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Figure 1. Chemical structures of p-sheet binding agents.

FDDNP PET and [''C]PIB PET showed lower specific bind-
ing of ['|FJFDDNP in AD patients than that of [''C]PIB (9.
However, marked differences in tracer distribution were
observed between these tracers. Intriguingly, negligible PIB but
strong FDDNP binding was in the medial temporal cortex of
AD patients, suggesting higher binding affinity of FDDNP to
NFTs than PIB (601

At present, the most successful amyloid-binding agent is a
thioflavin-T derivative, N-methyl-[''C] 2-(4"-methylaminophenyl)-
6-hydroxybenzothiazol (['!C]PIB), which has been shown to
possess a high affinity for AP fibrils [61,62). An autoradio-
graphic study using AD brain sections revealed that ']
PIB, in addition to binding to the classical fibrillar AP
plaques, also binds to a range of AP-containing lesions,
including diffuse plaques and cerebrovascular amyloid
angiopathy (631. Micro-PET evaluations in transgenic mice
models of AD were performed with a high specific activity
[''CIPIB, showing [''C]PIB retention colocalizing with
plaques (641, It was also reported that PIB preferentially
binds one kind of the N-terminal truncated AP1-42(43)
species in senile plaques, more specifically, the one truncated
at position three (AP3(pE)), displaying a fivefold higher
affinity for AP3(pE)1-42(43) than for AB1-42(43). This is

relevant because the accelerated formation of plaques seems

to be associated with this AB3(pE)1-42(43) species [65].
In vitro binding studies indicated that PIB preferentially
binds to AB1-42 fibrils with high affinity (61). Positive PIB
staining of DLB brain sections colocalized with immunore-
active AP plaques, but failed to stain Lewy bodies, whereas
image quantification analysis suggested that given the small
size and low density of Lewy bodies within the brains of
DLB subjects, any contribution of Lewy bodies to the [''C]
PIB PET signal would be negligible (66]. In a similar way as
with o-synuclein fibrils, PIB binds to NFTs with a compara-
tively lower affinity than AP (63], further confirming that the
in vivo PIB cortical uptake primarily reflects APB-related
cerebral amyloidosis.

[''C]PIB retention can be quantified through binding
potential (BP), distribution volume ratios (DVR) or, semi-
quantitatively, through standardized uptake value ratios
(SUVR). DVR can be calculated through Logan graphical
analysis of dynamic PET data and either using metabolite-
corrected arterial plasma as input function or the radioactivity
in the cerebellar cortex — a region generally devoid of SPs — as
a reference region. Quantitative assessment of PIB retention
was validated by studies performed in controls, MCI and AD
patients [67.68]. These studies showed that DVR of PIB in AD

patients was nearly twice that in controls in the neocortex.
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The quantitative DVR measurement based on arterial input
function is generally considered as the gold standard; however,
the semiquantitative SUVR method without arterial blood
sampling is widely used as a simple approach to estimate AP}
burden. Comparison of several quantitative and semiquantita-
tive methods showed that the SUVR approach was the most
robust in terms of test—retest variability and maximum effect
size between AD patients and controls [68]. However, disad-
vantages of the SUVR include inherent bias and potential
for time-varying outcomes. A recent report selected the
50 — 70 min post-injection time window for SUVR measure-
ment in PIB-PET as the best compromise between physio-
logic validity, agreement of outcomes and study feasibility (69).
Cerebral atrophy can cause underestimation of PET measure-
ments. Thus, the failure to account for the effect of partial-
volume effects in brains with expanded sulci has contributed
to the confounding results in functional imaging studies of
ageing and dementia [70]. A recent study indicated that partial
volume correction led to a small positive bias, but did not
affect discriminatory performance between AD patients and
controls [71]. However, partial volume correction is paramount
in the analysis of patients with severe cerebral atrophy.
["'C]PIB PET studies in human subjects have shown a
robust difference between the retention pattern in AD
patients and healthy controls, with AD cases showing a sig-
nificantly higher retention of [''C]PIB in the neocortical
areas of the brain affected by AP deposition (72,73]. The
[''C]PIB retention in the neocortical areas is correlated with
the AP plaque load (Figure 2) (74-76]. Most of frontotemporal
dementia cases show no increase in PIB retention. By con-
trast, ~ 80% of DLB cases showed abnormal PIB DVR
values in the neocortex (73]. [''C]PIB DVR values in the
neocortex are also higher in DLB patients than in cases of
PD with dementia (PDD) (771. The differential amyloid load
of DLB and PDD suggests that these clinically similar con-
ditions can be differentiated on the basis of amyloid deposi-
tion. The uptake of [''C]PIB in the brain is also elevated in
subjects diagnosed with cerebrovascular amyloid angiopathy
and shows a similar distribution as in AD cases [78]. [''C]
PIB binding in the brain is correlated with the rate of cere-
bral atrophy in AD subjects [79], and with decreased cerebro-
spinal fluid (CSF) AB1-42 in both demented and non-demented
subjects (80 Multimodality studies in early AD patients
have shown that the AB deposition correlates with atrophy
and metabolism reduction in posterior cortical regions (s1).
Also, this deposition is inversely correlated with the activa-
tion of language centers, leading to a functional reorganiza-
tion of the language system [s2]. Intriguingly, ~ 30% of the
healthy control subjects showed a cortical binding of ['C]
PIB, predominantly in the prefrontal cortex and the posterior
cingulate/precuneus areas, with some of them displaying the
same degree of retention as observed in AD subjects [7383384].
Approximately 20 — 30% of healthy, age-matched subjects
showed elevated BP values, predominantly in the prefrontal
and posterior cingulate cortices [7383]. The demonstration

of [M'CJPIB binding in a proportion of elderly normal
subjects supports the post-mortem observation that the
AP aggregation occurs predominantly before the onset of
dementia [48). However, there is at present no evidence of
how many PIB-positive normal individuals will develop
dementia or how long the interval is between the detection
of significant AP burdens and the onset of dementia. Longi-
tudinal studies are needed to elucidate the relation between
amyloid deposition and time course of AD.

Amnestic MCI is considered a prodromal state of AD,
though not all individuals with MCI will develop AD; MCI
converters and non-converters are difficult to distinguish pro-
spectively from a clinical and neuropsychological perspective.
Analysis of PIB-PET images in MCI subjects revealed a
bimodal distribution of PIB retention in the neocortex. About
two-thirds of MCI cases showed neocortical PIB retention
similar in distribution (and sometimes in degree) to AD,
whereas the other third of MCI cases showed no cortical
retention, similar to healthy elderly individuals (73.8586. A
recent study demonstrated higher PIB retention in MCI con-
verters than in non-converters, suggesting the utility of amy-
loid imaging in the prediction of progression to dementia (sg].
Comparison of FDG-PET and PIB-PET demonstrated better
group discrimination in non-amnestic and amnestic MCI
subjects by PIB-PET (1. A direct comparison of MRI with
PIB-PET was also performed in the control, MCI and AD
populations 87]. The voxel-by-voxel comparisons of AD versus
control patients revealed differences in the topographical distri-
bution of amyloid deposition and in grey matter loss, suggest-
ing that these two imaging strategies provide complementary
information about AD pathology.

Longitudinal assessment of PIB retention is potentially use-
ful for the assessment of treatment efficacy of anti-amyloid
therapies. Two serial PIB-PET studies demonstrated that
AD patients showing cognitive decline and deterioration of
cerebral glucose metabolism were stable in neocortical PIB
retention over 2 years and an overall change in neocortical
PIB retention of AD patients was below the test—retest
reproducibility (3 — 7%) for PIB-PET (ss,s9). Jack et al.
recently demonstrated the dissociation between PIB rate of
change and annual change in brain atrophy as measured by
MRI [90]. They demonstrated that PIB retention proceeds at
a constant slow rate whereas the atrophy rate in MRI accel-
erates during the course of AD. In addition, clinical symp-
toms of AD were closely associated with the rate of atrophy
as measured by MRI, but not to the rate of AP deposition
as measured by PIB-PET. From these results, it can be
speculated that amyloid deposition reaches a plateau before
the presentation of dementia and its slow increase does
follow a parallel course with the clinical progression of AD.

Although SPECT studies with 123]_labeled 6-iodo-2-
(49-dimethylamino-) phenyl-imidazo[1,2-0]pyridine (IMPY)
and its derivatives have not yet fulfilled their potential as
amyloid-imaging probes [91], other promising candidates for
amyloid-imaging agents can be found among stilbene and
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Figure 2. Representative sagittal and transaxial positron emission tomography images showing the different regional uptake
of [''CIPIB in two asymptomatic healthy age-matched controls (PiB-negative HC and PiB-positive HC), a participant with mild
cognitive impairment (MCI) and a participant with Alzheimer’s disease (AD) (right), along with schematics showing the
stages of Ap deposition in the human brain as proposed by Braak and Braak (1997) (left).

Braak, H., & Braak, E. (1997). Frequency of stages of Alzheimer-related lesions in different age categories. Neurobiology of Aging, 18(4), 351-357.

AD: Alzheimer's disease; SUVR: Standardized uptake value ratios.

styrylpyridine derivatives (92, In an eady clinical study, the
1C labeled stilbene derivative 4-N-methylamino-4"-hydroxystilbene
(SB-13) demonstrated an abnormal tracer uptake in the AD
brain [93]. Benzoxazole derivatives are also promising alternatives
for amyloid-imaging probes 4. A PET study using the
1C-labeled benzoxazole derivative 2-(2-[2-dimethylaminothiazol-
S-yl]ethenyl)-6-(2-[fluoro]ethoxy) benzoxazole (BF-227) dem-
onstrated the retention of this tracer in cerebral cortices of
AD patients, but not in those of healthy elderly subjects.
AD patients were clearly distinguishable from healthy elderly
individuals using neocortical uptake of [''C]BF-227 [95.
A voxel-by-voxel analysis demonstrated a higher retention of
[M'C]BF-227 in the posterior association cortex of AD
patients. The pattern of this distribution corresponds well
with the distribution of neuritic plaque depositions in post-
mortem AD brains. These findings suggest that [''C]BF-227
is a promising PET probe for in wivo detection of dense
amyloid deposits in AD patients.

Owing to the limited half-life of 1C (20.4 min), the use
of ""C-labeled agents is limited to facilities with an on-site
cyclotron. '8F has a much longer radioactive half-life (109.7 min)
than "'C, allowing AP imaging at PET centers without on-site
cyclotrons. There are two major difficulties in developing

18F_labeled PET agents: fluorination increases lipophilicity,
resulting in slower clearance from myelin-rich brain structures
such as white matter, and incorrect labeling with '8F some-
times leads to defluorination and '8F accumulation in bone.
A recent PET study using the !8F-labeled stilbene derivative
trans-4-(N-methylamino)-4"-{2-[2-(2-['®F]fluoro-ethoxy)-
ethoxy]-ethoxy}-stilbene (BAY94-9172) showed widespread
neocortical retention in AD patients [9¢]. The binding of
['8F]BAY94-9172 matched the histopathological distribu-
tion of amyloid plaques in AD and clearly discriminated
between AD and healthy controls. This tracer provides
images of similar appearance to [''C]PIB PET without the
inherent limitation of the 20 min half-life.

6. Expert opinion

AD and many other neurodegenerative disorders, including
FTD, progressive supranuclear palsy, corticobasal degeneration,
PD, DLB, multiple system atrophy and prion disease, belong to
the family of protein misfolding diseases, characterized by pro-
tein self-aggregation and deposition (Table 2). The tissue deposits
observed in the brains of these diseases usually contain an
enriched B-sheet structure, suggesting a potential target for
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Table 2. Protein misfolding diseases and their fibrillar deposits.

Protein Fibrillar deposits Diseases
Amyloid B Senile plaque Alzheimer's disease
Cerebrovascular amyloid Down’s syndrome
Cerebral amyloid angiopathy
Tau Neurofibrillary tangle Alzheimer’s disease
Pick body Frontotemporal lobar degeneration
Tufted astrocytes Progressive supranuclear palsy
Astrocytic plaque Corticobasal degeneration
o-Synuclein Lewy body Parkinson’s disease
Glial cytoplasmic inclusions Dementia with Lewy bodies
Multiple system atrophy
Prion Prion plagque Creutzfeldt-Jakob disease
Variant Creutzfeldt-Jakob disease
Gerstmann-Straussler-Scheinker disease
TDP-43 Neuronal cytoplasmic inclusion Frontotemporal lobar degeneration

Neuronal intranuclear inclusion

Skein-like inclusion

Amyotrophic lateral sclerosis
Guam parkinsonism-dementia complex

Table 3. Comparison of positron emission tomography
and near-infrared fluorescence imaging.

Near-infrared
fluorescence imaging

PET imaging

Amount of probe  Low (nanograms  High (micrograms to

required per body) milligrams per body)

Spatial resolution  High (several Low (depending on the
millimeters) depth of object)

Time resolution Low (min) High (sec)

Quantitativity High (absolute Low (relative
quantitation) quantitation)
Measurable No limit Limited (< 10 cm)
depth range (whole brain)
Invasiveness Yes (radiation No
exposure)

Cost of imaging
devices

High (several
million US$)

Low (tens or hundreds
of thousands US$)

non-invasive imaging by B-sheet binding agents. Thus, molecular
PET imaging has the potential to be extended to this wide spec-
trum of protein misfolding diseases. Specifically, an in vivo
imaging technique for aggregated tau proteins is most needed
because NFTs as well as SPs are the major hallmarks in the
pathology of AD. Neuropathological studies suggest that the loss
of neuronal function and disease severity are more closely cor-
related to the density of NFTs than to the density of SDs.
Furthermore, the deposition of NFTs also starts before the pre-
sentation of clinical symptoms in AD 48]. Even in the very early
stages of AD, patients display a considerable number of NFTs in
the entorhinal cortex and the hippocampus, sufficient for the
neuropathological diagnosis of AD. Prevention of NFT formation

is thus an important target of anti-dementia drugs. The
inhibition of abnormal tau hyperphosphorylation, its aggre-
gation, and the direct stabilization of microtubules appear to
be promising therapeutic strategies in AD [95]. Thus, the
non-invasive evaluation of tau pathology would not only
assist in the early diagnosis of AD and other tauopathies,
but also facilitate the monitoring of the efficacy of such new
treatments. Although FDDNP-PET is reported to detect
both AP and tau pathologies in the AD brain (56-58], no
surrogate markers are available for selectively evaluating the
deposition of NFTs. Selective tau imaging agents for PET
and SPECT are still in the development stage [97]. Prion
proteins are another target of [-sheet binding agents.
Actually, AP binding agents have shown a high binding
affinity to prion amyloid deposits because these prion deposits
share the common secondary B-sheet structure with brain
AB deposits in the AD. Therefore, existing B-sheet binding
agents would be useful for the in vivo detection of prion
amyloid plaques in the brain. A clinical PET study using
FDDNP and PIB in familial Creutzfeldt—Jacob disease (CJD)
patients with a PrP gene mutation (98] showed a moderate
retention of FDDNP and no retention of PIB in the brain,
suggesting that FDDNP has a greater binding affinity for
prion amyloid plaques than PIB. Similar lack of PIB retention
was reported for two cases of autopsy-confirmed sporadic
CJD [99). For an early and accurate diagnosis of prion disease,
agents that can sensitively detect prion amyloid deposits
should be explored further.

Near-infrared fluorescence imaging is expected to have
a major impact in molecular AP imaging, as an alternative
to PET. A study using a near-infrared fluorescence oxazine
dye, AOI987, has successfully demonstrated the in vivo
detection of amyloid plaques in the mouse brain using
near-infrared fluorescence imaging [100]. For imaging
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amyloid in the brain, near-infrared fluorescence probes are
required to have a long wavelength (> 600 nm), enough
to penetrate the body tissue, and highly selective binding
to AP. The major limitations of near-infrared fluorescence
imaging are the low spatial resolution, the low quantitative
ability and the limited measurable depth range (Table 3).
However, the greatest benefit of near-infrared fluorescence
imaging is the relatively lower cost of the imaging devices
than in PET imaging. This technique is potentially useful
for the screening of amyloid deposition in the population
that has a risk of developing dementia.

Molecular imaging is a powerful tool for understanding
the pathophysiology of AD. In vive detection of amyloid
plaques enables the detection of AD patients in their
early stage. Clinical application of tau-specific ligands will
contribute towards improved differential diagnosis of
dementia and monitoring the severity of tau pathology in

the brain. These imaging techniques and forthcoming
anti-dementia therapy will contribute to the eradication of

AD in the furture.
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