patients.

Results: ['®F]FACT showed high binding affinity for synthetic A fibrils, preferential binding to
dense cored plaques in brain sections, and excellent brain uptake and rapid clearance in mice.
Injection in APP mice resulted in specific in vivo labeling of amyloid deposits in the brain. PET
scans of AD patients showed significantly higher ['"®F]FACT uptake in the neocortex compared
to controls (P<0.05, Kruskal-Wallis test).

Conclusion: ['"®FJFACT is a promising agent for imaging dense AB plagues in AD.

Key words: Alzheimer's disease, Amyloid, Early diagnosis, Positron emission tomography

Introduction the exact mechanisms underlying pathogenesis of AD are
not fully understood, formation of brain amyloid plaques
through aggregation and deposition of amyloid-B protein

Izheimer’s disease (AD) is an age-dependent and (AB) is considered to be the initia! Qathogenic event that may
irreversible neurodegenerative disorder leading to  Precede the appearance of clinical AD symptoms by
deterioration of memory and cognitive function. Although  decades. Recently, new criteria for diagnosing AD were
proposed by the National Institute on Aging—Alzheimer’s

J— Association workgroups [1]. The new diagnostic criteria

Correspondence to: Nobuyuki Okamura; e-mail: nookamura@med.tohoku.ac.jp include the use of biomarkers for amyloid deposition to aid
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in diagnosis of AD. Thus, in vivo detection of amyloid
depositions with positron emission tomography (PET) has
received much attention as a potential technology for early
or presymptomatic diagnosis of AD. For this purpose, a
number of radiotracers for AP aggregates have been
synthesized and evaluated as candidates for PET amyloid
imaging agents, and some of these are undergoing clinical
investigation [2—4].

Among them, N-methyl-[*'C]-2-(4"-methylaminophenyl)-
6-hydroxybenzothiazole (['!C]Pittsburgh compound B,
['!CIPiB) is currently the most widely used in clinical
research [5]. Labeling of PET tracers with “F (7y,=
109.8 min) allows time for their delivery to numerous PET
centers and contributes to spreading their use. Several '°F-
labeled amyloid PET tracers, including ['*F]flutemetamol,
[**FIflorbetaben, ['*Fflorbetapir, and ['*F]AZD4694, have
been developed, and to date, ['*F]florbetapir has become
commercially available [6-9]. An increasing number of PET
studies in humans have clearly demonstrated that amyloid
PET is a potentially useful technique to visualize and
quantify the distribution of AP plaques of AD patients [5].
In addition, a proportion of elderly normal subjects present
with [''C]PiB retention in the neocortex [10—12], suggesting
that amyloid PET is potentially useful for presymptomatic
detection of AP pathology. Although neocortical PiB
retention is considered as a high risk for future cognitive
decline, not all PiB-positive normal individuals are destined
to develop dementia. Some additional biomarkers are thus
necessary for accurate prediction of future conversion to
dementia. According to previous histopathological study,
progression to dementia is associated with a shift from non-
fibrillar to fibrillar amyloid deposits in the brain [13]. Thus,
selective detection of dense fibrillar amyloid might be
advantageous for predicting progression to dementia.

Previously, we had succeeded in developing a unique
scaffold of a radioligand, ['!'C]2-(2-[2-dimethylaminothia-
zol-5-yl]ethenyl)-6-(2-[fluorolethoxy)benzoxazole (['' C]BF-
227), as an amyloid imaging probe [3, 14]. Our previous
study demonstrated that Af deposits in AD patients can be
clearly detected by [!'C]BF-227 PET [15]. Neocortical [1'C]
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Chemical structures of [''C]BF-227 and its '®F-labeled 2-ethenyl benzoxazole derivatives.

Fig. 1.

Novel PET Tracer for Dense Amyloid Plaques

BF-227 retention was further observed in subjects with mild
cognitive impairment (MCI) [16]. Using [''C]BF-227 PET,
we achieved a sensitivity of 100 % and a specificity of
71.4 % in distinguishing MCI converters to AD from MCI
non-converters [17], suggesting the usefulness of this
radiotracer for accurate prediction of future progression to
dementia. To further take advantage of this imaging
potential, especially in a large clinical study, we anticipated
that a '®F-labeled derivative of BF-227 would be valuable
due to the longer half-life of '*F compared with ''C.

In this study, we performed a biological evaluation of
a series of '®F-labeled 2-ethenyl-benzoxazole derivatives
(Fig. 1) to select a candidate for clinical application. The
one selected, ['®F]Fluorinated Amyloid Imaging Com-
pound of Tohoku University (['**FJFACT), was further
evaluated for its binding characteristics with AP fibrils
and plaques and then for its clinical utility as a probe for
imaging amyloid in AD.

Methods

Radiosynthesis of "*F-Labeled 2-Ethenyl-
Benzoxazole Derivatives

The chemical structures of the 2-ethenyl-benzoxazole derivatives
are summarized in Fig. 1. The compounds and their precursors for
!®F-labeling were synthesized according to the method described
previously [18]. '®F-labeled compounds were prepared according to
the following method. The aqueous BE™ contained in K,CO;
solution (1.27 to 3.28 GBq) and Kryptofix 2.2.2 were put into a
brown vial, and then the water was azeotropically removed with
acetonitrile by heating at 110 °C and He-gas flow. After drying, the
activated ['®F]KF/Kryptofix 2.2.2. was reacted with a tosylate
precursor in dimethy! sulfoxide (DMSO) at 110 °C for 10 min,
followed by addition of water to quench. The product was extracted
by solid-phase extraction with Sep-Pak ‘C18 cartridge (Waters) and
then eluted with ethanol. The '*F-labeled compound was separated
from the eluent by semi-preparative reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC), isolated from the
collected fraction by solid-phase extraction with Sep-Pak 'C18

[18F|BF-227 '
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cartridge, and finally dissolved in DMSO or saline with polysor-
bate-80 (<0.1 %) for biological evaluation.

["'CIBF-227 was synthesized from the precursor by N-methyl-
ation with [''C]methyl triflate in DMSO and separated from the
crude mixture by semi-preparative RP-HPLC, as described previ-
ously [15]. The purified ['®F]JFACT and [''C]BF-227 were
solubilized in isotonic saline containing 1 % polysorbate-80 and
5 % ascorbic acid and then filter-sterilized with 0.22 pm Millipore
filter for clinical use.

Fluorescent Staining

Postmortem brain tissue from a 69-year-old man with autopsy-
confirmed AD was obtained from Fukushimura Hospital (Toyoha-
shi, Japan). Experiments were performed under the regulations of
the hospital ethics committee. Serial sections (6 pm) taken from
paraffin-embedded blocks of the temporal cortex were prepared in
xylene and ethanol. Before staining with test compounds, quench-
ing of autofluorescence was performed. The quenched tissue
section was immersed in 100 pM of test compounds containing
50 % ethanol for 10 min. The stained section was then dipped
briefly into water before coverslipping with FluorSave Reagent
(Calbiochem, La Jolla, CA, USA) and examination using an
Eclipse E800 microscope (Nikon, Tokyo, Japan) equipped with a
V-2A filter set (excitation 380 to 420 nm, dichroic mirror 430 nm,
long pass filter 450 nm). An adjacent section was immunostained
using 4G8 (Signet, Dedham, MA, USA), a monoclonal antibody
against AB. After pretreatment with 90 % formic acid for 5 min,
sections were immersed in blocking solution for 30 min and then
incubated for 60 min at 37 °C with 4GS at a dilution of 1:100. After
incubation, sections were processed with biotinylated anti-mouse
I1gG (Wako) for 60 min, followed by Texas Red-conjugated
streptavidin (Vector Laboratories, Burlingame, CA, USA).

In Vitro Autoradiography

A temporal brain section from a 76-year-old female AD patient was
incubated with 1.85 MBqg/ml of ['*F]JFACT at room temperature for
20 min and then washed briefly with water and 70 % ethanol. After
drying, the labeled section was exposed to a BAS-11I imaging plate
(Fuji Film, Tokyo, Japan) for 120 min. Autoradiograms were
obtained using a BAS-5000 phosphor imaging instrument (Fuji
Film, Tokyo, Japan). Neighboring sections were immunostained
vsing 4G8 anti-Ap monoclonal antibody. After incubation with
4G8, sections were processed by the avidin—biotin method using a
Pathostain ABC-POD(M) Kit (Wako, Osaka, Japan) and diamino-
benzidine tetrahydrochloride.

In Vitro Binding Study

Amyloid B; 4 (Peptide Institute, Inc., Japan) was dissolved in
50 mM potassium phosphate buffer (pH 7.4) to a final concentra-
tion of 20 pM. To prepare amyloid fibrils, the solution was
incubated at 37 °C for 4 days at 85 rpm and then sonicated to
obtain a uniform suspension. The fibril solution was diluted to
2 uM with phosphate-buffered saline (PBS) containing 0.1 %
bovine serum albumin (BSA). For saturation binding assay, 100 ul
of the fibril solution was mixed with ['*F]JFACT solution (0.2 to
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800 nM, PBS containing 0.1 % BSA and 2 % DMSO, 100 ul)ina
96-well plate. Non-specific binding was defined in the presence of
2 uM FACT in the final solution. The mixture was incubated for
40 min at room temperature and then was passed through the glass
filter plate under vacuum with MultiScreen HTS Vacuum Manifold
(Millipore Corp., USA), followed by washing with PBS containing
0.1 % BSA twice. Radioactivity of the filter was counted with an
automatic gamma counter. The binding data were analyzed with
curve-fitting software that calculates the Ky and By, using non-
linear regression (GraphPad Prism Version 5.0, GraphPad Soft-
ware, San Diego, CA, USA).

Biodistribution Study in Normal Mice

The experimental protocols were reviewed by the Committee on the
Ethics of Animal Experiments at Tohoku University School of
Medicine and performed in accordance with the Guidelines for
Animal Experiments issued by the Tohoku University School of
Medicine. Male Crj:CD-1 (ICR) mice (6 weeks old, 25 to 30 g, n=12)
were injected in a lateral tail vein with '*F-labeled test compounds
(370 to 740 kBg) contained in isotonic saline (0.2 ml). The mice were
sacrificed by cervical dislocation following heart puncture to obtain
blood samples at 2, 30, and 60 min postinjection (n=4 at each
time point). Tissues of interest were excised and weighed, and
the radioactivity was counted in an automatic gamma-counter.
Radioactivity uptake data are expressed as percent of injected dose
per gram of tissue (%lD/g).

Autoradiography of Af Deposits in Living
Transgenic Mice

An amyloid precursor protein (APP) transgenic (Tg) mouse
(female, 31 months old) and a wild-type littermate (female,
31 months old) were injected with [*F]JFACT (37 MBgq) via
tail vein. The mice were sacrificed by cervical dislocation at
2 h postinjection, and the brains were rapidly excised and
frozen in liquid nitrogen. Frozen sections of 20 pm thick were
prepared from the brains for ex vivo autoradiography. Auto-
radiograms were obtained in the same manner described above.
The sections used for autoradiography were then subjected to
fluorescent staining with thioflavin-S according to the previ-
ously described method [19].

Clinical PET Study Using ["* F]JFACT

Ten patients with amnestic MCI, ten patients with AD, and ten
normal age-matched controls participated in the clinical PET study
using ["F]JFACT. Please refer to Table 1 for characteristics of
participants. ['C]BF-227 PET scan was additionally performed in
two patients with AD (70-year-old woman (MMSE score 17) and
79-year-old man (MMSE score 20)) and 1 normal control subject
(60-year-old man (MMSE score 30)). The average time interval
between ["*FIFACT and [*'CJBF-227 PET scans was 12+6 months.
Diagnosis of probable AD was based on criteria from the National
Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease Related Disorders Association [20].
The diagnosis of amnestic MCI was made according to published
criteria described previously [21]. The control subjects were
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Table 1. Subject and patient demographics in [’RF]FACT PET comparisons

NC MCI AD

N 10 10 10

Gender (F/M) 4/6 73 773

Agc (years) 69.848.8 (60-89) 74.248.8 (57-89) 74.5£4.6 (66-81)
MMSE score 29.9+0.3 (29-30) 26.4%1.1 (24-28) 19.843.0 (15-24)

recruited from volunteers who were taking no centrally acting
medications, had no cognitive impairment, and had no cerebrovas-
cular lesions, including asymptomatic cerebral infarction on T2-
weighted studies, identified via MR1. All volunteers were screened
using a questionnaire and medical history, and those with medical
conditions potentially affecting the central nervous system were
excluded. The Committee on Clinical Investigation at Tohoku
University School of Medicine and the Advisory Committee on
Radioactive Substances at Tohoku University approved the study
protocol. After complete description of the study to the patients and
subjects, written informed consent was obtained.

Image Acquisition Protocols

["*FJFACT-PET and [*'C]BF-227-PET study was performed using
a SET-2400W PET scanner (Shimadzu, Kyoto, Japan). After
intravenous injection of 111-185 MBq of ['*FJFACT or 211-
366 MBq of [''C]BF-227, dynamic PET images were obtained for
60 min (23 sequential scans; 5 scansx30 s, 5 scans*x60 s, 5 scansx
150 s, and 8 scansx300 s) with the subject’s eyes closed. SUV
summation images at 0--10, 10-20, 20-30, 30-40, 40-50, and 50~
60 min postinjection were created for the analysis of tracer uptake.
T1-weighted MR images were obtained using a SIGNA 1.5 T
machine (General Electric, Milwaukee, W1, USA).

Image Analysis

Firstly, standardized uptake value (SUV) images of ['*F]JFACT and
[""C]BF-227 were obtained by normalizing tissue radioactivity
concentration by injected dose and body weight. Subsequently,
individual MR images were anatomically coregistered into individ-
ual PET images using Statistical Parametric Mapping software
(SPM5: Welcome Department, UK). Regions of interest (ROIs)
were placed on individual axial MR images in the cerebellar
hemisphere, frontal cortex [Brodmann's areas (BA) 8, 9, 10, 44, 45,
46, and 47], lateral temporal cortex (BA 21, 22, 37, and 38),
parietal cortex (BA 39 and 40), occipital cortex (BA 17), anterior
cingulate cortex, posterior cingulate cortex, medial temporal cortex
(BA 27, 28, 34, and 35), striatum, pons, and subcortical white
matter, as described previously [15]. The ROI information was then
copied onto dynamic PET SUV images, and regional SUVs were
sampled using PMOD software (PMOD Technologies, Ltd.,
Zurich, Switzerland). The ratio of regional SUV to cerebellar
SUV (SUVR) was calculated as an index of tracer retention.
Averaged SUVR in the frontal, temporal, parietal, and posterior
cingulate cortices was considered representative of tracer retention
in the neocortex (neocortical SUVR). The inter-rater reliability for
the ROI measurement was tested between two raters (N.O. and
K.S.) in seven subjects and patients. The intra-class correlation
coefficient was 0.95.
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Statistical Analysis

For statistical comparison in the three groups, we applied the
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
Differences of time activity curves (TACs) in [*F]JFACT PET were
also. evaluated by repeated measures ANOVA followed by the
Bonferroni-Dunn post hoc test. For statistical comparisons of PET
measurements in control and AD groups, we used the Mann-
Whitney U test. Effect size coefficients (Cohen’s d) were also
calculated for the evaluation of group differences in PET measure-
ments. Statistical significance for each analysis was defined as P<
0.05. Correlations between ["*FJFACT and [''C]BF-227 SUVR in
the frontal, temporal, parietal, and occipital cortices of three
subjects (two AD and one normal control) were determined using
Pearson’s correlations. A linear model was applied to the data to
obtain a correlation coefficient and p value. These analyses were
performed using GraphPad Prism5 software (GraphPad, San Diego,
CA, USA).

Results

Radiosynthesis

'8F.labeled 2-ethenyl-benzoxazole derivatives (Fig. 1) were
obtained in yields of 32 % on average (21 to 44 %, decay-
corrected) with radiochemical purity greater than 99 % after
HPLC purification. The specific activities ranged 70 to
180 GBg/pmol, corrected at the end of synthesis.

In Vitro Binding to Af Plaques in AD Brain
Sections

Binding ability of 2-ethenyl-benzoxazole derivatives to Af
plaques was examined using AD brain sections from a 69-
year-old man with autopsy-confirmed AD. As shown in
Fig. 2a, ¢, dense cored plaques (arrowheads) were clearly
stained with FACT. In particular, Ap plaque cores were
brightly stained with this compound. The fluorescent
staining pattern of FACT correlated well with AR immu-
nostaining (Fig. 2b) and thioflavin-S staining (Fig. 2d) in
adjacent sections. Other compounds produced similar results
in the histopathological staining of AD brain sections from a
69-year-old man with autopsy-confirmed AD.

In vitro autoradiography at tracer dose indicated ['°F]
FACT binding to dense AP deposits (arrowheads) in AD
temporal brain sections from a 76-year-old female AD
patient (Fig. 2e-h). Tracer signals were additionally detected
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Fig. 2. a-d Fluorescence microscopy images of AD brain sections from a 69-year-old man with autopsy-confirmed AD stained
with FACT (a, c), anti-AB (4 G8) antibody (b), and thioflavin-S (d). Arrowheads delineate dense cored plaques, respectively. e—
h Autoradiogram of AD brain section from a 76-year-old female AD patient with ['®FIFACT (e, g) and images of the adjacent
section immunostained with anti-AB (4 G8) antibody (f, h). Arrows and arrowheads delineate congophilic amyloid angiopathy
and dense cored plagues, respectively. Bars 100 pm (a—d), 2 mm (e—f), 200 pm (g-h).

in congophilic amyloid angiopathy (arrows). These results
indicated that FACT and its derivatives had an ability to
detect pathological dense AP deposits in AD brain tissue.

Binding Affinity to Synthetic Ap Fibrils

Binding properties of ['®FJFACT with AP fibrils were
investigated by in vitro binding assay. Scatchard analysis
of FACT binding to AP fibrils showed two classes of
binding sites: a high-affinity site (Kg=9.4 nM; By.x=
0.16 pmol/nmol of AP) and a low-affinity site (K=
263 nM; Buax=1.52 pmol/nmol of A).

Biodistribution Study in Normal Mice

Two important properties of an amyloid imaging probe are
rapid brain uptake and rapid clearance from the normal brain
without non-specific binding. These properties of the '*F-
labeled 2-ethenyl-benzoxazole derivatives were evaluated by
biodistribution studies in 12 normal mice (7=4 at each time
point). The radioactivity uptake in the blood, brain, liver,
kidney, and bone is summarized in Table 2. Regarding brain
uptake, all of the 'F-labeled derivatives showed rapid and
sufficient brain uptake (4 to 6 %ID/g at 2 min) and smooth
washout after that. However, the brain uptake at 60 min varied
from 0.28 to 1.68 %ID/g, suggesting a different clearance
property in normal brain. Among the derivatives, ['*FJFACT
indicated the highest ratio of brain uptakes at 2 min to that at
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60 min (4.64/0.28=16.6). Additionally, mice injected with
["*F]FACT exhibited no increase of the radioactivity uptake in
bone with time, unlike with ['®F]BF-227, suggesting that [\*F]
FACT has good stability in regard to metabolic defluorination
in vivo. Thus, we selected ['*FIFACT as the candidate for the
clinical comparisons.

Autoradiography of A Deposits in Living
Transgenic Mouse

In vivo binding ability of {18F]FACT with amyloid plaques
was evaluated in the APP-Tg mouse. Autoradiographic
images of the APP-Tg mouse brain post-intravenous
injection of [18F JFACT displayed high uptake of the labeling
compound in the cortex and hippocampus (Fig. 3a). In
contrast, no notable binding was observed in the brain of
wild-type mouse (Fig. 3b). These ['*FJFACT binding results
in APP-Tg mouse brain corresponded closely with those of
in vitro thioflavin-S staining in the same brain sections
(Fig. 3c, d). These results warranted further clinical
investigation of ['*FJFACT PET in AD patients.

Clinical PET Study Using [** FJFACT

Demographic data for the participants are summarized in
Table 1. No statistical difference in age was observed among
the three groups. MCI and AD patients had significantly
lower mean MMSE scores than normal controls (P<0.05,
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Table 2. Biodistribution of '*F-labcled compounds in mice

Tracers Time (min) Radioactivity uptakes (%ID/g)
Blood Brain Liver Kidney Bone
["*FIBF-227 2 2.93+0.08 6.05+£0.45 7.97£1.59 9.63x0.89 1.59+0.27
30 2.14+0.17 1.91£0.05 5.75+£0.42 3.04£0.15 4.38+1.24
60 2.09+0.15 1.67£0.14 5.48+0.23 2.42x0.20 7.04£0.75
[**FJTHK-525 2 2.82+0.38 4.73+1.32 5.93+1.40 7.72+2.44 1.77£0.87
30 2.20£0.24 2.05+0.16 3.55+0.60 2.32x0.18 6.74+2.20
60 1.91£0.29 1.68+0.15 2.47+0.23 1.48+0.14 9.65+0.89
["*FJTHK-702 2 3.34+0.13 4.15+0.28 7.53+0.50 13.6+0.88 1.95+0.34
30 1.06=0.19 0.53+£0.03 4.55+0.39 1.58+0.64 0.92x0.11
60 0.67:0.08 0.35+0.04 3.65+0.72 0.65+0.09 1.16£0.70
['®FITHK-727 2 2.94+0.33 4.06+0.26 9.89+4.16 11.4£1.35 2.08+0.39
30 1.52+£0.10 1.0420.08 6.68+1.22 2.47+0.36 6.61+0.79
60 0.66+0.10 0.69+0.02 4.04=1.87 0.98+0.14 9.33£1.34
[**FJFACT 2 3.65+0.66 4.64+0.55 9.38+0.43 10.2+1.05 1.84£0.18
30 1.19+0.49 0.53+0.11 11.3£1.32 4.17+0.44 0.88+0.07
60 0.64+0.13 0.28+0.04 14.12£0.55 3.25+0.27 1.38+0.46

Data are expressed as meanSD (n=4 at each time point)

Kruskal-Wallis test). AD patients additionally had signifi-
cantly lower mean MMSE scores than those with MCI (P<
0.05, Kruskal-Wallis test). No toxic events were observed in
the current clinical trial. The SUV-TACs from ['*F]JFACT-
PET in AD patients and normal control subjects are shown
in Fig. 4. Both groups showed rapid entry of ['*FJFACT into
the neocortex and cerebellum. In the AD patients, the
temporal cortex, known to contain high concentrations of
fibrillar amyloid plaques in AD, showed retention of [°F]
FACT during the later time points compared with the
cerebellum (Fig. 4a). In contrast, TACs in the temporal
cortex and the cerebellum were nearly identical in nommal

subjects (Fig. 4b). The subcortical white matter regions
showed relatively lower entry and slower clearance than
gray matter areas, but no difference in TACs between AD
patients and normal controls.

SUVR in the lateral temporal cortex of AD patients was
significantly higher over 10 min postinjection of ['*FJFACT
than those of normal controls (»p<0.05, Mann-Whitney U
test) and reached maximum value at 30 to 40 min
postinjection (Fig. 4¢). Effect size between AD and normal
controls showed the highest value at 30 to 40 min
postinjection of ['*F]JFACT (Table 3). The ratio of SUVR
in AD to SUVR in normal controls became constant after

Fig. 3. Ex vivo autoradiograms of brain sections from APP transgenic (Tg) mouse (a) and wild type mouse (b). The brains were
excised at 2 h after intravenous injection of ['®FJFACT. AB plaques in APP-Tg mouse brain were clearly stained with thioflavin-S

{c). A merged image of a and ¢ is shown in d.
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Fig. 4. Time activity data for ['®FIFACT PET in humans. Time activity curves of ['®FJFACT in ten AD patients (a) and ten normal

controls (b) are shown. Each point represents the mean=standard deviations of data. Time course of ['®*FIFACT SUVR in the

lateral temporal cortex (c) and AD vs normal ratio of SUVR in the lateral temporal cortex (d) are also shown. *P<0.05 by the

Mann-Whitney U test.

30 min (Fig. 4d). Based on these results, we selected
summed dynamic images from 30 to 40 min for the ROI
analysis of PET data.

SUVR images of ['®F]FACT for a normal control subject
(a 60-year-old man, MMSE score 30) and an AD patient
(70-year-old woman, MMSE score 17) are shown in Fig. Sa.
Cortical retention of ['*FJFACT at 30 to 40 min postinjec-
tion was evident in the AD patient, as contrasted with the

Table 3. Time course of lateral temporal ['*FJFACT SUVR and effect size
mcasurcs in ten normal controls and ten AD patients

Time (min) Normal control AD Cohen’s d
30-40 1.07+0.06 1.2240.05* 2.67
40-50 1.08:0.06 1.23£0.06* 2.37
5060 1.09£0.06 1.23£0.06% 2.34

*P<0.05 by the Mann—-Whitncy U test
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images of the normal control subject. This pattern of distribution
was consistent with the distribution of [''C]BF-227 at 30 to
40 min postinjection in the same subject and patient pair
(Fig. 5a). The SUV-TACs from ['*FJFACT-PET were com-
pared with those from [''C]BF227-PET in the same AD patient
(70-year-old woman, MMSE score 17). As shown in Fig. 5b,
["*FJFACT showed faster washout from both temporal cortex
and cerebellum than [''C]BF-227. The regional SUVR of ['*F]
FACT at 30 to 40 min postinjection was compared with that of
["'C]BF-227 at the same time frame. SUVR values in the
frontal, temporal, parietal, and occipital cortices of three subjects
(two AD and one normal control) were used for this analysis. As
shown in Fig. Sc, regional SUVR of ["*FJFACT were
significantly correlated with that of [''C]BF-227 (Pearson’s r=
0.931, P<0.001) in these three subjects.

In the quantitative comparison of regional SUVR 30 to
40 min post-administration, the values for the frontal, lateral
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Fig. 5. a SUVR images (30 to 40 min postinjection) of ['®FJFACT and [''C]BF-227 for a normal control subject (60-year-old
man, MMSE score 30) and an AD patient (70-year-old woman, MMSE score 17). b Time activity curves of ['"®FJFACT and [''C]
BF-227 in an AD patient (70-year-old woman, MMSE score 17). ¢ Significant correlation between regional SUVR of ['®FJFACT
and [V'C]BF-227 in two AD (70-year-old woman (MMSE score 17) and 79-year-old man (MMSE score 20)) and one normal
control (60-year-old man, MMSE score 30) subjects (Pearson’s r=0.931, P<0.001).

temporal, parietal, occipital, and anterior and posterior
cingulate cortices were significantly greater in AD patients
than in the normal controls (Table 4). In addition, the
SUVRs for the lateral temporal, parietal, occipital, and
anterior and posterior cingulate cortices were significantly
greater in AD patients than in those with MCI. As shown in

Fig. 6, averaged neocortical SUVR was also significantly
greater in AD patients than in normal control subjects and
MCI (P<0.05, Kruskal-Wallis test). MCI patients addition-
ally showed significantly greater SUVR in the lateral
temporal and frontal cortices than normal subjects, but not
significant in other brain regions (P<0.05, Kruskal-Wallis

Table 4. Regional SUVR (30 to 40 min postinjection) and effect size measures of {"®FJFACT in ten normal controls and ten MCI and ten AD patients

Normal control MCI AD Cohen’s d NC vs. AD
Frontal 1.00+0.10 1.09+0.04* 1.1520.06* 1.82
Lateral temporal 1.05+0.08 1.13x0.06* 1.21£0.05%** 2.40
Parictal 1.07+0.07 1.13=0.07 1.21+0.08%** 1.86
Occipital 1.09=0.08 1.07=0.06 1.17+0.05%#* 1.20
Anterior cingulate 1.08=0.07 1.12=0.08 1.21£0.08%** 1.73
Posterior cingulate 1.15£0.07 1.17£0.06 1.30=0.07%%* 2.14
Medial temporal 1.10=0.05 1.13£0.04 1.15£0.09 0.69
Striatum 1.310.11 1.30+0.06 1.3520.12 0.35
Pons 1.55+0.15 1.57=0.10 1.54+0.09 0.08
Whitc matter 1.50+0.21 1.47=0.11 1.52+0.13 0.12
Neocortex 1.04:0.07 1.1220.05 1.19£0.05%%* 2.47

*P<(.05 (vs normal control group) and **P<0.05 {vs MCI group) by the Kruskal-Wallis test followed by Dunn’s multiple comparison test
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Fig. 6. Comparison of neocortical SUVR of ["®F]FACT
among ten aged normal controls (NC) and ten mild cognitive
impairment (MCI) and ten AD patients. The neocortical
SUVRs are represented in a box and whisker plot. *P<0.05
by the Kruskal-Wallis test followed by Dunn’s multiple
comparison test.

test). The SUVR in the medial temporal cortex and striatum
showed the tendency to be greater in AD patients, but this
was not significant. The SUVR in the pons and white matter
was nearly identical in AD, MCI, and normal subjects.
Effect size value between AD and aged normal subjects was
the highest in the lateral temporal cortex (2.40), followed by
the posterior cingulate (2.14), parietal (1.86), frontal (1.82),
and anterior cingulate (1.73) and occipital (1.20) cortices
(Table 4).

Discussion

The current study demonstrated that ['®FJFACT PET can be
used to detect AD pathology in AD patients and to confirm
its absence in cognitively unimpaired elderly people. We
previously reported the ability of [''C]BF-227-PET to detect
AR deposits in the brains of AD patients [15]. The current
study has further demonstrated the binding preference of
['®FJFACT to dense AP plaques in the brains of AD patients.
A similar pattern of tracer distribution was observed between
['®F]FACT and [''C]BF-227 in AD patients, indicating that
["®FJRFACT-PET could be substituted for [''C]BF-227-PET
for noninvasive detection of dense AP deposits in the brain
of AD patients. The correlation of ['®FIJFACT uptake in vivo
and brain pathology at autopsy should be examined in the
future. Our previous studies demonstrated the unique ability
of [''C]BF-227 to detect certain forms of prion and a-
synuclein protein deposits [22, 23]. Further study will be
required to validate the practical usefulness of ['*F]JFACT-
PET for noninvasive detection of these protein deposits.

When a neocortical ['*FJFACT SUVR of 1.145 (1.5 SD
above control mean) was used as a cutoff, [ *F]JFACT-PET
scan achieved a sensitivity of 90 % (nine of ten) and a
specificity of 100 % (ten of ten) in the discrimination
between AD patients and normal subjects. In one exception,
a 76-year-old female AD patient, MMSE score 24, showed
no remarkable retention of ['®F]JFACT in the neocortex. This
is not surprising because approximately 10 to 20 % of
patients diagnosed as probable AD reportedly fail to meet
pathological criteria for AD at autopsy.

The amnestic subtype of MCI has a high risk of
progression to dementia, and it may constitute a
prodromal stage of AD [24]. Previous amyloid-PET
studies demonstrated a substantial amount of neocortical
tracer retention in 50 to 60 % of the MCI population,
which is comparable to the level in AD patients [10, 17].
In our study, about half of the MCI patients had elevated
neocortical ['*FJFACT retention, which was an interme-
diate level between the aged normal subjects and the AD
patients. This finding is in accord with the previous
neuropathological observation that the density of neuritic
plaque increased as a function of increasing dementia
severity [25]. The parent tracer [''C]BF-227 showed
neocortical retention to be a reliable indicator of disease
progression in MCI subjects in our previous study [17,
19]. Therefore, PET imaging with ['*F]JFACT is also
expected to have a similar prognostic utility.

The amount of elevation of neocortical ['*FJFACT
uptake in AD patients was approximately 14 to 15 %, far
less than PiB and other '°F-labeled amyloid-PET tracers.
This is probably due to the relatively low binding affinity
and B,y of this tracer with amyloid fibrils in comparison to
that of PiB (K4=1.02 nM, B,.x=0.61) [26, 27]. There is
considerable amount of tracer retention in the white matter,
which reflects non-specific binding of the compound to
myelin sheath. Because of modest specific binding of ['*F]
FACT in the gray matter of AD patients, spillover from the
white matter could reduce the sensitivity for detecting
amyloid positive subjects. Use of early phase (30 to
40 min postinjection) images can compensate for this
because the relatively stronger signals in the gray matter
persist in this time interval. Partial volume correction may
also be able to improve the discrimindtory power of ['*F]
FACT-PET by eliminating nonspecific signals in the white
matter. Another method to improve the sensitivity for
detecting specific signals in the brain is to create a statistical
map by comparison with a normal control database [19].

One of advantages of ['*FJFACT over BF-227 is its
rapid kinetic profile. ['®FJFACT showed faster washout
from normal brain tissue than BF-227 (Fig. 5) probably
because of the lower lipophilicity of FACT (LogP=1.99+
0.02) as compared to BF-227 (LogP=2.29+0.02). The
neocortical SUVR of ['®F]JFACT reached a peak at
30 min post-administration. This characteristic would also
contribute to reduced procedure and waiting times for
PET scans.
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Conclusion

We successfully developed a novel '“F-labeled ethenyl-
benzoxazole derivative, [**F]FACT, as a PET tracer for
amyloid deposits. This tracer preferentially bound to dense
AP plaques in AD brain sections, visualized cortical amyloid
deposits in APP Tg mice, and demonstrated fast kinetics and
significant retention of ['*F]FACT in sites with predilection
for the deposition of dense amyloid plaques in AD patients
during clinical PET imaging. ['*FJFACT PET distinctly
distinguished AD patients from normal individuals. These
findings suggest that ['*FJFACT may be usable for in vivo
detection of dense AP plaques in AD brains.
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Brain accumulation of amyloid B protein visualized by
positron emission tomography and BF-227 in Alzheimer’s
disease patients with or without diabetes mellitus

Naoki Tomita,' Katsutoshi Furukawa,! Nobuyuki Okamura,® Manabu Tashiro,* Kaori Une,’
Shozo Furumoto,® Ren Iwata,® Kazuhiko Yanai,® Yukitsuka Kudo? and Hiroyuki Arai’

'Department of Geriatrics and Gerontology, Division of Brain Sciences, Institute of Development, Aging and Cancer, *Department of
Neurolmaging Research, Innovation New Biomedical Engincering Center, Tohoku University, *Department of Pharmacology, Tohoku
University Graduate School of Medicine, *Division of Cyclotron Nuclear Medicine, and *Division of Radiopharmaceutical Chemistry,
Cydlotron and Radioisotope Center, Sendai, Miyagi, Japan

Aim: Although diabetes mellitus (DM) is considered to be one of the most consistent risks for developing
dementia, it is not known if the pathology in dementia patients with DM is similar to or distinct from
typical pathological features of Alzheimer’s disease (AD). To discover the mechanism of developing dementia
in AD patients with DM in a living state, we studied the distribution of amyloid B (AP) protein of diabetic AD
patients.

Methods: To evaluate the accumulation of AB, we examined 14 normal controls, four diabetic patients with AD and
11 non-diabetic patients with AD by positron emission tomography (PET) using BF-227, a currently developed AB
tracer.

Results: The analysis of PET images among the three groups showed an abundant aggregated AP
accumulation in the cerebral cortex of both AD patients with and without DM. The extent and distributions
of BF-227 accumulation in diabetic AD patients were not significantly different from these of non-diabetic AD
patients.

Conclusion: These results suggest that the degree and extent of AR deposition is not significantly different between
AD with DM and AD alone. Geriatr Gerontol Int 2013; 13: 215-221.

Keywords: Alzheimer’s disease, amyloid B-peptides, diabetes mellitus, positron emission tomography.

Introduction AD is well characterized by an accumulation of mis-
folded proteins in the aging brain, which results in oxi-
Long-standing lifestyle-related disorders from midlife, dative and inflammatory damage that in turn leads to
such as diabetes mellitus (DM) and hypertension, as energy failure and synaptic dysfunction.® In contrast,
well as obesity, are likely to be prominent risk factors for the impact of DM on the central nervous system (CNS)
developing dementia and Alzheimer's disease (AD).! In is not clearly understood.
fact, it is often found that diabetic patients develop AD Three major components related to type 2 DM that
in their later stage of life. Several separate community- ~ might underlie the effect of diabetes on the CNS in the
based studies suggest that DM might increase the riskof ~ development of AD are insulin resistance, hyperin-
dementia and AD,? though the underlying mechanisms sulinemia and hyperglycemia.* In addition to these three
are still not clearly explained. components, several other components are associated
with the incidence of dementia or progression of cogni-
Accepted for publication 9 April 2012. tive decline. Whitmer ez al. reported that severe hypogly-

cemic events were associated with a greater risk of

Correspondence: Professor Hiroyuki Arai MD PhD, Department dementia.’ In addition, daﬂy acute glucose fluctuations
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University, 4-1 Seiryomachi, Aobaku, Sendai 980-8498, Japan. Leptin, adiponectin and glucagon like peptide-1 (GLP-1)
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are associated with the development of AD.”'® These
components are not fully independent of each other, and
it is unlikely that the impact of DM on the CNS depends
exclusively on a single component. Which components
play the major role might depend on the patient’s clinical
history and the present state of DM.

Each of these components are thought to act on
several different pathways that are important in the
pathophysiology of AD, either indirectly, through
inflammation or the development of vascular disease, or
directly, through effects on amyloid and tau metabo-
lism, and the formation of advanced glycation end-
products (AGE).” (Fig. 1)

Autopsy results in an epidemiological study con-
cluded that macroscopic brain infarcts are more
common in people with DM than those without the
disorder, as well as microvascular changes.' In contrast,
the reported incidence of Alzheimer’s pathology in the
brains of people with diabetes varies between studies.
There are several contradictory papers reporting the
relationship between DM and AD. Beeri efal. have
reported that type 2 DM is inversely associated with
AD pathology; that is, diabetic patients with dementia
have a significantly lower density of senile plaques than
non-diabetic patients with dementia.” Matsuzaki et al.
reported that hyperinsulinemia and hyperglycemia
caused by insulin resistance are positively associated
with the pathology of AD." In the autopsy population of
the Honolulu-Asia Aging Study, the occurrence of
neurofibrillary tangles and amyloid plaques in the hip-
pocampus and cortex in people without the apolipopro-
tein E (APOE) g4 allele were similar to those with and
without DM. However, as for APOE €4 carriers, these
lesions were more common in people with DM than in
people without DM.™ It was also reported that DM
is related to generating atherosclerosis and cerebral
infarction, but not directly to AD pathology in diabetic
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patients with dementia.”>'® Autopsy findings are usually
a mixture of many changes occurring during the living
state, so the findings do not necessarily reflect the
changes that are clinically relevant.

Interaction between medication for DM, especially
the effect of insulin use, and AD neuropathology should
be considered as well, as the population of insulin users
showed a much higher risk of developing dementia in a
cohort study." Biessels ¢t al. showed significantly fewer
amyloid plaques in diabetic patients who received both
insulin and oral antidiabetic medication, as compared
with diabetic patients with other medication statuses or
non-diabetic subjects. The effects of diabetes medica-
tion were specific to amyloid plaques, as the extent of
neurofibrillary tangles pathology was not associated
with diabetes medications.'® However, these findings are
derived from autopsies, and it is not certain if the same
results can be gained from living human brains.

Several neuroimaging studies reported that DM is a
risk factor for silent and symptomatic brain infarcts seen
with magnetic resonance imaging (MRI),’** and DM is
also associated with cortical and subcortical atrophy.”*
As functional imaging, it is well known that reductions
in regional cerebral glucose metabolic rate (CMRglu), as
measured by fludeoxyglucose F 18 positron emission
tomography (FDG-PET), are associated with increased
AD risk and can be observed years before the onset of
dementia.**** Baker ef al. reported that insulin resistance
in persons with normal cognition and prediabetes or
early diabetes without treatment is associated with
reductions in CMRglu measured with FDG-PET.*
However, previous radiological studies had limitations
on discussing the pathological mechanism, as the
modalities used were not directly linked to Alzheimer's
pathology. No studies have been carried out regarding a
pathobiological link between DM and AD in living
human subjects.

Figure 1 The possible pathological
mechanisms associated with the impact
of type 2 diabetes mellitus (DM) on
the central nervous system (CNS).
The major components of DM are
described in the second column (only
the three major components are
described for easier understanding,
though several other components are
mentioned). Just below the column,
the possible mechanism of developing
dementia in type 2 DM. A, amyloid
B protein; AGE, advanced glycation
end-products, APP, amyloid precursor
protein; GLP-1, glucagon like
peptide-1; GSK-3B, glycogen synthase
kinase 3pB; IDE, insulin degrading
enzymes.
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Table 1 Demographic data of the study participants

Diagnostic group

Normal control AD alone AD with DM
n 14 11 4
Sex (male/female) 717 447 2/2
Age 64.5+2.9 78.5+3.9 77.5+5.2
MMSE 29.9+0.1 20.5+0.8 19.4+28
ApoE €4 allele (%) 0.12 0.35 0.37
HbA. (%) 5.7+0.1 5.8+0.1 7.2+04

AD, Alzheimer’s disease; DM, diabetes mellitus; HbA,,, glycated hemoglobin;

MMSE, Mini-Mental State Examination.

In order to clarify etiology and dementia subtypes in
diabetic patients, we took a unique approach to visualize
amyloid B protein (AP) deposition by positron emission
tomography (PET) in living diabetic patients with
dementia. The AP accumulation is successfully and
non-invasively visualized by a recently-developed novel
amyloid imaging probe called BF-227.2%" We used this
tracer and applied it to “diabetic” and “non-diabetic”
patients with clinically-diagnosed AD, to obtain more
insights into ditferences in the extent and distribution of
AB accumulation between diabetic and non-diabetic
groups.

Methods

A total of 14 normal controls (NC), four diabetic
patients with AD (AD with DM) and 11 non-diabetic
patients with AD (AD alone) were examined. All the
dementia patients were clinically diagnosed as probable
AD according to the clinical criteria by “the National
Institute of Neurological and Communicative Disorders
and Stroke — Alzheimer’s Disease and Related Disorders
Association”.* Brain MRI (1.5 Tesla; General Electric,
Fairfield, CT, USA) was carried out on all the partici-
pants to exclude other causes of dementia. All the DM
types of diabetic patients with AD were type 2. The
study protocol was approved by the Committee on
Clinical Investigation at Tohoku University School of
Medicine and the Advisory Committee on Radioactive
Substances at Tohoku University. After a complete
description of the study to the patients and subjects,
written informed consent was abtained.

The PET procedure using BF-227 is described else-
where ®#! BF-227 and its N-desmethylated derivative
(a precursor of [""CIBF-227) were custom-synthesized
by Tanabe R&D Service (Osaka, Japan) ['C]BF-227
was synthesized from the precursor by N-methylation
in dimethyl sulfoxide using ["'Clmethyl triflate. The
["CIBF-227 PET study was carried out using a PET
SET-2400W scanner (Shimadzu, Kyoto, Japan). After

© 2012 Japan Geriatrics Society
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intravenous injection of 211-366 mBq of [''C|BF-227,
dynamic PET images were obtained for 60 min with
cach subject’s eyes closed. Standardized uptake value
(SUV) images of ["C|BF-227 were obtained by nor-
malizing tissue radioactivity concentration by injected
dose and bodyweight. Regions of interest (ROI) were
placed on individual axial MR images in the cerebellar
hemisphere, striatum, frontal, lateral temporal, medial
temporal, parietal, occipital, anterior and posterior cin-
gulate cortices. The ROI information was then copied
onto dynamic PET SUV images, and regional SUV
were sampled using Dr.View/LINUX software (AJS,
Tokyo, Japan). Because there were neither senile
plaques nor glucose hypometabolism in the cerebel-
lum of AD patients, the ratios of regional SUV to cer-
ebellar SUV (SUVR) were calculated as an index of
[""C]BF-227 retention. Neocortical SUVR was calcu-
lated by averaging SUVR in the frontal, lateral tempo-
ral, parietal and posterior cingulate cortices.
Apolipoprotein E genotyping was carried out as previ-
ously described.®

The difference of Neocortex SUVR between the
group of AD with DM and other groups was assessed
with Student’s #-test. The performance of diagnostic
indices to discriminate among groups was assessed
using receiver operating characteristic (ROC) analysis.
Areas under ROC curves (AUC) were calculated and
compared using GraphPad Prism Software (GraphPad
Software, San Diego, CA, USA). Statistical significance
was defined as P < 0.0S.

Results

The clinical features of the three groups, NC, AD alone
and AD with DM, are described in Table 1. Severities of
dementia assessed by Mini-Mental State Examination
were not significantly different between AD alone and
AD with DM. Three patients were treated with only oral
DM medications (patient A glimepiride + pioglitazone;
patient B glimepiride + metformin + voglibose; patient
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Figure 2 Representative BF-227 positron emission tomography images of each diagnostic group. (a) Normal control without
diabetes mellitus (DM; 67-years-old, male, no complication; neocortical ratios of regional standardized uptake value to
cerebellar standard uptake value ratio [SUVR] = 1.122). (b) Normal control with diabetes mellitus (67-years-old, female, insulin
user; neocortical SUVR = 1.012). (c) Alzheimer’s disease (AD) alone (75-years-old, female; neocortical SUVR = 1.230). (d) AD
with DM (79-years-old, female, insulin user; neocortical SUVR = 1.240). (¢) AD with DM (78-years-old, male, non-insulin
user; SUVR =1.18).

218 | © 2012 Japan Geriatrics Society
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Figure 3 Box and scatter plots of ratios of regional
standardized uptake value to cerebellar standard uptake
value ration (SUVR) values with BF-227 in aged normal,
Alzheimer’s disease (AD) alone and AD with diabetes
mellitus (DM) participants. Each circle indicates the mean
SUVR from the mean neocortex. Red colored circle
represents insulin user, whereas blue colored circle
represents non-insulin user. There are no DM patients in
the aged normal group shown with the blue circle. The filled
circle represents the participants with Mini-Mental State
Examination score less than 20. Although both AD with
DM and AD alone showed significantly higher SUVR than
the normal control group (P < 0.05), the difference between
AD with DM and AD alone was not significant (n.s.).

Table 2 Characteristics of insulin users

Subject 1 Subject 2
(no. 4) (no. 6)
(normal (AD patients)
cognition)

Age 67 79

Sex Female Female

MMSE 28 21

ApoE genotype 3/3 3/3

CSF total tau (pg/ml) - 334

BMI 24.7 19.8

HbA,, (%) 7.6 8.2

Medication Insulin only Insulin,

metformin
Hypoglycemic event several none
Duration of insulin 11 7

use (years)

AD, Alzheimer's disease; BMI, body mass index; CSF,
cerebrospinal fluid; HbA,,, glycated hemoglobin; MMSE,
Mini-Mental State Examination.

C metformin + voglibose), whereas only one AD with
DM patient used insulin in addition to metformin. One
DM patient was present in the normal control group.
This patient in the control group had no oral medica-
tion. Insulin injection was the only medication.
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MRI scans showed no or very few ischemic or hem-
orrhagic lesions observed in any of the participants.
These small lesions were not strategic. White matter
lesions (both periventricular and deep white matter) are
all less than mild according to the Fazekas criteria (data
not shown).>*

After we obtained demographic information, we ana-
lyzed PET images with BF-227 among the three groups,
and representative brain PET images are shown in
Figure 2. As indicated in the figure, both the patients
with AD alone and AD with DM showed significantly
more robust retention of BF-227 than NC. Statistical
analysis showed a significantly higher SUV-R of BF-227
(P <0.05) in the cerebral cortex of AD alone and AD
with DM than NC, as shown in Figure 3. Neocortical
SUV-R of BF-227 in AD alone and AD with DM are not
significantly different. Both the patients with AD alone
and AD with DM showed increased BF-227 uptake in
frontal, temporal, parietal, occipital and cingulated
gyrus. The pattern of uptake was similar between the
DM patients with insulin use and those without the use
of insulin (Fig. 2). A similar pattern of uptake between
insulin users and non-insulin users was seen both in the
control group and the AD with DM group.

The clinical profiles of the two insulin users are
shown in Table 2.

Discussion

The present study had two major findings. First, the
uptake of BF-227 was significantly higher in both AD
groups than that of the normal control group, regard-
less of DM complication. Second, the amount and
pattern of the uptake was not affected by the use of
insulin, both in the control group and the AD with DM
group.

The first result that the severity and extent of the
deposition did not differ significantly between the two
groups suggests that both AD with DM and AD alone
have robust deposition of senile plaques or typical AD
pathology. In addition, all the participants we examined
showed no or very few vascular lesions observed with
MR, indicating that we could exclude vascular demen-
tia. The present result showed that the cause of
developing dementia in DM patients cannot be fully
explained by vascular mechanism. From the results of
previous studies,'* we assumed that either extra or less
deposition of amyloid plaques would be seen in the
brain of AD patients with DM complication. However,
the brains of AD patients with DM showed a similar
pattern and severity of the amyloid deposition to that
seen in the brains of AD without DM complication.
One possible explanation is that some kinds of protein
that cannot be detected by BF-227 play a more impor-
tant role than the classical aggregated plaque. Soluble
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AB oligomers, which cannot be detected by BF-227,
were shown to lower insulin receptor responses to
insulin and cause substantial loss of neuronal surface
insulin receptors.® Another possibility is that the
additional effect of DM complication appears mainly
through the increase in phosphorylation of tau, instead
of an increase of AB plaque.

The second result of AD patients is in conflict with
those reported by Beeri et al.'® According to their con-
clusion, the AD patient with insulin and metformin
use (subject 4 in Fig. 2) should have shown fewer
senile plaques (lower uptake) as compared with
diabetic patients with other medication status or
non-diabetic subjects. One explanation for this incon-
sistency is that he/she was an APOE €4 non-carrier.
The occurrence of neurofibrillary tangles and amyloid
plaques in people without the APOE €4 allele were
similar to those with and without DM in the autopsy
population of the Honolulu-Asia Aging Study.™ It is
assumed that the effect of insulin and other medication
use on reducing the plaques might only be effective in
reducing the extra deposition of amyloid plaques in
APOE €4 carriers.

It was also found that the insulin user with normal
cognition (subject 2 in Fig. 2) showed no difference in
uptake. This subject was not obese, and started insulin
injections 11 years before she undertook the PET pro-
cedure. Her glycohemoglobin level was 7.6%, and she
had experienced several hypoglycemic events just
before participation in the present study. From these
clinical features, we assume that one of the main com-
ponents of her DM were fluctuations of her blood
glucose level (hyperglycemia and hypoglycemia). The
interaction with ApoE e4 might also be thought to be
an explanation.

A limitation of the present study was that we could
not adjust some factors, such as age, due to the small
sample size. Because of the small sample size, the
present study should be treated as a preliminary report.
In addition, we could not measure the value of their
homeostasis model assessment ratio, which is one of the
key indicators of insulin resistance. We could not
measure this indicator of insulin users, because they
already had started insulin before admission to our
clinic. Further studies are required to clarify the present
report.

In conclusion, the present study provided new and
important preliminary findings that a similar patho-
mechanism, which is the deposition of robust aggre-
gated AP in the brain, is shared in both AD with DM
and AD alone.
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