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Abstract

Purpose The complexities of pathological changes in Alzheimer’s disease (AD) and their relationships with associated
risk factors and clinical symptoms, and the development of disease-modifying therapy or preventive intervention for AD
are being intensively investigated. The emerging advances in brain positron emission tomography (PET) imaging allow for
in vivo visualization and quantitation of specific neurochemical and molecular pathophysiologic changes in the brain tissue.
This review is focused on the recent advances in molecular PET imaging of the brain and its clinical applications in AD.
Methods The development in PET radiopharmaceuticals targeting brain glucose metabolism, amyloid accumulation, tau
protein aggregation, neuroinflammation, acetylcholine system, and synaptic density are discussed along with their potential
clinical applications in AD.

Results PET imaging studies can provide diagnostic and prognostic biomarkers of AD, as well as for selection and monitoring
of novel therapies. Given the complexity and potential overlapping pathologies and comorbidities, a single biomarker can
neither provide the diagnostic certainty required for early detection of AD nor the identification of presymptomatic at-risk
individuals. Therefore, multimodal studies are required to better understand the relationships between different biomark-
ers, answer the controversial issues, and incorporate new diagnostic criteria for the various stages in the continuum of AD.
Conclusion Molecular PET imaging studies have significant roles in the clinical practice and the clinical trials of novel
therapeutic agents in AD. However, standardization and validation across multiple participating sites are still required for
the subsequent transition from clinical research into clinical practice.
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1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease and the most common cause (60-80%) of
dementia [1]. In more than half of cases, AD is associated
with other neurodegenerative co-morbidities [2]. AD affects
millions of people and leads to a tremendous socioeconomic
burden worldwide [3]. Current mainstream therapies of AD
have limited efficacy and cannot effectively decelerate the
progression of this disease.

The definitive pathomorphological diagnosis of AD
requires brain autopsy or biopsy with extracellular amyloid-
beta (AB) plaque and intracellular neurofibrillary tangles
(NFTs) composed of filamentous tau proteins. Other fre-
quent pathological findings in the AD brain include dys-
trophic neurites, activated microglia, reactive astrocyte,
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eosinophilic Hirano bodies, granulovacuolar degenera-
tion, cerebral amyloid angiopathy with synaptic and neu-
ronal damage in vulnerable regions [4-6] (Fig. 1. Various
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Fig. 1 Proposed mechanisms and pathologies in AD

hypotheses regarding the etiologies of AD include the
amyloid, tau propagation, cholinergic, inflammatory, mito-
chondrial cascade, calcium homeostasis, neurovascular,
metal ion, and lymphatic system hypotheses [7]. Recently,
it was proposed that AD has multiple and complex causali-
ties which can overlap [8]. However, the link between these
multiple pathological changes, the sequences, and possible
overlap of occurrence, their relationships with associated
risk factors and clinical symptoms, and the development of
disease-modifying therapy (or preventive intervention) for
AD are yet to be established.

Current recommendations for defining the preclinical
and early symptomatic stages of AD help to improve early
and accurate clinical diagnosis, select the candidates for
potential therapeutic intervention, and monitor treatment
efficacy [9, 10]. The emerging advances in brain imaging
using high-resolution PET/CT and PET/MRI instruments,
new molecular-targeted radiopharmaceuticals, and quanti-
tative analysis software, allow for in vivo visualization and
quantitation of specific pathomorphological (i.e., neurode-
generation) and pathophysiological (i.e., altered function
of neurotransmitters) changes in the brain tissue, including
AB and Tau protein depositions, neuroinflammation, and
in both clinical and research settings [11, 12]. Advanced
molecular, functional, and morphologic imaging enables a
holistic understanding of the spatial and temporal dynamics
of multiple processes involved in the progression of AD.
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These imaging technologies enable a more accurate diag-
nosis and prognosis of AD and facilitate the development of
more effective therapies [6, 13—17]. Here, we reviewed the
recent advances in molecular PET imaging of the brain and
its clinical applications in AD.

2 Developmentin PET
Radiopharmaceuticals

The ideal characteristics of radiopharmaceuticals for
imaging molecular targets in the brain include (a) easy
labeling with radionuclides; (b) sufficient lipid-solubility
(LogP 0.8-2.4) to facilitate passive diffusion cross the
blood—brain barrier (BBB); (c) high affinity and selectiv-
ity for the target (i.e., for amyloid plaques, tau protein or
receptors); (d) slow dissociation from the target binding
site; (e) rapid clearance from the blood and tissues that
don’t express the target; (f) resistance to systemic metabo-
lism (i.e., liver microsomal enzymes) to prevent the con-
tribution of radiolabeled metabolites to the background
radioactivity in tissues [18]. Several PET radiotracers have
been developed for imaging of various molecular targets
in AD, which can be divided into 6 categories according
to pathophysiologic mechanisms of AD: (a) brain glucose
metabolism, (b) A deposition, (c), tau protein aggregation
(d) neuroinflammation, (e) acetylcholine transport, and
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Fig.2 Examples of radiopharmaceuticals used for brain PET imaging studies in AD; A FDG, B amyloid-beta tracers, C tau tracers, D TSPO
tracers, E acetylcholine transporter tracers, and F synaptic density tracers
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(f) synaptic density. The chemical structures of PET radi-
opharmaceuticals used in AD are summarized in Fig. 2,
while the examples of normal scans compared to abnormal
scans in AD are provided in Fig. 3.

2.1 Radiopharmaceuticals for Brain Glucose
Metabolism

Neurons in the human brain demand glucose as an obliga-
tory energy resource for physiological brain function to gen-
erate ATP and neurotransmitters [19]. Ido et al. developed
the first '8F-2-deoxy-2-fluoro-p-glucose (‘F-FDG) synthesis
to mimic glucose in 1978 [20]. BE_FDG was modified from
14C-2-deoxyglucose [21], an analog of D-glucose, by sub-
stituting carbon-2 (C-2) in which equatorial hydroxy with
fluorine-18 (Fig. 2). The rationale of the '®F-FDG design
[22] is based on the fact that the fluorine atom has a Van der
Waals radius that is smaller but still sufficiently similar to
that of the hydroxyl group, but is more electro-negative; it
has a strong C—F bond on C-2 which preserves the pharma-
cological properties of '*C-2-deoxyglucose [23] required for
glucose transporter (Glut-1) binding and hexokinase (HK)
enzyme affinity. After the uptake in neurons facilitated by
Glut-1, the hydroxyl group on carbon-6 of '®F-FDG can be
phosphorylated by hexokinase to become '*F-FDG-6-P,
which is not a substrate for glucose 6-phosphatase (EC
3.1.3.9, G6Pase) due to the presence of fluorine in the C-2
position instead of a hydroxyl group. Therefore, it is meta-
bolically trapped inside the neurons proportionally to glu-
cose metabolic activity. The 110-min half-life of fluorine-18
allows for efficient washout of non-metabolized '*F-FDG
from the tissues and its renal clearance from the blood,
which results in a high target to background tissue ratios in
PET images [24].

2.2 Radiopharmaceuticals for Imaging Amyloid
Accumulation

The radiopharmaceuticals targeted to bind to insoluble AB40
and AP42 isoforms can be divided into two classes, based
on the pharmacophore:

1. Benzothiazole class Previously, thioflavin-T, a common
in vitro fluorescent probe known to bind AP protein,
was used for in situ staining of amyloid plaques based
on its ability to bind diverse types of amyloid fibrils
[25]. This led to the development of !'C-Pittsburg
Compound B (!!C-PIB)—the first in humans in vivo
AP imaging tracer [26]. The F-18 styryl benzoxazole
derivative of PIB was introduced as '*F-Flutemetamol
(previously '®F-GE067) to overcome the limitation of
the short half-life of C-11 [27]. '®F-Flutemetamol was
approved by both FDA in 2013 and EMA in 2014 [28,
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29]. Later, Swahn et al. reported BF_NAV4694, which
has lower lipophilicity, decreased non-specific binding,
and increased washout rate from non-target tissues [30].

2. Stilbene class Polyethyleneglycol stilbene serendipi-
tously showed excellent binding affinity to Ap aggre-
gates similar to thioflavin-T and its derivatives [31].
To date, the FDA approved two tracers in this class,
including '®F-Florbetaben and '®F-Florbetapir [32, 33].
The '8F-Florbetaben (previously '®F-BAY94-9172) or
8F_AV-1 shares common planar structure to !'C-PIB
with extended aromatic systems and alkylamino substi-
tution [34]. The 18F-Florbetapir ('8F-AV-45) contains a
pyridine ring substituted at position 2 of ®F-Florbetaben
[35].

2.3 Radiopharmaceuticals for Imaging Tau Protein
Aggregation

Another pathology pertinent for AD diagnosis is the intra-
neuronal aggregation of tau protein [36]. Primary challenges
in the development of tau-targeted radiotracers included:
(a) the ability to cross the BBB neuronal cell membrane;
(b) high selectivity to specific or multiple tau isoforms at
least 10-fold, as compared to the selectivity of Ap-targeted
radiotracer, due to 5-20 times lower abundance than A
plaques [37]. Tau-targeted radiotracers can be grouped into
two generations:

1. The first-generation The 'SF-FDDNP represents the first
milestone in the development of the tau-targeted radi-
otracers [38]. '*F-FDDNP binds to both Ap plaques and
NFTs. Despite its high non-selective in vivo binding, it
encouraged extensive efforts to develop the first selective
tau-targeted radiotracer in the arylquinoline class, '3F-
THKS23 [39]. The THK family tracers were synthesized
with modified substitutions to improve in vivo potency
and pharmacokinetic properties. '*F-THK-5105 and '®F-
THK-5117 are racemic mixtures, while the S-enantiom-
ers, ISF-THK-5317 and '®F-THK-5351, showed superior
4R affinity to R-enantiomer, 18R THK-5451 [40-43].
The ¥F-T807 (AKA '8F-AV-1451 or '"®F-Flortaucipir)
and '8F-T808 are two representative tracers in the pyri-
doindole class [44, 45]. The core structure of '*F-T808
is benzo[4,5]imidozol[1,2-a]pyrimidine with aliphatic
fluorine. While '8F-T807 is a pyrido[4,3-b]indole with
I8F_substitution on pyridine ring, it is more stable to
oxidative defluorination. To date, 'F-T807 is the only
FDA-approved tau tracer [46].

Another direction in the development of tau-targeted
radiotracers was based on the chemical structure of an
Ap-targeted radiotracer 'C-PBB3 (pyridinyl-butadie-
nyl-benzothiazole 3) [47]. However, its butadiene bridge
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can undergo photoisomerization, resulting in low radio-
chemical purity.

2. The second-generation Several new tau-targeted radi-
otracers are designed focusing on higher affinity and
specificity to tau aggregates, improved pharmacoki-
netic profiles, and minimizing off-target binding to cir-
cumvent drawbacks observed in the first-generation of
tau-targeted radiotracers. The 'F-RO-948 was modified
from '®F-flortaucipir to lessen the lipophilicity and lower
plasma-free F-18 fraction. It shows excellent kinetics
without off-target retention [48]. Further SAR explor-
ing the 4-pyridine side chain of '*F-R0O-948 resulted
in 'F-PI12620 [49]. With the same pyrolo[2,3-b:4,5-
¢’]dipyridine core structure, both tracers have a high
affinity for aggregated tau and significantly reduced
MAO-A binding properties. To prevent the defluorina-
tion observed in '®F-T808, two geminal deuterium atoms
were incorporated in the benzimidazopyrimidine core of
I8R.GTP-1 [50]. Later, using intensive SAR studies the
BE_MK6240 containing an azaindole core was designed
to minimize the effect of fluorine on isoquinoline ring
with the primary amine, which improved high affinity
to NFT [51].

2.4 Radiopharmaceuticals for Imaging
Neuroinflammation

Although neuroinflammatory response mechanisms in neu-
rodegeneration are unknown, translocator protein (TSPO),
previously known as peripheral benzodiazepine receptor
[52] is upregulated in neuroinflammation and is considered
a potential biomarker [53]. ''C-PK11195, a lipid-soluble
isoquinoline carboxamide with R-enantiomer at N-sec-butyl
side chain, was developed as the first radioligand targeting
TSPO [54].

More than 50 new tracers have been developed to date
aiming to increase the specific binding to TSPO by reduc-
ing lipophilicity, including: ''C-PBR28 [55], ''C-DAA1106
[56], "®F-FEDAA1106 [57], "®F-FEPPA [58], '*F-FEMPA
[59], and "®F-DPA714 [60]. Recently, two novel tracers, e
ER176 and '8F-Ge180, showed an improved selectivity to
TSPO [61, 62]. The 'C-ER176 is the quinazoline analog of
HC-PK11195 [61], while the '8F-Ge180 possesses a tricyclic
indole core structure [62].

2.5 Radiopharmaceuticals for Imaging
Acetylcholine System

Significant achievements have been made in the develop-
ment of PET radiotracers for imaging cholinergic system
functions in the brain, including radiotracers targeted to:

2.5.1 Muscarinic Acetylcholine Receptors (mAChR)

The mAChR subtypes 1, 4, 5 are mainly found in CNS [63].
The ''C-Xanomeline, an M1/M4 preferring orthosteric ago-
nist, was investigated using SAR to optimize the side chain
[64]. Searching for a more selective M1 mAChR agonist, the
''C-AF150 was developed as an S-enantiomer rigid analog
of Ach [65]. The ''C-GSK1034702 is a novel M1 mAChR
agonist with N-substituted benzimidazolone moiety with
a robust in vivo activity [66]. By changing to indolinone
moiety, the ''C-LSN3172176 has lower lipophilicity, rapid
metabolism, although a moderate affinity [67]. !'C-MK6884
is the only M4 specific allosteric modulator developed to
date [68].

2.5.2 Nicotinic Acetylcholine Receptors (nAChR)

A primary subtype of nAChR is the heteromeric a4p2 recep-
tor—the binding target for radiotracer development. Several
radiotracers were demonstrated to bind to a4p2 receptors.
Highly-specific a4p2 nAChR targeted tracers include: the
8F_Nifene, which was modified from a previous prototype,
BE_2FA, employing a 3-pyrroline ring connecting to pyri-
dine [69]; the I8F_Flubatine, with an azabicyclic core struc-
ture [70]; and '8F-AZAN, an azabicyclo [2.2.1]heptane [71].
Moreover, an attempt to target another major subtype
of homomeric o7 receptor was first reported by Hashi-
moto et al. [72]. The ''C-Chibal001 contains a diazabi-
cyclo[3.2.2]nonane. A further structural modification was
reported as '®F-ASEM, which replaced phenylformate in
'1C-Chibal001 with dibenzo[b,d]thiophene moiety [73].

2.5.3 Cholinergic Enzymes (AChE)

Acetylcholinesterase, known as AChE, catalyzes the cleav-
age of acetylcholine in synapses [52]. Various compounds
have been investigated over the past three decades to quan-
tify AChE. The ''C-AMP [74] and ''C-PMP [75] are simple
esters that cross BBB and serve as substrates of AChE. The
AChE-hydrolyzed products of these radiotracers become
more polar and thus are metabolically trapped in the brain.
Similarly, '!C-BMP [76] is cleaved by the butyrylcho-
linesterase (BChE), the second cholinesterase exhibiting an
increased expression/activity in AD.

2.5.4 Vesicular Acetylcholine Transporters (VAChT)

VACHT is a major vesicular acetylcholine transporter. In
1969, Vesamicol (2-[4-phenylpiperidino] cyclohexanol)
was reported to inhibit the transport of acetylcholine into
synaptic vesicles in cholinergic nerve terminals [77]. Sub-
sequently, '8F-FEOBV [78], and '8F-VAT [79] have been
developed based on the SAR of Vesamicol to visualize the
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regulation of acetylcholine uptake at the synaptic vesicular
level.

2.6 Radiopharmaceuticals for Imaging Synaptic
Density

Synaptic vesicle glycoprotein 2A (SV2A) is pervasively
expressed throughout the brain. It is also the binding site
of Levetiracetam, an antiepileptic drug [80]. Towards
the development of SV2A-targeted radiotracers, an
acetamide moiety in the structure of Levetiracetam was
replaced either by pyridine or imidazole moieties, and

Table 1
[10]

The A—T—(N) criteria and the diagnostic category in AD

AT(N)
profiles

Biomarker category

A T N

Normal AD biomarkers

Alzheimer’s pathological Alzheimer’s continuum

change
+ + - AD
+ + + AD

Alzheimer’s and concomitant
SNAP

Non-AD pathologic change
- - +
-+ +

A aggregated AP or associate pathologic state (CSF or amyloid PET),
T aggregated tau or associated pathologic state (tau PET or CSF
p-tau), N neurodegeneration or neuronal injury (MRI, FDG PET, CSF
total Tau), + positive, — negative

Fig.4 Proposed changes in Abnormal
biomarkers and physiology A

in AD and the potential use
of neuroimaging to detect the

abnormality in each phase

alkyl substitution on lactam moiety was explored as well.
Resulting various derivatives of Levetiracetam have been
labelled with C-11 or F-18, resulting in BE_UCB-H [81],
'C.UCB-A [82], 'C-UCB-J [83], '®F-SynVestl [84],
18F-SynVestZ [85], and '8F-1 [86], respectively.

3 Clinical Applications of PET Imaging in AD
3.1 AD Diagnosis

The NIA-AA research criteria using combined fluid and
imaging biomarkers to diagnose AD have been proposed
in 2018 [10], reflecting dynamic changes that relate disease
stage to AD biomarkers, in which AP biomarkers become
abnormal first. Neurodegenerative biomarkers become
abnormal later and correlate with the severity of clini-
cal symptoms [87, 88]. The biomarkers included in these
recent criteria and the diagnostic categories are summarized
in Table 1. Amyloid PET, tau PET, and FDG PET imag-
ing studies play crucial roles as the biomarkers for amyloid
(A) and tau (T) proteinopathies and neurodegeneration (N),
respectively, as in Fig. 4. Figure 5 shows two examples of
using AT(N) criteria in clinical cases.

It has been well-established that high concentrations of
AP cause dendritic and axonal atrophy, leading to neuronal
death. AP also inhibits the long-term potentiation of the hip-
pocampus. It has been shown that individuals with elevated
Ap in the brain are prone to cognitive decline and sympto-
matic AD and that the severity of AD correlates with the
levels of insoluble AP detected by either CSF or PET [89,
90]. This correlation is more pronounced when amyloid PET
is combined with FDG PET and MRI volumetric analysis

Normal

AB deposition
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A 70-year-old male with MCI due to AD, MMSE=28

8F_Flutemetamol

Amyloid positive

B 81-year-old male with SCD, MMSE=26

8F_Flutemetamol Amyloid negative

8F-MK 6240

Fig.5 Example cases of A a patient with MCI who showed positive
results for AB and tau deposition and glucose hypometabolism com-
patible with AD pattern [A+T+ (N)+] and B a patient with subjec-

of brain structures [91, 92]. The regions with a high Ap
deposition rate detected by !'C-PiB PET are posterior cin-
gulate > frontal > supramarginal/orbitofrontal > lateral tem-
poral > superior parietal, temporooccipital regions, and are
significantly higher in APOEe4 carriers [93]. At the same
time, the hippocampus shows a relatively slower rate of Af
deposition [94]. AP deposition can also be found in approx-
imately 30% of cognitively normal elderly [95] and can
appear as long as 20 years preceding the clinical symptoms
of AD [94] (Fig. 4). AB PET can facilitate differential diag-
nosis of AD from other neurodegenerative diseases rarely
show high Af deposition (e.g., non-fluent aphasia, progres-
sive supranuclear palsy, and frontotemporal dementia) or
demonstrate the different location of cortical A deposition
(e.g., cerebral amyloid angiopathy). However, some neuro-
degenerative diseases may demonstrate a high Ap deposition
pattern indistinguishable from AD, such as dementia with
Lewy’s body (DLB) [96]. Therefore, positive AP accumula-
tion alone is sufficient evidence of a disease belonging to the
AD continuum but not sufficient for a definitive diagnosis of
AD [10, 18, 97]. Another challenge in the interpretation of
results of amyloid PET imaging is the heterogeneity in inter-
pretation criteria across different Ap—targeted radiotracers,
PET imaging instrumentation, and methods used at differ-
ent imaging centers. These factors limit the diagnostic and
prognostic standardization and comparison of the effective-
ness of therapies, particularly in a large multi-center clinical

tive cognitive impairment (SCI) who showed negative results for A
and tau deposition and normal FDG PET [A — T — (N)—], which can
be excluded from being in AD continuum

study setting [98—100]. Attempts to reach the universal read-
out, either qualitatively or quantitatively, have been made to
overcome this challenge [98, 100, 101].

PET imaging of tau proteins has recently become a
promising technology for assessing tauopathy—an essen-
tial marker for various neurodegenerative disorders, includ-
ing AD. The patterns of tau-targeted radiotracer deposition
correspond well with Braak staging of NFTs pathology
[102]. There is a strong evidence to support the relationship
between amyloid and tau proteinopathies. Worse cognitive
performance is related to mesial temporal and neocortical
tau load, even in amyloid-f—negative cognitively normal
individuals [14, 103]. The topographic distribution of patho-
logic tau deposits defines pathologic subtypes [104], clini-
cal phenotype [105], patterns of brain atrophy [106], and
correlates with cognitive decline [107]. Tau deposition can
also predict further neurodegeneration, as assessed by FDG
PET or structural MRI [108]. However, some issues still
exist. First, aggregated tau isoforms are heterogeneous in
different neurodegenerative disorders [37]. Second, tau PET
deposition restricted mainly to the medial temporal lobe can
be noted in healthy aging, possibly consistent with the “pri-
mary age-related tauopathy” (PART). This finding reflects
neuropathological findings of NFTs in neurons in the medial
temporal lobe, which has been shown to result in hippocam-
pal atrophy and impaired episodic memory performance that
are Ap-independent [109, 110]. Third, the off-target binding
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of tau—targeted PET radiotracers in areas such as the cho-
roid plexus, basal ganglia, longitudinal sinuses, meninges,
or structures expressing monoamine oxidase B, limit the
specificity and accuracy of the first-generation radiotracers,
although are less pronounced in the second-generation of
radiotracers [111-113]. However, there is a debate that the
suspected “off-target” binding may be reflecting true tau-
binding, or binding to some not yet identified molecular
targets [114]. These issues altogether lead to challenges in
interpretation of tau PET imaging results, when comparing
different tracers and establishing standard criteria for a cut-
off standard uptake values (SUV) of normal versus abnormal
tau PET imaging results [113, 115].

BE_FDG reflects the glucose metabolic activity pre-
dominantly in neurons. Patterns of altered '*F-FDG uptake
reflecting local neuronal dysfunction and synapses in
remote areas connected to the cortical projection neurons
in the primary lesion can provide a differential diagnosis
of AD from the other causes for dementia [116]. Criteria
for AD diagnosis using FDG PET is well established with
glucose hypometabolism in the posterior cingulate, precu-
neus, parietal and temporal association cortices, and also
frontal association cortex in advanced cases, with relatively
preserved metabolism at sensorimotor and primary visual
cortices, basal ganglia, thalamus, brainstem, and cerebel-
lum [117]. The severity of glucose hypometabolism in these
brain structures is more pronounced in early-onset patients
(EOAD) [118]. This pattern can be used for the differential
diagnosis of AD from FTD, DLB, and normal aging [119].
FDG PET has a better specificity of 89% compared to amy-
loid PET (58-85%) in differentiating AD from normal con-
trols, although the sensitivity is similar (90%) or even lower
than amyloid PET (90-96%) [120]. However, overlapping
patterns of accumulation of radiotracers in the brain in AD
other neurodegenerative disorders may affect the accuracy
of FDG PET [148]. PET imaging of amyloid in the brain
may have a potential role to aid in accurate diagnosis of
AD, particularly in differentiating cases of suspected AD
variants with atypical presentation who have equivocal FDG
PET results [121].

PET imaging of TSPO (initially described as the periph-
eral benzodiazepine receptor, PBR) can assess the processes
of neuroinflammation mediated by activated microglia, pro-
inflammatory cytokines, in disease-relevant areas across a
broad spectrum of neurodegenerative diseases, including
AD [122]. Neuroinflammation has been reported in the
early stages of AD before the onset of dementia and its mag-
nitude correlates with clinical severity [123], which may
have a diagnostic value. However, it is not clear whether the
increased TSPO signals reflect the primary cause or second-
ary results from other pathological insults in neurodegenera-
tion and whether the signals indicate the presence of destruc-
tive pro-inflammatory (M1) or protective anti-inflammatory
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(M2) cells [124]. Monitoring the spatial and temporal
dynamics of neuroinflammation in neurodegenerative dis-
eases will help to understand the degree to which neuro-
inflammation is a causative or reactive process and justify
the development of radiotracers that specifically target M1
or M2 inflammatory cells in the brain. The limited clinical
utility of TSPO-targeted PET tracers is currently due to their
low signal-to-noise ratio, making subtle neuroinflammation
challenging to detect in the brain. Current TSPO-targeted
PET radiotracers have a relatively low-affinity binding to
a prevalent form of polymorphic TSPO (A147T), as com-
pared to wild-type TSPO. Moreover, TSPO-targeted PET
radiotracers show substantial differences in affinity between
subjects classified as high-affinity binders (HABs) and low-
affinity binders (LABs). These points should be considered
in the development of novel TSPO-targeted radiotracers
with increased sensitivity and specificity. Furthermore, PET
imaging of TSPO as a biomarker of neuroinflammation in
the brain, cannot be used to differentiate AD from normal
controls [125] or other neurodegenerative diseases, such as
Parkinson’s disease, amyotrophic lateral sclerosis, MS, and
FTD [54]. Therefore, additional studies to better understand
the role of TSPO in AD and other neurodegenerative dis-
eases are required to improve the interpretation of the PET
images acquired with TSPO-targeted radiotracers and for
establishing its role in the diagnosis of AD [51, 126].

Acetylcholine (ACh) has a crucial role in the nervous sys-
tems and is an essential factor in many forms of dementia,
including AD [127]. Cholinergic synapses are particularly
affected by Ap causing early neurotoxicity and resulting in
synaptic loss and cognitive impairment [128]. Loss of cho-
linergic neurons in the basal forebrain, including the neu-
rons that form the nucleus basalis of Meynert, contributes to
memory and attention deficits in AD [129]. PET radiotrac-
ers targeted to either presynaptic AChE or the vesicle ACh
transporter (VAChT) or postsynaptic nicotinic acetylcholine
receptors (nAChRs) and muscarinic acetylcholine receptors
(mAChRs)—are promising for imaging neuronal choliner-
gic activity. Previous studies demonstrated a reduction of
cortical binding of AChE-targeted tracers in AD and MCI
patients, especially in the brain regions innervated with cho-
linergic projections [130], in parallel with the decrease in
the degree of binding VAChT/nAChR-targeted radiotracers
[131, 132]. The degree of binding of these radiotracers in
the AD-affected brain regions significantly correlates to both
global and respective regional cognitive functions [133]. A
recent study has demonstrated that a novel VAChT-targeted
radiotracer has a higher sensitivity than FDG PET in dis-
criminating AD from normal controls [131].

The loss of synapses is one of the pathologic hallmarks
of AD, which leads to a deficit in neurotransmission in neu-
ron-neuron interaction and strongly correlates with cognitive
decline [134]. AP and tau mediated toxicities are believed
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to cause the loss of synapses and presynaptic proteins in
patients with MCI and dementia [134, 135], although a
recent study found the association between PiB PET and
SV2A PET only in patients with MCI but not AD [136].
PET imaging of SV2A expression in synapses provides
noninvasive detection of synaptic density and its loss dur-
ing the pathogenesis and progression of AD. There was a
significant reduction of synaptic density in the hippocampus
and entorhinal cortex in AD/MCI patients compared to age-
matched controls [137]. In patients with AD and MCI, PET
imaging of SV2A demonstrated a significant loss of synaptic
density in the hippocampus and entorhinal cortex, followed
by the parahippocampal cortex, amygdala, lateral temporal
cortex, pre-frontal cortex, posterior cingulate cortex/precu-
neus, lateral parietal cortex, and pericentral cortex, which
correlated with the magnitude of brain atrophy and cognitive
decline [138, 139]. The cognitive decline was more pro-
nounced when the loss of synaptic density in the medial
temporal cortex was associated with the regional accumula-
tion of fau protein [140].

3.2 Prediction of Prognosis

Mild cognitive impairment (MCI) is a syndrome defined by
a cognitive decline that is more significant than expected for
an individual's age and education level but does not interfere
with daily life activities. Prevalence of MCI ranges from 3
to 19% in adults older than 65 years and progresses to AD
at a rate of approximately 15% per year, which is in turn
described as a prodromal or transitional stage between nor-
mal aging to AD [141, 142].

In patients with MCI, neurofibrillary tangles (NFTs) are
initially detected in the hippocampus, and other medial tem-
poral regions, then spread to the parietal and frontal corti-
ces as MCI progresses to AD [143]. Although the previous
studies on the correlation between Af deposition with the
cognitive decline in AD showed heterogeneous results [92,
94], the correlation between AP deposition with memory
impairment and the rate of memory decline in MCI and
healthy elderly subjects are well accepted [18]. Previous
data showed a strong relationship between AP deposition
in PET and CSF biomarkers [144] and episodic memory
performance. MCI “converters” to AD showed a higher Af
deposition than “non-converters” [18, 145-147]. There are
correlations between Ap and CSF AB1-42, total tau, and epi-
sodic memory [146]. The rates of neocortical Ap deposition
also impact disease progression [94], and earlier onset of Af
deposition may therefore lead to earlier disease onset [93].

The PET imaging of tau allows to assess the density,
extension, and regional distribution of tau deposition
and could be helpful to predict the progression of cogni-
tive decline. Tau imaging might be more important than
Ap imaging in the assessment of neurodegeneration and

cognitive decline. Increasing levels of cortical tau deposi-
tion in individuals with AP pathology were associated with
growing impairment in several cognitive domains, which led
to its potential applications, including disease staging, track-
ing progression, and use as a surrogate marker of cognitive
status [14, 102, 148].

Although high deposition of A plaques and NFTs cor-
relates with clinical status at autopsy, neuronal loss is nec-
essary for developing clinical dementia [149]. FDG PET
is a sensitive measure of cognition and functional ability
change in MCI and has value in predicting future cognitive
decline [150]. MCI-converters demonstrate lower glucose
metabolism in the temporoparietal cortex [151]. Previous
studies showed that overall, amyloid PET has higher sen-
sitivity while FDG PET has higher specificity in predicting
MClI-converters [152]. Figure 6 shows examples of mul-
timodal imaging in predicting a neurocognitive decline in
three patients with MCI, which was superior to the results
of a single modality imaging [92].

PET imaging demonstrated a lower density of nicotinic
AChR in MCI converters to AD dementia, as compared to
non-converters. Also, episodic memory, working memory,
and executive functions are strongly correlated with reduc-
tion of a4P2 nAChR binding in the basal forebrain-cortical
and septohippocampal cholinergic projection [153]. More
studies are required to establish the prognostic value of PET
imaging of acetylcholine receptors in MCI conversion to
AD.

3.3 Selection and Development of Novel Therapies

A deeper understanding of the molecular mechanism of Af
formation, degradation, and neurotoxicity is being translated
into new therapeutic approaches. The currently approved
palliative treatment regimens involve acetylcholinesterase
inhibitors, glutamatergic agents, nonsteroidal anti-inflam-
matory drugs, and antioxidants. The most recent approaches
focus on the amyloid hypothesis (22.3% of trials) and are
aimed at increasing the removal of AP or blocking the for-
mation of AP oligomers and fibrils, thus inhibiting neu-
rotoxicity [7, 154, 155]. Other therapeutic trials focus on
neurotransmitter hypothesis (19%), mitochondrial cascade
and related hypotheses (17%), tau propagation hypothesis
(12.7%), and less than 10% of trials on other hypotheses
of pathogenesis and progression of AD [7]. Combining
disease-specific with non-specific therapeutic agents and
lifestyle interventions might be the concept for a successful
treatment strategy for AD. Identification of abnormalities at
the molecular level during the early stages of neurodegen-
erative processes could enable the development of disease-
modifying medications that can be administered during
the presymptomatic period to achieve a maximal benefit
in terms of preventing neuronal loss. Among possible new
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A 70 years female, baseline MMSE 25, CDR-SB 3.5,
follow up for 2 years, MMSE 21, CDR-SB 4.5

I8F_Florbetapir PET

SF-FDG PET

MRI

MTA = 0 both

Fig.6 Example cases of MCI subjects who are A converter with PET
evidence of AB deposition and neurodegeneration, B non-converter
with neither PET nor MRI evidence of A deposition and neurode-

drug targets, «7 nAChR and M1 muscarinic acetylcholine
receptors are gaining increasing focus, which is due to their
potential role in preventing amyloid toxicity and tau hyper-
phosphorylation, increasing synaptic strength and stability,
modulating neuroinflammation by acting on non-neuronal
cells, and improving cholinergic deficit and cognitive dys-
function [89-93, 129]. Therefore, molecular imaging with
PET has become increasingly crucial in therapeutic trials,
for the selection of suitable candidates, enabling the deter-
mination of a personalized optimal window for therapeutic
intervention, providing proof of target engagement, estab-
lishing the risk of disease progression, and monitoring treat-
ment effectiveness as a surrogate outcome measure [14].

3.4 Monitoring Treatment Response

Quantitative analysis in PET studies is necessary for lon-
gitudinal observational studies and intervention trials to
identify a specific endpoint as the therapeutic effect (i.e.,
changes in AB plaque or tau deposition), which may be
modest and not clinically apparent. Phase 2 and 3 trials in
AD typically involve multiple centers’ and require stand-
ardized protocols for the acquisition and analysis of data
to minimize the variability across different centers [156].
Although several biological factors influence the interpre-
tation of the PET images, such as age, genetic background,
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B 68 years female, baseline MMSE 28, CDR-SB 2,
follow up for 2 years, MMSE 28, CDR-SB 2.5

MTA = 0 both

C 71 years male, baseline MMSE 24, CDR-SB 2.5,
follow up for 2 years, MMSE 24, CDR-SB 2.5

MTA = 2 both

generation and C non-converter with evidence of mild neurodegen-
eration from PET and MRI without A deposition on PET

and comorbid conditions. A drop in the PET signal in
the absence of change in either amyloid or tau deposition
throughout AD trials may result from progressive cortical
atrophy or altered uptake by a drug treatment that competes
with tracer binding. Significantly reduced blood flow in AD,
also limits tracer delivery to and clearance from the brain,
particularly in gray matter regions, known to be susceptible
to neurodegeneration and atrophy [156]. These issues are
still challenging for monitoring the effect of disease-modi-
fying treatments for AD. The variability of results and their
interpretation can be minimized by study design, subject
selection, and stratification.

FDG PET could be a potential imaging biomarker for
selecting patients and assessing the outcome of AD-modify-
ing treatments in clinical trials, particularly in the preclinical
and early clinical studies [157]. Several interventional tri-
als presented an excellent correlation between clinical out-
comes and FDG PET findings [157—-161]. However, there are
significant variations of the study design and data analysis
methods used in these clinical trials. Therefore, the feasibil-
ity of using FDG PET as an imaging biomarker in multi-
center therapeutics trials still requires the standardization
of largely user-independent methods to quantify regional
metabolic impairment. Moreover, the possible confound-
ing effects on FDG PET unrelated to disease progression
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or regression should also be considered, such as synaptic
activity, metabolism, or density unrelated to synaptic loss.

PET imaging of TSPO expression density can be used as
a biomarker to monitor response in clinical trials of novel
neurodegenerative therapeutics focusing on neuroinflamma-
tion. Monitoring neuroinflammation could allow tracking
of disease progression and indicate responses to therapeutic
trials. Evidence of decreased TSPO PET signal in preclinical
studies of novel therapeutics in AD models suggests that it
could be used to monitor successful treatment responses in
clinical trials [162]. Nevertheless, the challenges in using
TSPO PET for monitoring treatment responses are similar
to its use for diagnostic purposes in AD, as described above.

The reduction of cortical binding of AChE-targeted
radiotracers in AD patients shows a further decrease after
treatment with AChE inhibitors [62, 64]. The degree of
treatment-induced reduction in AChE binding is prominent
in the frontal cortex and correlates with the improvement
in frontal lobe functions such as execution and attention.
Such treatment-induced inhibition of AChE binding is not
observed in PET imaging studies of nAChR binding [65],
which might be explained, at least in part, by the modulation
of different cholinergic receptors playing different roles in
AD pathology. The potential role of SV2A PET imaging as
an endpoint measure of therapeutic efficacy of drugs affect-
ing brain synaptic density is being determined in other clini-
cal trials [163].

3.5 lIdentification of At-Risk Individuals

Several studies in the presymptomatic population with
genetic risk factors provide information about presymp-
tomatic AD-related brain changes and identify the at-risk
individuals for further developing symptoms of AD [164].
Early identification of the at-risk individuals may enable

therapeutic interventions and lifestyle modifications at a
time when the disease burden is mild, which may prevent
or delay functional and irreversible cognitive losses [18].

High AB deposition is associated with a significant risk
for developing cognitive decline in asymptomatic elderly
individuals with subjective cognitive impairment (SCI).
Although amyloid-positive asymptomatic subjects have a
higher life-long risk of converting to AD, its short-term
conversion predictive value is low. In contrast, tau deposi-
tion in asymptomatic elderly subjects or primary age-related
tauopathy (PART) in the absence of amyloid is possibly
insufficient to develop memory decline [165], although
controversy still exists that PART may be an early phase of
AD [166]. The relationship between PART and suspected
non-amyloid pathology (SNAP) has been proposed as the
preclinical abnormalities during the development of AD.
Individuals with amyloid depositions on PET show evidence
of worse clinical and cognitive outcomes as compared to
individuals with SNAP [167]. Ongoing studies are aimed to
understand these controversies.

Glucose hypometabolism on FDG PET in the same
regions as in patients with clinical manifestations of AD
has been observed before the onset of the disease in several
groups of at-risk individuals, including carriers of autoso-
mal dominant mutations responsible for early-onset familial
AD (FAD), e.g., amyloid precursor protein (APP), presenilin
1 (PS1), and presenilin 2 (PS2); apolipoprotein E (APOE)
E4 allele carriers; SCD; and normal elderly subjects who
declined to MCI and AD several years after PET [142, 168,
169]. However, additional carefully designed longitudinal
studies are needed to conclude the relationship between
cerebral hypometabolism and time-to conversion. Table 2
summarizes the potential applications of PET radiopharma-
ceuticals in AD.

Table2 Summary of radiopharmaceuticals and potential clinical applications

Radiopharmaceutical types =~ Mechanism of change in AD

Clinical applications

Diagnosis  Prognostic ~ Selection for a Monitor- Identify risk

prediction  therapeutic can- ing treatment and preven-
didate response tion
FDG Synaptic dysfunction Yes Yes Maybe Yes Yes
Amyloid AB plaque deposition Yes Yes Yes Yes Yes
Tau Tau protein deposition Yes Yes Yes Yes Yes
TSPO receptor Neuroinflammation Maybe NA NA Maybe NA
Acetylcholine Loss of cholinergic synapse =~ Maybe Maybe Maybe Maybe NA
Synaptic density Synaptic density loss Maybe NA NA Maybe NA

NA no available data
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4 Conclusion

Molecular PET imaging studies with different radiotracers
targeted to key molecular mechanisms of AD can provide
promising diagnostic and prognostic biomarkers for diag-
nosis, staging, and prognosis of AD, as well as for selection
and monitoring of novel therapies of AD. It has become
more obvious that given the complexity and potential over-
lapping pathologies and comorbidities, a single biomarker
can neither provide the diagnostic certainty required for
early detection of AD nor the identification of presymp-
tomatic at-risk individuals. Therefore, multimodal studies
are required to better understand the relationships between
different biomarkers, answer the controversial issues, and
incorporate new diagnostic criteria for the various stages
in the continuum of AD. Moreover, PET imaging stud-
ies should be made mandatory in clinical trials of novel
therapeutic agents in AD, including the standardization and
validation across multiple participating sites of radiotracer
production, imaging protocols, interpretation, and quantifi-
cation of images, for the subsequent transition from clinical
research into clinical practice.
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