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Abstract: Background. Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
affecting many individuals worldwide with no effective treatment to date. AD is characterized by
the formation of senile plaques and neurofibrillary tangles, followed by neurodegeneration, which
leads to cognitive decline and eventually death. Introduction. In AD, pathological changes occur
many years before disease onset. Since disease-modifying therapies may be the most beneficial in
the early stages of AD, biomarkers for the early diagnosis and longitudinal monitoring of disease
progression are essential. Multiple imaging techniques with associated biomarkers are used to
identify and monitor AD. Aim. In this review, we discuss the contemporary early diagnosis and
longitudinal monitoring of AD with imaging techniques regarding their diagnostic utility, benefits
and limitations. Additionally, novel techniques, applications and biomarkers for AD research are
assessed. Findings. Reduced hippocampal volume is a biomarker for neurodegeneration, but atrophy
is not an AD-specific measure. Hypometabolism in temporoparietal regions is seen as a biomarker for
AD. However, glucose uptake reflects astrocyte function rather than neuronal function. Amyloid-β
(Aβ) is the earliest hallmark of AD and can be measured with positron emission tomography (PET),
but Aβ accumulation stagnates as disease progresses. Therefore, Aβ may not be a suitable biomarker
for monitoring disease progression. The measurement of tau accumulation with PET radiotracers
exhibited promising results in both early diagnosis and longitudinal monitoring, but large-scale
validation of these radiotracers is required. The implementation of new processing techniques,
applications of other imaging techniques and novel biomarkers can contribute to understanding
AD and finding a cure. Conclusions. Several biomarkers are proposed for the early diagnosis
and longitudinal monitoring of AD with imaging techniques, but all these biomarkers have their
limitations regarding specificity, reliability and sensitivity. Future perspectives. Future research
should focus on expanding the employment of imaging techniques and identifying novel biomarkers
that reflect AD pathology in the earliest stages.

Keywords: Alzheimer’s disease; imaging techniques; early diagnosis; longitudinal monitoring;
amyloid-β; tau; MRI; PET

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder resulting in
memory loss, cognitive impairment, behavioural changes and eventually death [1]. AD
is the most common cause of dementia and is predicted to affect more than 152 million
people in 2050 [2]. The disease is neuropathologically characterized by the deposition of
abnormal protein resulting in the formation of extracellular senile plaques and intracellu-
lar neurofibrillary tangles (NFTs) [3,4]. The senile plaques contain primarily neurotoxic
amyloid-β (Aβ) [5], whereas NFTs consist of abnormal hyperphosphorylated tau aggre-
gates [6,7]. Although the contribution of abnormal protein deposition to AD is recognized,
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the exact pathogenesis of AD is complex [8], and definitive diagnosis can only be assured
post-mortem by histology staining of the brain [9]. Currently, AD is the only cause of death
in the top ten deaths globally for which no effective therapeutic treatment is available,
and there are no registered drugs to slow down disease progression [10]. Therefore, much
effort is put into understanding the pathogenesis of AD for the development of therapeutic
agents [11].

In AD, neuropathological changes occur up to thirty years before clinical manifestation
of the disease [12]. The initial pathological event in AD is Aβ deposition, which contributes
to the formation of senile plaques. Likewise, hyperphosphorylation results in NFTs, leading
to neuronal loss, brain atrophy, neurotoxicity, and ultimately cognitive decline [7]. In 1991,
Braak and Braak characterized the spread of NFTs across the brain and defined six different
stages [3]. These Braak stages correspond with the expansion of NFTs from transentorhinal
regions (stage I/II) to limbic areas (stage III/IV) and neocortical regions (stage V/VI) as
AD progresses.

The above listed events succeed and overlap each other and, therefore, AD is seen
as a continuum with pathological changes and clinical symptoms corresponding to the
disease stage [13] (Figure 1). Since damage inflicted by these events can surpass a certain
neuropathological threshold beyond which any treatment will be unsuccessful, it has been
suggested that therapeutic agents should focus on halting neurodegeneration in the silent
phase of AD before it becomes too severe [14–16]. Therefore, sensitive and specific methods
are needed to diagnose AD in the early or preclinical stage [1]. Nowadays, the field of
research focuses on identifying so-called biomarkers, which are physiological, chemical or
anatomical parameters called biomarkers that effectively reflect certain pathopsychological
processes in AD [17]. These biomarkers can be categorized into three different classes
based on the type of pathophysiology the biomarker tracks. In this so-called “A/T/N”
system, “A” refers to biomarkers measuring Aβ deposition, “T” indicates biomarkers
sensitive for tau and “N” the value of biomarkers perceptive for neurodegeneration [18].
This framework is adaptable and can continuously be expanded if new biomarkers become
available [19].

An ideal biomarker is inexpensive, easy to monitor and non-invasive and, therefore,
will barely harm a patient. Moreover, a good biomarker has high sensitivity and predictive
qualities for the specific pathological event [15]. Eventually, biomarkers could offer a diag-
nostic tool to detect the disease in early stages, thereby providing the opportunity to delay
disease progression or even impede the clinical manifestation of the disease [20]. Addition-
ally, monitoring these biomarkers over time could give insight into disease progression
and be utilized to track the effectiveness of disease-modifying therapeutics.

In this review, we focus on biomarkers that can be tracked with structural or func-
tional neuroimaging techniques, such as magnetic resonance imaging (MRI) and positron
emission tomography (PET), respectively. The aim of this review is to give an overview
of established biomarkers for the early diagnosis and longitudinal monitoring of AD and
discuss their feasibility and potential drawbacks. First, we shed light on current biomarkers
for the early diagnosis of AD and longitudinal monitoring of disease progression. These
biomarkers are reviewed based on their diagnostic utility, benefits and limitations. Subse-
quently, we introduce new biomarkers and applications of imaging techniques that show
promising results for the early diagnosis or longitudinal monitoring of Alzheimer’s disease.
Finally, we summarize our findings and provide future perspectives.
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2. Contemporary Early Diagnosis of AD with Imaging Techniques

Since the number of patients with AD is increasing due to an aging population, much
effort has been put into the detection of the disease as early as possible. Many methods have
been tested, ranging from cognitive tests, MRI scans and sampling of cerebral fluid [22]. In
this section, we focus on what imaging techniques and associated biomarkers are applied
in the early diagnosis of AD.

The first applications of imaging techniques in AD were computed topography (CT)
and MRI, but these techniques were used to exclude other causes of dementia rather than
to diagnose AD in an early stage [23]. Later, imaging techniques were utilized as positive
support to confirm the clinical diagnosis of AD. These techniques focused on the neuronal
injury and degeneration aspects of AD [1]. Nowadays, imaging modalities focus on either
identifying amyloid deposition or identifying neurodegeneration [24].

2.1. Structural MRI
2.1.1. Background

The pathology of AD follows a typical spreading pattern through the brain in which
certain areas are among the first affected, while other regions will only be impaired in
severe stages of AD [3,25]. In this so-called topographic pattern that characterizes AD,
the earliest changes are found in the medial temporal lobe structures, the entorhinal and
perirhinal cortex and the hippocampus [16] (Figure 2). This typical pattern of disease
progression opened possibilities for the early diagnosis of AD by investigating these brain
parts with imaging techniques.
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Figure 2. Regions affected by Alzheimer’s disease. Figure created with www.BioRender.com (accessed on 12 February 2021).

2.1.2. Findings

Since neuronal damage in the hippocampus is manifested as decreased hippocampal
volume [26], a widely accepted method for assessing AD pathology is volumetric MRI
scans of the hippocampus (Figure 3) [25]. These scans are T1-weighted images from which
hippocampal atrophy can be measured with either manual or automated segmentation [27].
According to a study of Bobinski et al., MRI provided a powerful tool in assessing the
hippocampal volume and predicted volumes that correlated strongly with neuronal num-
bers, suggesting the anatomic validity of volumetric MRI measurements [28]. Moreover,
another study found that volume reductions in the hippocampus are early indications for
AD pathology, measurable with MRI [29].
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In addition to the hippocampus, other limbic brains regions that can be studied
with MRI are the entorhinal cortex and amygdala (Figure 2). Although it is believed that
the entorhinal cortex is among the regions affected first in AD [30–32] and the accuracy

www.BioRender.com
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of entorhinal cortex volumetry being slightly higher [32], several cross-sectional studies
suggested that entorhinal cortex measurements are unlikely to offer additional benefits
over hippocampal volumetry in AD patients when compared to healthy controls [33–35].
Moreover, high variability in methods to assess the entorhinal cortex volume due to
anatomic ambiguity in the cortex’s boundaries eliminates the slight superiority of the
entorhinal cortex over the hippocampus [29,34,36].

In addition to the use of structural MRI in assessing volume reductions, another
application of this imaging technique is to detect cortical thickness reduction in certain
brain areas, such as the temporal, orbitofrontal and parietal regions [37]. Detailed study
has demonstrated the effect of AD on cortical thickness and led to the suggestion of a
so-called AD “disease signature” in which certain brain regions known to be affected by
AD show cortical thinning [38]. Assessment of the cortical thickness is believed to be a
useful biomarker in the early diagnosis of AD, since subtle changes in areas known to be
affected by AD can be detected [39]. Furthermore, a study into region- and phase-specific
changes has linked disease severity to cortical thickness [40], thereby coupling the clinical
dementia ranking stages to a level of cortical thinning. Additionally, cortical thickness
correlates strongly with cognitive impairment in the clinical stages of AD [41,42].

Over time, volumetric MRI of the hippocampus has been seen to be the best-established
biomarker for AD [1,33,36,43], especially as a diagnostic marker in the mild cognitive im-
pairment stage (MCI) [44]. Additionally, one major benefit of MRI is the availability of
appliances in hospitals and research centres [23]. Moreover, MRI is safe and is seen as
non-invasive, since it involves no ionizing radiation.

2.1.3. Limitations

However, structural MRI as an imaging technique for AD has its limitations. First,
decreased hippocampal volume is not an AD-specific measure [14]. An extensive study
by Geuze et al. reviewed more than 420 records reporting the assessment of hippocampal
volume with MRI [45]. In addition to AD, other neurodegenerative diseases are charac-
terized with diminished hippocampal volume as well such as Parkinson’s disease [46],
epilepsy [47] and Huntington’s disease [48]. Additionally, volume reduction has also been
observed after cardiac arrest [49], chronic alcohol abuse [50] and survivors of low birth
weight [51]. Moreover, recent study has demonstrated that hippocampal texture predicts
conversion from MCI to AD with higher accuracy than the hippocampal volume, although
these results have to be validated with histological data [52]. Lastly, manual segmentation
of T1-weighted images is time-consuming [53], requires specialistic training and can re-
sult in high levels of variability in the measurements [54], due to different protocols for
assessing the measurements [33]. Fortunately, in the last decade, much effort has been
put into establishing methods for automated segmentation, resulting in more accurate
data from MRI images in less time [53,55–57]. One major drawback of structural MRI in
general is the impossibility to directly observe the effect of amyloid plaques or NFTs in
the brain. Atrophy is downstream of the pathological event and not disease specific [23].
Moreover, several studies demonstrated that in atypical forms of AD, the hippocampus is
spared [58,59]. Therefore, structural MRI in atypical manifestations of AD might be not
able to identify the disease in an early stage.

2.2. FDG-PET
2.2.1. Background

Multiple diseases affecting the central nervous system (CNS) are associated with
impaired glucose uptake by neurons [60]. With fluorodeoxyglucose positron emission
tomography (FDG-PET), it is possible to measure the resting state cerebral metabolic
rates of glucose as a proxy of neuronal activity, without the requirement of cognitive
activity [61,62]. FDG-PET measures the uptake of a radiolabeled glucose analogue which
correlates with cerebral metabolism and synaptic activity (Figure 3) [23,43]. Since reduced
cerebral metabolism is associated with age, healthy age-matched individuals show cor-
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responding cerebral metabolism patterns [62]. The comparison of FDG-PET scans of AD
patients with healthy individuals of the same age revealed patterns of metabolic abnor-
malities in AD, leading to a so-called FDG-PET endophenotype [23]. This endophenotype
is seen as a characteristic of AD in which certain brain regions or areas are affected in a
spatial pattern [24]. In AD, hypometabolism occurs first in the temporoparietal areas of the
brain, including the precuneus and posterior cingulate cortex [1,61] (Figure 2). Moreover,
as the disease progresses, the metabolic deficits are gradually aggravated [23].

2.2.2. Findings

Among the first studies that successfully applied FDG-PET in studying Alzheimer’s
disease was a research project by Benson et al. in 1983 in which both AD patients and
patients with multi-infarct dementia were studied [63]. The results from this study revealed
that in AD patients, almost all brain areas demonstrate reduced glucose metabolism, but
the primary motor and sensory cortex are spared. This work inspired other researchers
and led to an increase in studies investigating the effect of AD on glucose metabolism in
the brain [64–66]. However, all these studies used patients with diagnosed AD in mild to
severe stages of the disease and did not use FDG-PET to diagnose the patients.

In the 1990s, automated methods to standardize the evaluation of PET scans increased,
leading to more consistency in the evaluation of FDG-PET images obtained in different
research centers or with different equipment [67,68]. A large study by Silverman et al. used
FDG-PET as a diagnostic tool for differentiating healthy individuals from patients with
AD symptoms. In the study, the sensitivity and specificity of FDG-PET were addressed, in
which sensitivity reflects the ability to identify AD subjects among all individuals, whereas
specificity addresses the ability to correctly identify subjects as non-AD. FDG-PET was
able to detect AD subjects with a sensitivity of 94% and a 73% specificity. Additionally, in
patients diagnosed with questionable or mild dementia, the sensitivity was 95% with a
specificity of 71% [69]. These results indicated that FDG-PET is a sensitive indicator of AD
and can also be used to assess early-stage dementia. The findings were underlined with
other research studies with sensitivity ranging from 84% to 93% and specificity between
63% and 74% [70,71]. Furthermore, reviews based on meta-analyses of articles regarding
the identification of AD patients among healthy individuals resulted in pooled sensitivities
up to 96% with specificities up to 90% [72–74]. Finally, Panegyres et al. demonstrated that
FDG-PET is able to differentiate between different types of dementia up to 95% [60].

Over the years, FDG-PET emerged to be a relevant and highly specific biomarker for
the early diagnosis of AD and other types of major neurodegenerative diseases [43,75].
It is seen as a robust and reliable biomarker in the in vivo diagnosis of early stages of
AD [23,36,43]. Moreover, compared to structural MRI of the hippocampus and entorhinal
cortex, FDG-PET is diagnostically superior to volumetry measures [76]. Additionally, ac-
cording to the hypothetical model of dynamic biomarkers proposed by Jack and colleagues,
abnormal FDG-PET precedes changes detectable with MRI [77,78] (Figure 1), suggesting
an FDG-PET of higher value than structural MRI in the early diagnosis of AD.

2.2.3. Limitations

However, FDG-PET has its limitations. PET scanners are not widely available and
considered as relatively expensive [23,36]. FDG-PET requires the intravenous injection of a
radiolabeled agent and is, therefore, more invasive than MRI. Moreover, hypometabolism
is a result of neurodegeneration and, therefore, it might not be suitable to detect signs of
AD in the earliest stages before neuronal loss occurs [79]. By the time hypometabolism is
measurable with FDG-PET, damage inflicted to neurons might be too severe to benefit from
therapies. Additionally, increasing evidence suggests that FDG-PET shows the consump-
tion of glucose by astrocytes, rather than by neurons and, therefore, hypometabolism can
be ascribed to decreased astrocyte function [80]. Lastly, it is important to keep in mind that
atypical clinical manifestations of AD may have the same pathophysiology as typical AD,
but can show distinct metabolic patterns [81]. This heterogeneity in changes in metabolic
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patterns among the distinct AD subtypes can reduce the diagnostic accuracy of FDG-PET.
Since neurodegeneration is a pathological event preceded by amyloid plaques and NFTs,
biomarkers sensitive for these two events might be more suitable for the diagnosis of AD
in the early stages than FDG-PET.

2.3. Amyloid-PET
2.3.1. Background

Many researchers believe that the first pathological event in AD is Aβ accumulation,
leading to the formation of senile plaques [7,20,82,83]. However, this belief is still subject
to debate [84,85]. To detect and design therapies for plaques, it is important to find out
what causes plaque formation. Therefore, senile plaques were intensively studied, but due
to their insolubility, the attempts to identify their composition in many studies failed [12].
Finally, in the mid-1980s, researchers were able to identify the Aβ protein as a primary
component of the plaques. This protein, with an average chain length of forty-two amino
residues, results from the cleavage of the larger amyloid precursor protein (APP) by β-
and γ-secretase (Figure 4) [36,86]. At first, it was believed that Aβ was an abnormal
protein, but the presence of Aβ in culture medium, cerebrospinal fluid (CSF) and plasma
revealed that Aβ is a normal product of APP metabolism [12,83]. This understanding
led to a new hypothesis: the amyloid cascade hypothesis. This hypothesis states that a
dysregulation in the production and clearance of Aβ in the brain leads to the accumulation
of Aβ in oligomers, protofibrils and eventually mature fibrils [87], ultimately leading to
neurodegeneration and dementia. All other disease characteristics, such as the formation
of NFTs out of hyperphosphorylated tau, and neurodegeneration, are seen a result of this
accumulation [12,83,88].
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2.3.2. Findings

Because Aβ deposition in the brain is commonly seen as the earliest hallmark of AD,
many studies have focused on identifying biomarkers that differentiate healthy controls
from individuals with the first pathophysiological signals of AD. Currently, two distinct
biomarkers are used to assess Aβ pathology: the concentration of Aβ42 in the CSF and
amyloid-PET [1,77,90]. In this section, we discuss how PET imaging of the Aβ accumulation
can contribute to the early diagnosis of AD.

www.BioRender.com
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11C-PiB

In 2004, a novel 11C radiotracer named Pittsburgh compound-B (PiB) was applied
in a study containing mild AD patients and a control group [91]. The study showed
that PiB retention time was equivalent in both groups in brain regions known to be
relatively unaffected by Aβ deposits. However, compared to controls, the individuals with
mild AD showed considerable retention of PiB in areas known to contain substantial Aβ

accumulation in AD (Figure 3). These areas included cortical areas, such as the frontal
cortex and neocortex (Figure 2). The findings suggested that PET neuroimaging with PiB
could provide quantitative information about Aβ deposition in living patients in early
(mild AD) stages of the disease.

Rabinovici et al. demonstrated that amyloid-PET imaging with PiB was able to
distinguish AD subjects from patients with other forms of dementia, such as frontotemporal
dementia (FTD) [92]. All AD subjects (7/7) had positive PiB-PET scans, while in FTB
patients and healthy controls, respectively, 8/12 and 7/8 scans were negative. These
findings were confirmed in a study with AD subjects and patients suffering from FTD in
which the retention time of PiB in FTD patients was measured. In total, 8/10 FTD patients
showed a significantly lower retention time compared to AD subjects, indicating that PiB
might be a tool in differentiating FTD from AD [93].

In addition to differentiating between different types of dementia, amyloid-PET with
PiB was able to identify the different stages of the AD continuum. In a study by Lowe
et al., PiB-PET was able to significantly differentiated healthy controls from non-amnestic
MCI and amnestic MIC, and AD [94]. In another study, PiB-PET clearly differentiated AD
patients from MCI and healthy subjects [95]. Moreover, both studies suggested that the
diagnostic value of PiB-PET increases when combined with FDG-PET, since information
obtained from both techniques might be complementary. In 2014, Leuzy et al. published a
paper concerning the increased PiB retention restricted to specific brain regions associated
with higher levels of Aβ deposition [96]. This pattern was histological confirmed by the
comparison of imaging data with immunohistochemical exams post-mortem [97,98].

On a molecular level, PiB is believed to bind insoluble Aβ fibrils [99]. Another
study reports the strongest PiB binding to Aβ42 fibrils, followed by significant binding to
Aβ42 oligomers and protofibrils [100], but compared to the fibril binding, this binding to
protofibrils and oligomers is increasingly lower. Additionally, increasing evidence suggests
insoluble Aβ being only a fraction of total Aβ in the brain [101] and a more prominent role
of soluble protofibrils in the pathogenesis of Aβ [102]. Aβ-Pet with PiB may, therefore, be
more a reflection of a fraction of insoluble Aβ than an image of total Aβ pathology in the
brain.

Over the years, amyloid-PET with PiB has emerged as the gold standard in Aβ

imaging [86]. Nevertheless, PiB has its limitations and drawbacks as a radiotracer in Aβ

imaging. First, the short half-life (twenty minutes) of the 11C isotope requires a nearby
cyclotron for clinical usage [86,103]. Second, as previously mentioned, PiB has the tendency
to only bind to the fibrillar form of Aβ and has low affinity for soluble oligomeric Aβ [104],
while it is believed that in some genetic forms of AD, oligomeric Aβ plays a significant
role in the disease manifestations [105,106]. PiB-PET might fail as a diagnostic tool in
identifying these types of AD. Lastly, the selectivity of a positive Aβ scan obtained with
PiB as a biomarker for AD is relatively low, because elevated PiB uptake has also been
found in 30% of healthy controls without cognitive disorders [4].

18F-Labelled Radiotracers

The short half-life of 11C in PiB led to the development of 18F-labelled radiotracers,
and in 2008, the first study reported successful imaging with a fluorinated radiotracer
in humans [107]. Currently, three 18F-labelled radiotracers for assessing Aβ deposition
are approved: florbetapir, flutemetamol and florbetapen [86]. Florbetapir was the first
fluorinated radiotracer and had retention ratios strongly associated with PiB [103,108].
A detailed meta-analysis into the three 18F-labelled radiotracers revealed no apparent
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differences between the diagnostic accuracy of the radiotracers [109]. However, compared
to PiB, the fluorinated tracers showed higher levels of non-specific uptake in the white
matter due to the more lipophilic nature of both radiotracer and white matter [110,111],
resulting in more background noise [112]. Due to this extra noise, the typical white matter
pattern caused by cortical amyloid plaque is lost [113].

2.3.3. Limitations

Altogether, Aβ-PET collected the first in vivo evidence of earliest protein deposi-
tion [114]. PET has become a powerful tool in the detection of Aβ deposition and can
contribute to the early diagnosis of AD. However, to fully employ its opportunities, some
obstacles must be resolved. One difficulty to overcome is finding a consensus on methods
to quantify amyloid-PET scans [86]. There is an urgent need for a tool to discover even
the smallest Aβ deposits, and cut-off levels need to be defined in order to make studies
comparable [4]. Furthermore, most studies have used radiolabeled tracers in the typical
form of the AD spectrum, resulting in much knowledge about Aβ accumulation in typical
AD, while the atypical, non-amnestic type has remained understudied [115]. An increasing
body of evidence suggests the utility of Aβ-PET to diagnose patients with atypical mani-
festations of AD, such as posterior cortical atrophy (PCA) and logopenic-variant primary
progressive aphasia (LvPPA) [104,116]. To maximally benefit from the diagnostic accuracy
of Aβ-PET, more study into Aβ accumulation in atypical subtypes of AD is required. Lastly,
the amyloid cascade hypothesis is still a hypothesis, and although Aβ deposition is an
early event in the pathogenesis of AD, it may not be the direct cause of neurodegeneration
and cognitive decline [86].

2.4. Tau-PET
2.4.1. Background

Since multiple attempts for developing anti-amyloid drugs have failed in clinical trials,
interest has shifted from treating Aβ accumulation towards development of PET radio-
tracers for identifying tau aggregates. This shift of interest is accompanied by the thought
that tau protein aggregates are more closely related with cognitive impairment [111,117].
Furthermore, increasing evidence suggests a role for oligomeric Aβ and tau species in
the early stages of AD rather than Aβ plaques and NFTs [118,119]. Tau is a microtubule-
associated protein with six isoforms and is abundantly expressed in the CNS where it
stabilizes the microtubules of axons (Figure 5) [120]. Several posttranslational processes can
modify tau, such as acetylation, glycosylation, methylation and phosphorylation, which
affect the ultrastructural conformation of tau [121]. Although normal phosphorylation
of tau is required for its role in cytoskeletal plasticity during early development [122],
hyperphosphorylation combined with decreased dephosphorylation leads to soluble hy-
perphosphorylated tau [123] that rapidly aggregates into so-called tauopathies [124]. In
AD, aggregation of tau results in paired helical fragments (PHFs), and these PHFs can
further accumulate into intracellular NTFs [117,123]. Even though the exact mechanism of
tau aggregation is still unclear, the accumulation of tau in considered to play a major role
in the neurodegenerative aspect of AD [7].
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2.4.2. Findings

Just like Aβ accumulation, NFTs spread through the brain as AD progresses. This
spreading pattern initiates in the entorhinal cortex (Figure 2), and as the disease pro-
gresses, NFTs spread to the limbic (stage III-IV) and isocortical (V-VI) association areas
(Figure 6) [124]. However, in atypical variants of AD, the exact spreading pattern may be
distinct from typical AD, and these differences in spreading patterns characterize atypical
variants in early stages [125]. Although post-mortem quantification of tauopathies in the
brain remains the gold standard, growing evidence suggests a role for tau-PET imaging
with radiotracers in vivo for the clinical evaluation of the disease [124,126]. There are
several challenges in the development of radiotracers for tau-PET. First of all, PET tracers
must be able to pass the blood–brain barrier (BBB) [117]. Second, the intracellular location
of NTFs poses a second barrier for the radiotracer to overcome [4,117,127]. Moreover, rapid
clearance from the blood and high sensitivity are desired [117]. Since Aβ deposits and
NFTs both compromise beta sheets and Aβ concentrations are remarkably higher, high
affinity for tau over Aβ is required [123].

In AD, tau aggregates are most prominently present in the ultrastructural PHF form
and therefore most attempts in developing tau-PET tracers have focused on imaging these
PHFs [127]. Based on their structures, the currently available tau tracers can be divided
into four groups: the nonselective tracer 18F-FDDNP, quinoline derivatives, pyrido−indole
derivatives and PBB3 [123,124]. Computational modeling of tau fibril using cryo-EM
structures of PHFs and straight filaments [128] has identified four high-affinity binding
sites for tau tracers [129]. Three binding sites are buried within the core of the fibril, whereas
one site is located on the surface. The next section discusses several tau PET tracers and
their binding to tau at the molecular level based on this computational model.

18F-FDDNP
18F-FDDNP is a fluorinated naphthyl-ethylidene derivative and was the first tracer

applied in PET imaging of tauopathy in the brain [130]. This tracer is able to bind both
extracellular amyloid-β plaques and intracellular NFTs due to the presence of β sheets

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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in these proteins [131,132]. 18F-FDDNP seems to favor the core sites of the tau fibril for
binding [129] due to hydrophobic interactions. In addition to Aβ plaques and NFTs, 18F-
FDDNP also binds prion plaques and is used to assess chronic traumatic encephalopathy
suspicion [127,130]. Since 18F-FDDNP favors binding to amyloid-β over tau [127,129,132],
screening of β sheet-binding small molecules was performed on a large scale to identify
more suitable and specific tau tracers.

Quinoline Derivatives

The first selective tau PET tracers were based on quinoline and benzimidazole deriva-
tives [111,133] and focused on the imaging of PHF tau [127]. A study by Okamura et al.
synthesized three new compounds, BF-126, BF-158 and BF-170, as possible probes for
in vivo tau-PET imaging in the brain [133]. The compounds showed good brain uptake
combined with rapid clearance from brain tissue. Additionally, in the neuropathological
exam, the three compounds were able to visualize NFTs and PHF-type neuritis, suggesting
that quinoline and benzimidazole derivatives might be potential tracers for tau-PET. With
these findings in mind, the search for selective tau tracers continued with the development
of 18F-THK5105 and 18F-THK5117. These two compounds were developed to enhance
the binding affinity to PHF-tau [7] and demonstrated binding affinity and selectivity to
PHF-tau over amyloid-β in AD [134]. Similar to 18F-FDDNP, these two radiotracers favor
the hydrophobic core sites of tau over the surface site according to the computational
model [129]. Moreover, clinical PET studies revealed that these radiotracers were able to
differentiate brains of AD subjects from brains of healthy controls [135,136]. A drawback
of these radiotracers was the high non-negligible binding to white matter caused by the β

sheet conformation of myeline. To solve this problem, 18F-THK5351 was developed. This
new compound exhibited rapid clearance from the white matter [137]. Additionally, 18F-
THK5351 showed higher specific binding to tau-associated regions than 18F-THK5117 [138].
As a result, 18F-THK5351 occurs to be the most promising arylquinoline radiotracer for the
early detection of tau-associated pathology in AD subjects [111].

Pyrido−Indole Derivatives
18F−T808 and flortaucipir, also known as 18F-AV-1451 or 18F-T807, are both fluori-

nated pyrido-indole derivatives with high selectivity for tau over Aβ deposits [4,111].
Although 18F−T808 exhibited high tau affinity, rapid uptake and clearance, a disadvantage
of this compound was de defluorination followed by bone uptake of 18F [139]. On the other
hand, flortaucipir showed over 25-fold selectivity for tau against Aβ plaques combined
with low levels of white matter uptake [4]. Moreover, the uptake of flortaucipir corre-
sponds well with the expected spatial pattern of tau pathology in the brain of AD subjects
(Figure 3) [140,141]. Furthermore, it is believed that flortaucipir binds with high affinity
to all three isoforms of tau when in the classical PHF form [142], which is likely due to its
high affinity for more than one binding site of the tau fibril [129]. However, flortaucipir
exhibited low affinity for tau aggregates consisting of primarily straight tau filaments
(Figure 5), indicating that flortaucipir might not be a suitable radiotracer in diseases other
than AD.

PBB3

The last group of tau-PET tracers consists of PBB3, a 11C-labelled radiotracer that is
able to detect both AD and non-AD tauopathies [132]. The compound exhibited up to 50-
fold higher binding affinity for tau than for Aβ, binds to a wide range of tau isoforms [143]
and has affinity for tau at a binding site differently than other radiotracers, which might
explain its wide binding range [129]. The uptake of the compounds is elevated in the
hippocampus and spreads to the association cortex as disease progresses. The drawbacks
of PBB3 are the usage of short half-life 11C in the radiotracer and the ability of its major
metabolite to cross the BBB [143,144].
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2.4.3. Limitations

The development of novel tau tracers is an ongoing process in which several pharma-
ceutical companies are trying to improve the pharmacokinetics and pharmacodynamics of
the tracers [7]. Compared to Aβ, the development of tau-PET tracers is still behind, and
clinical validation of the tracers is required [146]. Nevertheless, tau-PET poses another
neuroimaging tool for the early diagnosis of AD.

2.5. Summary

Although the applications of imaging techniques in the early diagnosis of AD are on
the rise, an impeccable biomarker that can diagnose AD in the earliest stage is still not
available. All current techniques have their limitations (Table 1), and most importantly,
there is a significant amount of protein deposition or atrophy needed for detection. Since
AD is known to have decades of pathological changes before the clinical onset of disease
and disease-modifying treatments may be the most beneficial before certain thresholds of
protein levels or atrophy are passed, current imaging biomarkers may diagnose AD in an
overly progressed stage in which therapies will inevitably fail.

Table 1. Advantages and limitations of imaging techniques currently used in early diagnosis and longitudinal monitoring
of AD.

Technique Early Diagnosis Longitudinal Monitoring

Structural MRI

Advantages
Powerful in predicting volumes

Changes in atrophy closely related to changes in
cognitive abilities
High atrophy rates predict cognitive decline

MRI scanners widely available
Safe

Limitations

Direct observation of Aβ

plaques or NFTs not possible
Findings based on small population sizes and
limited number of scans

Decreased hippocampal volume not AD-specific measure
Atrophy patterns differ among AD subtypes

FDG-PET

Advantages

Extensive research led to an
FDG-PET endophenotype
usable for comparison
Highly sensitive and specific

Differences in metabolism patterns able to predict
risk to convert to AD
Diminished FDG uptake precedes clinical
manifestation
Heterogeneity in topographic progression of
reduced metabolism may predict AD variant

Limitations

Reduced glucose metabolism caused by other
diseases or injuries

Rather reflection of glucose consumption by astrocytes
Invasive due to injection and radiolabelled tracer

Expensive and not widely available
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Table 1. Cont.

Technique Early Diagnosis Longitudinal Monitoring

Amyloid-PET

Advantages

Aβ plaques seen as earliest
hallmark of AD
Retention time of radiotracers
matches spreading pattern of
Aβ plaques

PiB retention time able to predict conversion from
MCI to AD

Limitations

Exact role of Aβ accumulation
in AD still unknow
Elevated PiB uptake also found
in healthy controls
No standard method for
quantifying Aβ plaques
Not much known about Aβ

accumulation in atypical forms

Weak correlation between Aβ deposition and
disease severity
Aβ accumulation stabilizes in later stages of AD
Choice of reference region subject to debate

Invasive due to injection and radiolabelled tracer

Tau-PET

Advantages

Tau accumulation believed to be
closely related to cognitive
impairment
Radiotracer uptake matches
spreading pattern of tau
Radiotracers have high affinity
for PHF tau

Strong relationship between neurofibrillary
pathology and neurodegeneration
Accumulation rates consistently increase
throughout the brain

Limitations
Most tracers low affinity for
straight filaments

High level of heterogeneity in tau topography
between AD subtypes

Still new field of research
Invasive due to injection and radiolabelled tracer

3. Contemporary Longitudinal Monitoring of AD with Imaging Techniques

Since AD is a progressive chronic disease with no clinical endpoint, the longitudinal
monitoring of disease progression and variations in biomarker levels can give insight
into the pathogenesis and prognosis of the disease [14]. In correspondence with the early
diagnosis of the disease, to date, there is no consensus on the biomarkers, techniques or
tests that are the most clinically relevant in monitoring the disease in the long-term. In this
section, we discuss the imaging techniques and associated biomarkers that are applied in
the longitudinal study of AD.

3.1. Structural MRI
3.1.1. Background

Whilst structural MRI might not be the most suitable technique for the early diagnosis
of AD, many studies have used structural MRI to monitor disease progression, because
rates of change in multiple structural measures are closely associated with changes in
cognitive abilities [44].

3.1.2. Findings

In an early study by Fox et al. in 1999, whole-brain atrophy was linked to increased
disease severity [147]. Patients with untreated, probable AD were age-matched with a
group of healthy controls to assess the relationship between disease severity and atrophy
progression within the subject. Each individual underwent at least two MRI scans and both
groups also participated in mini-mental state examinations (MMSE) on the MRI scans’ dates.
The scans revealed that AD subjects had a mean rate of whole-brain atrophy of 2.4 ± 1.4%
per year, while the control group had a mean loss of 0.4 ± 0.7%. Additionally, the MMSE
scores demonstrated a significant difference in the mean rate of decline between AD patients
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and healthy individuals, indicating that rate of cerebral atrophy is strongly correlated with
decline in cognitive ability. Two other studies also investigated the correlation between
whole brain atrophy rates and cognitive performance and underlined the finding that
whole-brain atrophy is strongly associated with cognitive decline, making cerebral atrophy
an interestingly and clinically relevant biomarker for tracking AD progression [148,149].
Moreover, one of the studies implicated patients with MCI and found that a higher rate of
brain atrophy per year was associated with an elevated risk of developing dementia [148].

In addition to whole-brain atrophy, rates of atrophy have also been evaluated in other
structural regions of the brain. Cardenas et al. focused on identifying spatial patterns
of brain atrophy associated with cognitive performance and possible future cognitive
decline [150]. The study used deformation-based morphometry (DBM) in which every
voxel is spatially normalized to a template brain. This enables the comparison between
subjects with different rates of disease progression [36]. Atrophy rates in the hippocampus
and entorhinal cortex (ERC) of non-demented elderly with different levels of cognitive
performance were combined with several neuropsychological tests. Smaller volumes of
hippocampus and ERC were strongly correlated with memory function at baseline and
also predicted memory decline [150]. These results suggest that baseline volumes of these
regions may predict cognitive decline due to aging, pathology or both.

Thompson et al. created maps of hippocampal and ventricular change over a longer
period with a goal to visualize the spatial progression of AD and the rate of change [151].
Over time, the hippocampal volume decreased, while the ventricular volumes expanded
(Figure 7). Interestingly, the spreading patterns were different between aging and dementia.
Temporal horn expansion in the ventricles turned out to be a promising marker for disease
progression and corresponded well with rates of cognitive decline. These results suggest
that visualizations of hippocampal atrophy and ventricular expansion rates may provide
a promising marker to monitor AD progression. In a study by Jack et al., the above
structural MRI measures were combined and evaluated on their ability to predict disease
progression [152]. A group of 160 individuals was recruited based on their profile to meet
either the criteria for cognitively unimpaired, MCI or AD. All subjects had a series of
MRI scans of the whole brain, hippocampus, entorhinal cortex and ventricles. Similar to
the previously described studies, the change in cognitive performance was assessed with
multiple tests. Over time, subjects could remain stable or shift to a more cognitive impaired
group. In all brain regions, the atrophy rates were higher among subjects that converted
to a more severe disease profile and supported the applicability of rates of change from
longitudinal MRI measures as markers for AD progression.
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Figure 7. AD leads to hippocampal atrophy and ventricle enlargement. Healthy brain (left) versus AD brain (right). AD
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lobe atrophy; MTA = 0: no atrophy in medial temporal lobe; MTA = 4: severe volume loss of hippocampus. Figure created
with www.BioRender.com (accessed on 14 February 2021).
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3.1.3. Limitations

Although from these results, changes in atrophy rates of several brain regions may
seem promising for the longitudinal monitoring of AD, these methods also have their
disadvantages. Lawrence et al. found that most studies that monitor disease progression
have small sample sizes with regularly below a hundred participants, probably due to
high costs associated with repeated MRI measures [14]. Additionally, there is a lack of
studies that implement more than one follow-up scan, and most studies have limited
time between the two scans, while AD progression is protracted. Furthermore, whole-
brain atrophy rates and hippocampal volume reduction are not AD-specific measures, and
since MMSE is not sensitive enough to diagnose AD [153], atrophy rates and declined
cognitive performance might be wrongly attributed to AD. In similarity with sMRI in
the early diagnosis of AD, it is important to note that spatial patterns of atrophy differ
per AD subtype [58]. In typical AD, key regions of atrophy are the hippocampus and
ERC, whilst in atypical AD, such as the previously mentioned LvPPA and PCA, but
also the dysexecutive/behavioral variant [154], these regions undergo slower rates of
change [58,59]. It is, therefore, important to discriminate between the different types of AD
before longitudinal assessments of atrophy rates are made.

3.2. FDG-PET
3.2.1. Background

In the previously reported study of Panegyres et al., FDG-PET was listed as a promis-
ing technique in the early diagnosis of AD and other types of early-onset dementia [60].
Although in this study, longitudinal clinical follow-up was included, this was primarily
conducted as a diagnostic reference standard [74]. There are, however, other studies that
have assessed the clinical relevance of FDG-PET as a tool for disease progression in AD.

3.2.2. Findings

The first study to longitudinally monitor changes in metabolism patterns with FDG-
PET was a follow-up study by Drzezga et al. in 2003. MCI subjects underwent two FDG-PET
scans with an interval of one year to identify typical patterns of cerebral metabolism [155].
Since patients suffering from MCI have a high risk to convert to AD within one year,
FDG-PET scans of these MCI patients may give insight into the pathophysiology of AD.
Converter MCI patients showed decreased glucose metabolism in the temporoparietal and
posterior cingulate cortex at baseline (Figure 2). After one year, the glucose metabolism
also decreased in prefrontal areas, along with a further diminished metabolism in the
posterior cingulate cortex, while these regions were spared in stable MCI patients. The
results indicated that metabolic change rates within one patient group can differ over time
as disease progression differs. Differences in cognitive decline are correlated to different
spatial patterns of decreased glucose metabolism and can be used to predict one’s risk to
convert to AD.

Fouquet et al. expanded this study by also taking into account the metabolic char-
acteristics that distinguish converters to AD from stable MCI patients [156]. Amnestic
MCI (aMCI) patients were recruited and had two FDG-PET scans with an eighteen month
interval. All aMCI subjects had progressive metabolic decline over the follow-up period
in the temporoparietal cortex and posterior medial parietal areas. Moreover, two medial
prefrontal areas, i.e., the anterior cingulate cortex and subgenual area (Figure 2), had sig-
nificantly greater decline in converters than stable aMCI subjects. This contrasts with the
findings of Drzezga et al., in which lateral prefrontal regions were areas of hypometabolism.
However, multiple studies support the assumption of Fouquet et al., reporting decreased
metabolism in the same two medial prefrontal regions [3,157] Altogether, these findings
highlight the potential of FDG-PET for the longitudinal monitoring of AD progression.

The previously described studies did not discriminate between patients with early
and late MCI. This distinction in the MCI stage has been proposed by Alzheimer’s Disease
Neuroimaging Initiative (ADNI), a consortium focusing on the development of standard-
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ized biomarker procedures and use of imaging techniques in healthy, MCI and mild AD
subjects [158]. The ADNI criteria classify subjects into MCI based on the scores from
different tests, such as MMSE, WMS-R Logical Memory II and Clinical Dementia Rating
(CDR). Classification into early MCI or late MCI is solely based on the outcome of the
WMS-R Logical Memory II test, and the ADNI refers to early MCI subjects as patients that
meet all the criteria for aMCI, but are in an earlier, and, therefore, less severe, point on the
clinical spectrum [158,159]. With this discrepancy in mind, another research project focused
on investigating differences in hypometabolism patterns and neuropsychological character-
istics between early and late MCI [160]. Evaluation of the baseline scans and tests with the
follow-up tests suggested that early MCI patients differ in patterns of hypometabolism and
associated cognitive deficits compared to late MCI subjects. A major limitation of this study
is the inclusion of only one FDG-PET scan at baseline instead of scans at every follow-up
to track hypometabolism progression. There are several more studies that have identified
FDG-PET as a promising tool to predict one’s risk to convert from cognitively unimpaired
to MCI and from MCI to AD [161–164]. In a more recent study, patients already converted
to AD were followed for three years to observe longitudinal changes in cortical glucose
metabolism in amnestic and non-amnestic subjects with sporadic AD [165]. FDG-PET
images at baseline demonstrated different regions with diminished glucose metabolism in
amnestic and non-amnestic subjects. Similar progression patterns of metabolic reduction
were observed in most regions, except for a higher rate of decline in anterior cortices in
non-amnestic forms. Glucose decline progressed from anterior to posterior in amnestic
patients, while in non-amnestic subjects, decline progressed along a posterior-to-anterior
axis. Additionally, the non-amnestic early-onset AD patients presented more rapid and
severe decline in glucose metabolism than amnestic subjects. The differences found in
the spatial distribution and temporal trajectory of hypometabolism between amnestic and
non-amnestic early-onset AD suggested the treatment of these two forms of sporadic AD
as two separate entities. A limitation of this study was the high amount of attrition due to
disease severity at baseline, which is a characteristic of early-onset AD.

Ishibashi et al. recruited healthy individuals from an ongoing longitudinal study of
cognition and aging. These controls were compared with two female subjects that were
diagnosed with AD during the study and with a group of fifteen patients in the early
stage of AD [166]. Female subject A had a glucose reduction rate of 9.41% over nine years,
whereas female subject B’s glucose metabolism decreased with 9.07% over twelve years. In
contrast, the rate of FDG reduction in the control group was 2.2% over ten years. Based on
these data, the researchers estimated that diminished FDG uptake started four and two
years, respectively, before clinical indications of cognitive decline in subject A and B. These
differences in time between glucose hypometabolism and onset of memory loss between
subject A and B are probably due to heterogeneity in the characteristics of sporadic AD
and inherited AD.

Lastly, several studies have reported the usefulness of heterogeneity in hypometabolism
patterns in distinguishing different variants of AD [167–169]. Additionally, this heterogene-
ity turned out to be of value in predicting progression to different forms of dementia in the
prodromal MCI phase [170].

3.2.3. Limitations

Although FDG-PET is thoroughly studied and seen as a robust biomarker of neu-
rodegeneration [23], similar to other imaging techniques, FDG-PET has its limitations for
the longitudinal monitoring of AD. Reduced glucose metabolism is not an AD-specific
characteristic, but does also occur in a broad range of other diseases. For instance, FDG
uptake is also diminished in certain brain regions after a stroke or other brain injuries [171].
Since approximately 30% of elderly people suffer from a silent infarct, lacking any clinical
manifestations [172], alterations in cerebral glucose metabolism are not surprising in this
aged population [173]. It is, therefore, suggested to consider FDG-PET as an independent
biomarker rather than a biomarker of neurodegeneration in the “A/T/N” framework,
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because, as mentioned before, FDG uptake is likely to reflect the glucose consumption by
astrocytes instead of neurons [80,174]. In conclusion, FDG-PET is an effective technique
in monitoring glucose metabolism in the brain, but it is a tool to measure glucose uptake
rather than a biomarker for longitudinal monitoring of the neurodegenerative progression
in AD.

3.3. Amyloid-PET
3.3.1. Background

Although a fundamental role of Aβ deposition in the pathogenesis of AD is widely
accepted, the relationship between plaque density and disease severity is weak [175,176].
Multiple longitudinal studies have investigated the correlation in plaque density and
cognitive decline.

3.3.2. Findings

The goal of the study of Villemagne et al. was to visualize the longitudinal deposition
of Aβ and to investigate the relationship between Aβ deposits and cognitive decline.
Therefore, AD patients, MCI patients and age-matched healthy controls were recruited,
and all subjects underwent PET imaging with PiB at baseline and follow-up. Low increased
PiB retention at follow-up was found in AD and MCI patients, and in healthy controls
with high retention at baseline. MCI subjects with high PiB retention had a higher chance
to convert to AD than MCI patients with low PiB, and healthy controls with more PiB
retention were at a higher risk to become MCI subjects than controls with low PiB. Although
high levels of Aβ accumulation predicted one’s risk to convert to MCI or AD, the small
increases in PiB retention only partly explained the cognitive decline, suggesting a more
prominent role for other downstream factors. In a similar study by Koivonen et al., changes
in Aβ burden were evaluated over a period of two years [177]. In line with the previous
described study, at baseline, MCI patients had higher PiB retention compared to controls.
Additionally, uptake was elevated in MCI subjects that later converted to AD than non-
converters, indicating that PiB retention time can predict conversion to AD. Another study
consolidated the earlier findings by stating that a positive PiB scan is a strong indication
for progression of MCI into AD [178]. Interestingly, during follow-up, the PiB uptake
ratio increased in non-converters, while the retention time did not increase in converters,
suggesting that PiB uptake only modesty changes once converted to AD. To further assess
this assumption, longer follow-up time is needed.

Intensive longitudinal research in a group of two hundred participants revealed that
Aβ deposition progresses slowly, likely to be prolonged for more than twenty years [179].
Additionally, Aβ seemed to slow down as the disease proceeded. Therefore, it is believed
that as AD progresses, the Aβ accumulation will reach a plateau (Figure 1), while the
cognitive decline will intensify [86]. This finding was first reported by Jack et al. in a study
that modelled the temporal trajectory of Aβ deposition with PET imaging [180]. Over time,
Aβ deposition followed a sigmoidal-shaped trajectory, indicating that at high Aβ load,
an equilibrium is reached. In other words, Aβ accumulation precedes cognitive decline,
and once a quantitative plateau is reached, the disease will become more severe. This
statement is further underlined by the hypothetical model of dynamic biomarkers [77,78].
Therefore, Aβ accumulation may be a promising biomarker for predicting one’s risk to
convert from cognitively unimpaired to MCI or from MCI to AD (phase 1) but may be less
useful as a marker to track disease progression once a patient has established AD (phase
2-5) (Figure 8). If Aβ accumulation is no longer a dynamic marker of disease progression
in the late stages of AD, it is assumed that other downstream factors are responsible for the
observed associations between Aβ deposition and altered brain structures [86].
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3.3.3. Limitations

In addition to the limited value of Aβ deposition in the longitudinal monitoring of
already established AD, there are other limitations associated with Aβ imaging for longi-
tudinal monitoring of AD. For patients with already severe AD, it might be too difficult
to lie still during the time needed to obtain the scans. Furthermore, PET imaging uses
radiotracers, such as PiB and florbetapir. These radiotracers are known to target predomi-
nately neuritic plaques [173]. Since these types of plaques are only scarcely presented in the
cerebellum, this region is often used as a reference region for many Aβ-PET studies [181].
However, multiple studies question the reliability of the cerebellum as a reference region for
normalization in longitudinal Aβ deposition, since it can affect the quantitative outcome in
these longitudinal studies and lead to additional variability [182]. It has, therefore, been
suggested to combine multiple reference regions into one more alike to the longitudinal
changes to minimize potential variations [183].

3.4. Tau-PET
3.4.1. Background

As mentioned above, it is hypothesized that Aβ burden reaches a plateau as AD pro-
gresses [180,184], making longitudinal tracking of Aβ accumulation not the most promising
biomarker for disease progression. On the other hand, tau levels slowly increase during
the AD continuum with a steep increment approximately eight to nine years before disease
onset (Figure 1) [21]. Therefore, longitudinal monitoring of tau accumulation may be a
more powerful tool in monitoring disease progression. Moreover, increasing evidence
suggests a close relationship between cognitive decline and tauopathy, making tau an
interesting target for longitudinal monitoring of AD [185]. Since only recently the focus of
research has shifted from Aβ deposition modifying therapies to tau associated treatment,
longitudinal research with tau-PET is still in the early stages compared to decades-long
studies into Aβ burden.

3.4.2. Findings

In 2015, Ishiki et al. performed a longitudinal study into tauopathy with the then novel
radiotracer 18F-THK-5117 [186]. 18F-THK5117 was significantly increased in middle and
temporal gyri as well in the fusiform gyrus of AD patients. Higher levels of tau load were
found in patients with more severe AD compared patients with mild AD. Additionally,
these tauopathies were more widely spread across the cortical regions. Furthermore, uptake
of 18F-THK5117 was strongly associated with the rate of cognitive decline, indicating a
strong relationship between neurofibrillary pathology and neurodegenerative decline. This
relationship may be useful in the longitudinal assessment of disease progression and the
efficacy of therapies. The assumption is underlined by a large study investigating the
relationship between tau accumulation, Aβ deposition and cognitive impairment. The
study included cognitively unimpaired subjects with normal Aβ levels, subjects with no
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cognitive impairment, but abnormal Aβ, and cognitively impaired subjects with abnormal
Aβ and an amnestic phenotype [187]. The cognitively unimpaired group with normal
Aβ had no detectable tau accumulation throughout the brain, whereas the unimpaired
abnormal Aβ subjects had low, but significant rates (0.5% per year) of accumulation in
multiple regions of the brain. This is in contrast to a study by Harrison et al. in which
healthy adults with normal Aβ showed observable tau accumulation associated with
brain atrophy [188]. This might be due to the different radiotracers used in the studies.
The cognitively impaired abnormal Aβ subjects exhibited an increment in tau of 3% per
year [187]. The accumulation rates differed only slightly from each other and during
disease progression, accumulation rates increased consistently throughout the different
brain areas. This indicated that tau accumulation is not restricted to one region at a time.
Furthermore, the early increment in tau was not limited to the ERC, but rather widespread.
Altogether, the study found that disease progression can be measured by increasing tau
burden, and, therefore, tau accumulation rates may be useful as a clinical outcome for
disease-modifying therapies.

The spreading of tau throughout the brain was further studied by Cho et al. in a
research study into longitudinal changes in tau accumulation in cortical regions. In contrast
to Jack et al., this study reported hierarchical spreading of tau from the entorhinal cortex
to other brain regions (Figure 2) [189]. This typical topography of tau accumulation is
believed to initiate in the ERC and with further neuronal degeneration and more cogni-
tive decline, it spreads to other brain areas, such as the limbic regions and association
cortices [4]. Moreover, tau accumulation rates in the ERC decrease as AD progresses to
higher Braak stages.

Sintini et al. addressed the relationship between tau-PET uptake and brain atro-
phy in atypical AD. Interestingly, the regional patterns of tau accumulation and atrophy
differed from one another in atypical AD [126]. High levels of tau accumulation were
found in the frontal lobe, whereas atrophy rates were the greatest in temporoparietal areas.
This difference suggested a temporal lag between tau deposition and the progression of
neurodegeneration. This assumption has been previously proposed by other studies as
well [114,115]. Furthermore, the research found that age has a negative effect on disease pro-
gression, since younger patients had higher rates of tau accumulation and atrophy. Lastly,
there was a close relationship found between tau-PET uptake and gray matter volume.

3.4.3. Limitations

While tau accumulation is probably the most promising biomarker for disease progres-
sion, the heterogeneity of tau topography between the different AD subtypes is currently its
major disadvantage [169,190]. Whereas amyloid distribution is believed to be similar, tau
distribution varies between AD subtypes [59,125,191]. Additionally, each AD phenotype
expresses a unique longitudinal regional pattern, and this pattern differs across the AD
phenotypes [59]. It is, therefore, necessary to intensively study the dynamic patterns of
AD biomarkers in atypical forms of AD in order to understand disease progression in
these forms [169]. With extensive research into the different spreading patterns across
the dementia spectrum, this disadvantage can become an advantage, as heterogeneity
contributes to accurate longitudinal monitoring of the different AD types [190,192].

3.5. Summary

Over the years, great progress has been made in identifying biomarkers that reflect
the disease progression of AD (Table 1). However, the distinct phenotypes of AD with
corresponding heterogeneity in topographic patterns pose a challenge in the longitudinal
monitoring of AD. Comprehensive research into the different subtypes of AD is needed
to recognize these different patterns, and after correct identification, these pattern differ-
ences can be of additional value, such as for heterogeneity in hypometabolism patterns.
Subsequently, clinical endpoints for disease-modifying therapies can be identified.
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4. Novel Methods, Applications of Imaging Techniques and Biomarkers in
AD Research

Since there is still no effective treatment for AD and no perfect biomarker to detect AD
from the earliest stages up to severe disease manifestation, much effort is put into finding
novel techniques, new biomarkers and the development of new methods to apply existing
techniques in the early diagnosis and longitudinal monitoring of AD. In this section, we
briefly discuss new processing methods for existing techniques, possible new biomarkers
that can contribute to monitoring AD and novel applications of imaging techniques in the
search to successfully diagnose and monitor AD (Table 2).

Table 2. Summary of novel strategies in AD research.

Methodology Voxel-based morphometry Automated segmentation of brain tissues
Comparison of voxels to measure concentration differences

Deformation-based morphometry Transformation of all brain volumes to standard template brain
Statistical analysis of deformation fields

Tensor-based morphometry Uses regional differences in gradients of deformation
Favored in large-scale MRI studies

Pattern-based morphometry Able to extract multidimensional characteristics
More research necessary for broad application

Data-driven methods
Large amounts of data can improve image quality

More comparison between conventional and data-driven
methods necessary

Imaging technique Diffusion tensor imaging Measures displacement of water in three dimensions
Needs more research to exploit full potential

Functional MRI Uses BOLD signal for synaptic activity of neurons
Not widely supported due to several limitations

Optical coherence tomography Non-invasive and cheap technique to assess effect of AD in the eye
Reliability still question of debate

Biomarker SV2A Reflects synaptic density in brain
Large scale validation necessary for broad application

RAGE Believed to regulate toxicity of Aβ

Potentially powerful biomarker in early diagnosis

Iron Relationship between Aβ and iron accumulation
Detection of iron with QSM promising tool

SV2A: synaptic glycoprotein 2A; RAGE: receptor for advanced glycation end products; QSM: quantitative susceptibility mapping.

4.1. New Processing Methodologies for Existing Techniques

One way to increase the clinical value of already existing techniques is to improve
the methods that process the obtained data. In the field of neuroimaging with MRI, much
more clinical value has been obtained by using different morphometry methods for data
processing. Since neuroimaging data of MRI scans are generally stored as matrices of voxels,
there are several methodologies to process this type of data. Additionally, a high focus has
been put on establishing new data-driven methods for the processing of PET images.

4.1.1. Voxel-Based Morphometry

The most commonly used data-driven method for T1-weighted MRI images is voxel-
based morphometry (VBM), which automatically segmentizes brain tissue in white matter,
gray matter and CSF [193]. It transforms T1-weighted individual brain scans into a standard
reference template. Subsequently, VBM measures differences in concentrations of the
different brain tissues by comparing voxels of multiple brain regions [194]. In AD, VBM is
used to quantify atrophy and to automatically distinguish AD patients from MCI subjects
and healthy controls [195].
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4.1.2. Deformation-Based Morphometry

Another, more biologically related method, which was previously mentioned, is DBM,
in which all brain volumes are transformed into a standard template brain [36,196]. In
contrast to VBM, with DBM, the high resolution of the MRI images is maintained [36].
Instead of the voxels, the deformation fields that contain information about the spatial
differences of the voxels between the imaged brain and the template brain are used for
statistical analysis. Therefore, DBM is more sensitive for subtle changes in brain tissue
composition than VBM. Additionally, data from multiple studies, imaging equipment and
research centers can be processed without bias [197].

4.1.3. Tensor-Based Morphometry

With tensor-based morphometry (TBM), regional differences in gradients of the de-
formation fields that line up the images into the template brain are measured [198]. TBM
can be used in a wide range of assessments, varying from the voxel level to analysis of the
whole brain. Moreover, since TBM is an almost fully automated process, it is favored in
large-scale MRI studies, such as clinical trials.

4.1.4. Pattern-Based Morphometry

Another type of morphometry is pattern-based morphometry (PBM), a method with
its origin in VBM and DBM [199]. This data-driven method uses an algorithm based on
sparse dictionary learning and is, in contrast to VBM, able to extract multidimensional
patterns that characterize differences between groups, making PBM an interesting tool to
compare different brain regions. Although PBM seems promising as a processing method
for heterogenous disease, more research into robustness and extension to other types of
neuroimaging is necessary for broad application.

4.1.5. Data-Driven Methods

As technology improves, lately, much attention has been given to using large amounts
of data to build data-driven models to improve the analysis of PET images. The effect of
age on certain brain regions assessed with FDG-PET, for example, has been corrected using
a data-driven approach [200]. Moreover, data-driven analysis of tau PET images identified
spatial patterns of radiotracer 18F-AV1451 signal clusters compared to pathology-based
methods, suggesting an advantage for data-driven methods in evaluating radiotracer
data [201]. To fully benefit from the advantages of data-driven methods in neuroimaging,
extra studies comparing conventional methods with data-driven methods are necessary.

4.2. Novel Implications of Imaging Techniques

In addition to new methodologies to increase the diagnostic value of already utilized
imaging techniques, novel applications of other imaging techniques are increasing. Al-
though structural MRI with T1-weighted images is still the gold standard in AD research
with MRI, other MRI sequences seem to be promising.

4.2.1. Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is an advanced type of diffusion MRI. This technique
measures the displacement of water molecules in three dimensions to determine the
integrity of the biological tissue [202,203]. In AD, DTI has been used to measure the
integrity of brain regions by calculating the mean diffusivity [204]. Additionally, DTI
demonstrated to be of value in determining the architecture of white matter [33], and
multiple studies have reported the relationship between white matter integrity and disease
severity, suggesting the inclusion of white matter degeneration as a pathological biomarker
of AD for early diagnosis [205–207]. In order to exploit the full potential of DTI as a
diagnostic tool in AD, the exact relationship between disease severity and white fiber tracts
has to be explored [203].
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4.2.2. Functional MRI

Functional MRI (fMRI) is an imaging technique that gives insight into the functional
integrity of brain networks that support several cognitive domains in a non-invasive
manner [23,208]. fMRI uses the blood-oxygen-level-dependent (BOLD) signal to measure
the synaptic activity of neurons. fMRI can be used in two manners: resting state (rs)
fMRI, which measures changes in BOLD signals during inactivity, or task-related fMRI
in which patients perform several cognitive tasks [33]. Since severely impaired patients
may be too limited to perform these tasks, rsfMRI may be more feasible to monitor disease
progression in later stages [23]. Although fMRI has been demonstrated to be of clinical
value in studying the default mode network [209–212], clinical use of fMRI is not widely
supported due to limitations, such as low signal and noise [202].

4.2.3. Optical Coherence Tomography

Another interesting imaging technique to be applied in AD research is optical co-
herence tomography (OCT), but to date, there is no consensus on the employment of
this technique. In recent years, pathological changes in the retina have been linked to
AD [213]. These changes include Aβ plaques, thinning of the retinal nerve fiber layer
(RNFL), ganglion cell loss and decreased vessel density. Since OCT is a non-invasive, fast
and inexpensive technique [214], multiple studies have investigated the beneficial value of
OCT in AD research. Although accumulation of Aβ in the lens, analysis of RNFL thickness
and ganglion cell loss are proposed as diagnostic tools for AD [215–218], the reliability of
these markers is still questioned due to possible other underlying diseases that cause these
pathological changes, such as glaucoma. Nevertheless, the feasibility and cost effectiveness
of OCT make it an interesting imaging technique to further investigate for applications
in AD.

4.3. New Biomarkers

For many years, the focus of AD research has been on atrophy, glucose metabolism and
imaging of Aβ deposition and tau burden. However, since none of these biomarkers stands
out as a faultless biomarker for the diagnosis of AD and disease progression, research
focuses on identifying novel biomarkers that reflect the progression of AD. Over the years,
several new biomarkers have been introduced.

4.3.1. Synaptic Vesicle Glycoprotein 2A

One marker suggested to be of clinical value in AD is synaptic vesicle glycoprotein
2A (SV2A), which reflects the synaptic density [111]. This protein is located in the cell
membrane of secretory vesicles, and since SV2A is ubiquitously expressed throughout the
brain, lower levels of SV2A may be a promising biomarker of synaptic loss in AD. 18F-UCB-
J is a PET radiotracer considered to be sensitive for synaptic loss, because altered uptake
of 18F-UCB-J in the gray matter was correlated to altered expression of SV2A and lower
synaptic density [219,220]. Although these results seem promising, large scale validation of
this and other radiotracers is necessary to further exploit the clinical possibilities of SV2A
in AD [9].

4.3.2. Receptor for Advanced Glycation End Products

There is increasing evidence that the receptor for advanced glycation end products
(RAGE) regulates the neurotoxicity of Aβ in AD [221]. The binding of RAGE to Aβ

results in the release of reactive oxygen species that contribute to the formation of senile
plaques and NFTs. Moreover, RAGE levels are significantly higher in AD subjects than in
cognitively healthy controls [222]. Therefore, it has been suggested that in the early stages
of AD, RAGE is a potent biomarker. 11C-FPS-ZM1 is a radiotracer for PET imaging of
RAGE in the brain [223]. Since RAGE overexpression is believed to precede the formation
of Aβ plaques, PET imaging of RAGE with 11C-FPS-ZM1 may be a powerful tool in the
early diagnosis of AD [221].
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4.3.3. Iron

Excessive accumulation of iron in specific brain parts is increasingly related to AD [224].
Although iron is required for maintaining homeostasis and plays a key role in many biolog-
ical processes, abnormal accumulation of iron in subcortical and deep gray matter nuclei
has been associated with AD [225]. Multiple studies have used quantitative susceptibility
mapping (QSM) to quantify the local magnetic susceptibility derived from MRI images
caused by deposits containing both Aβ and iron [224,226,227]. QSM application in the
detection of iron has been demonstrated to be of clinical value in assessing the relationship
between Aβ accumulation and iron burden [226]. Therefore, the detection of iron with
QSM may be of potential aid in imaging Aβ in the early diagnosis of AD [227].

5. Conclusions and Future Perspectives

In this review, we focused on the applications of imaging techniques in the early
diagnosis and longitudinal monitoring of AD. AD is a neurodegenerative disease in which
pathological changes occur decades before disease manifestation. The disease is char-
acterized by the formation of senile plaques, NFTs and subsequent synaptic loss and
neurodegeneration. Although AD affects a major part of the population worldwide, to
date, there is no therapy to cure AD. Since disease-modifying therapies may be the most
beneficial in early stages of the disease, it is important to diagnose AD as early as possible.
Additionally, longitudinal monitoring of disease progression is crucial to gain a better
understanding of the pathogenesis and to set clinical endpoints for potential treatment.
To date, several biomarkers have been proposed for the early diagnosis and longitudinal
monitoring of AD, but all these biomarkers have their limitations regarding specificity,
reliability and sensitivity.

Aβ deposition is among the earliest hallmarks of AD, but to date, there is no consensus
on exactly how Aβ accumulation contributes to the pathogenesis of AD. Moreover, detailed
study into Aβ over time has revealed that Aβ levels reach an equilibrium, making Aβ

a questionable biomarker for monitoring disease progression. Tau accumulation, on
the other hand, is believed to be more biologically related to the symptoms associated
with neurodegeneration in AD. Imaging studies with tau PET-tracers have demonstrated
promising results, but compared to Aβ-PET imaging, large-scale validation of these tracers
must be performed to make tau-PET imaging a reliable tool in AD. Moreover, longitudinal
studies into different phenotypes of AD revealed heterogeneity in the topographic patterns
of tau accumulation throughout the brain. This heterogeneity can be of additional value,
but first, more detailed study in these different tau spreading patterns is required. More
general imaging techniques, such as FDG-PET and structural MRI, have been applied in
AD research, but these techniques measure rather more common pathological changes than
AD-specific characteristics. Brain atrophy, measured by structural MRI, is not restricted
to AD pathology and is only detectable after a substantial amount of neurodegeneration.
FDG-PET is used to measure the glucose uptake in the brain. Since synaptic loss in AD
leads to hypometabolism, decreased glucose uptake is associated with AD. However,
decreased glucose metabolism is not restricted to AD but can also occur after strokes and
brain injury. Furthermore, an increasing body of evidence suggests that glucose uptake
reflects astrocyte function rather than neuronal function.

Altogether, to date, there is no perfect biomarker to detect AD in the early stages
and to monitor disease progression over time. Furthermore, these biomarkers rely on
neuroimaging techniques that require high-quality and expensive machinery, making them
infeasible for large-scale examinations of greater populations.

Hence, comprehensive and in-depth research into AD is crucial in the early diagnosis
and longitudinal monitoring of AD. Since tau-PET appears to be the most promising tool for
the diagnosis and tracking of disease progression, the field of research should focus on the
validation and development of existing and new tau radiotracers. Furthermore, detailed
research into new applications of other imaging techniques is necessary to overcome the
limitations in the extensive scanning of large populations. Lastly, current tools require
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relatively high levels of protein accumulation or neurodegeneration to be detectable. Since
higher levels are associated with higher disease severity and lower beneficial potential of
therapies, identifying novel biomarkers that reflect the pathogenesis of AD in the earliest
stages is essential for the development of disease-modifying therapies.
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NFT Neurofibrillary tangle
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MRI Magnetic resonance imaging
PET Positron emission tomography
MCI Mild cognitive impairment
CNS Central nervous system
FDG-PET Fluorodeoxyglucose positron emission tomography
APP Amyloid precursor protein
CSF Cerebrospinal fluid
PiB Pittsburgh compound-B
FTD Frontotemporal dementia
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BBB Blood-brain barrier
MMSE Mini-mental state examination
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MTA Medial temporal lobe atrophy
aMCI Amnestic mild cognitive impairment
ADNI Alzheimer’s Disease Neuroimaging Initiative
VBM Voxel-based morphometry
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fMRI Functional magnetic resonance imaging
BOLD Blood-oxygen-level-dependent
rsfMRI Resting state functional magnetic resonance imaging
DTI Diffusion tensor imaging
OCT Optical coherence tomography
RNFL Retinal nerve fiber layer
SV2A Synaptic vesicle glycoprotein 2A
RAGE Receptor for advanced glycation end products
QSM Quantitative susceptibility mapping
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In vivo imaging of amyloid deposition in Alzheimer disease using the radioligand 18F-AV-45 (florbetapir [corrected] F 18). J.
Nucl. Med. 2010, 51, 913–920. [CrossRef] [PubMed]

111. Bao, W.; Jia, H.; Finnema, S.; Cai, Z.; Carson, R.E.; Huang, Y.H. PET Imaging for Early Detection of Alzheimer’s Disease: From
Pathologic to Physiologic Biomarkers. PET Clin. 2017, 12, 329–350. [CrossRef] [PubMed]

112. Rowe, C.C.; Ellis, K.A.; Rimajova, M.; Bourgeat, P.; Pike, K.E.; Jones, G.; Fripp, J.; Tochon-Danguy, H.; Morandeau, L.; O’Keefe, G.;
et al. Amyloid imaging results from the Australian Imaging, Biomarkers and Lifestyle (AIBL) study of aging. Neurobiol. Aging
2010, 31, 1275–1283. [CrossRef] [PubMed]

113. Rowe, C.C.; Villemagne, V.L. Brain amyloid imaging. J. Nucl. Med. Technol. 2013, 41, 11–18. [CrossRef] [PubMed]
114. Gordon, B.A.; Blazey, T.M.; Su, Y.; Hari-Raj, A.; Dincer, A.; Flores, S.; Christensen, J.; McDade, E.; Wang, G.; Xiong, C.; et al.

Spatial patterns of neuroimaging biomarker change in individuals from families with autosomal dominant Alzheimer’s disease:
A longitudinal study. Lancet Neurol. 2018, 17, 241–250. [CrossRef]

115. Whitwell, J.L.; Tosakulwong, N.; Weigand, S.D.; Graff-Radford, J.; Duffy, J.R.; Clark, H.M.; Machulda, M.M.; Botha, H.; Utianski,
R.L.; Schwarz, C.G.; et al. Longitudinal Amyloid-β PET in Atypical Alzheimer’s Disease and Frontotemporal Lobar Degeneration.
J. Alzheimers. Dis. 2020, 74, 377–389. [CrossRef]

116. Wolk, D.A. Amyloid imaging in atypical presentations of Alzheimer’s disease. Curr. Neurol. Neurosci. Rep. 2013, 13,
1–10. [CrossRef]

117. Villemagne, V.L.; Fodero-Tavoletti, M.T.; Masters, C.L.; Rowe, C.C. Tau imaging: Early progress and future directions. Lancet
Neurol. 2015, 14, 114–124. [CrossRef]

118. Götz, J.; Ittner, L.M. Animal models of Alzheimer’s disease and frontotemporal dementia. Nat. Rev. Neurosci. 2008, 9,
532–544. [CrossRef]

119. McLean, C.A.; Cherny, R.A.; Fraser, F.W.; Fuller, S.J.; Smith, M.J.; Beyreuther, K.; Bush, A.I.; Masters, C.L. Soluble pool of Aβ

amyloid as a determinant of severity of neurodegeneration in Alzheimer’s disease. Ann. Neurol. 1999, 46, 860–866. [CrossRef]
120. Goedert, M.; Crowther, R.A.; Garner, C.C. Molecular characterization of microtubule-associated proteins tau and map2. Trends

Neurosci. 1991, 14, 193–199. [CrossRef]
121. Martin, L.; Latypova, X.; Terro, F. Post-translational modifications of tau protein: Implications for Alzheimer’s disease. Neurochem.

Int. 2011, 58, 458–471. [CrossRef]
122. Noble, W.; Hanger, D.P.; Miller, C.C.J.; Lovestone, S. The importance of tau phosphorylation for neurodegenerative diseases.

Front. Neurol. 2013, 4 JUL, 1–11. [CrossRef]
123. Wu, X.L.; Piña-Crespo, J.; Zhang, Y.W.; Chen, X.C.; Xu, H.X. Tau-mediated neurodegeneration and potential implications in

diagnosis and treatment of Alzheimer’s disease. Chin. Med. J. 2017, 130, 2978–2990. [CrossRef]
124. Saint-Aubert, L.; Lemoine, L.; Chiotis, K.; Leuzy, A.; Rodriguez-Vieitez, E.; Nordberg, A. Tau PET imaging: Present and future

directions. Mol. Neurodegener. 2017, 12, 1–21. [CrossRef]
125. Ossenkoppele, R.; Cohn-Sheehy, B.I.; La Joie, R.; Vogel, J.W.; Möller, C.; Lehmann, M.; Van Berckel, B.N.M.; Seeley, W.W.;

Pijnenburg, Y.A.; Gorno-Tempini, M.L.; et al. Atrophy patterns in early clinical stages across distinct phenotypes of Alzheimer’s
disease. Hum. Brain Mapp. 2015, 36, 4421–4437. [CrossRef] [PubMed]

126. Sintini, I.; Martin, P.R.; Graff-Radford, J.; Senjem, M.L.; Schwarz, C.G.; Machulda, M.M.; Spychalla, A.J.; Drubach, D.A.; Knopman,
D.S.; Petersen, R.C.; et al. Longitudinal tau-PET uptake and atrophy in atypical Alzheimer’s disease. NeuroImage Clin. 2019, 23,
1–12. [CrossRef]

127. Villemagne, V.L.; Okamura, N. In vivo tau imaging: Obstacles and progress. Alzheimer’s Dement. 2014, 10, 254–264. [CrossRef]
128. Fitzpatrick, A.W.P.; Falcon, B.; He, S.; Murzin, A.G.; Murshudov, G.; Garringer, H.J.; Crowther, R.A.; Ghetti, B.; Goedert, M.;

Scheres, S.H.W. Cryo-EM structures of tau filaments from Alzheimer’s disease. Nature 2017, 547, 185–190. [CrossRef] [PubMed]

http://doi.org/10.1002/ana.21321
http://www.ncbi.nlm.nih.gov/pubmed/18300294
http://doi.org/10.1159/000330017
http://www.ncbi.nlm.nih.gov/pubmed/21846988
http://doi.org/10.1016/S1474-4422(08)70001-2
http://doi.org/10.1136/jnnp-2012-302548
http://www.ncbi.nlm.nih.gov/pubmed/22791901
http://doi.org/10.1007/s00259-015-3228-x
http://www.ncbi.nlm.nih.gov/pubmed/26613792
http://doi.org/10.2967/jnumed.109.069088
http://www.ncbi.nlm.nih.gov/pubmed/20501908
http://doi.org/10.1016/j.cpet.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28576171
http://doi.org/10.1016/j.neurobiolaging.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20472326
http://doi.org/10.2967/jnumed.110.076315
http://www.ncbi.nlm.nih.gov/pubmed/23396994
http://doi.org/10.1016/S1474-4422(18)30028-0
http://doi.org/10.3233/JAD-190699
http://doi.org/10.1007/s11910-013-0412-x
http://doi.org/10.1016/S1474-4422(14)70252-2
http://doi.org/10.1038/nrn2420
http://doi.org/10.1002/1531-8249(199912)46:6&lt;860::AID-ANA8&gt;3.0.CO;2-M
http://doi.org/10.1016/0166-2236(91)90105-4
http://doi.org/10.1016/j.neuint.2010.12.023
http://doi.org/10.3389/fneur.2013.00083
http://doi.org/10.4103/0366-6999.220313
http://doi.org/10.1186/s13024-017-0162-3
http://doi.org/10.1002/hbm.22927
http://www.ncbi.nlm.nih.gov/pubmed/26260856
http://doi.org/10.1016/j.nicl.2019.101823
http://doi.org/10.1016/j.jalz.2014.04.013
http://doi.org/10.1038/nature23002
http://www.ncbi.nlm.nih.gov/pubmed/28678775


Int. J. Mol. Sci. 2021, 22, 2110 30 of 34

129. Murugan, N.A.; Nordberg, A.; Ågren, H. Different Positron Emission Tomography Tau Tracers Bind to Multiple Binding Sites on
the Tau Fibril: Insight from Computational Modeling. ACS Chem. Neurosci. 2018, 9, 1757–1767. [CrossRef] [PubMed]

130. Harada, R.; Okamura, N.; Furumoto, S.; Tago, T.; Yanai, K.; Arai, H.; Kudo, Y. Characteristics of tau and its ligands in PET
imaging. Biomolecules 2016, 6, 2–15. [CrossRef] [PubMed]

131. Shoghi-Jadid, K.; Small, G.W.; Agdeppa, E.D.; Kepe, V.; Ercoli, L.M.; Siddarth, P.; Read, S.; Satyamurthy, N.; Petric, A.; Huang,
S.C.; et al. Localization of neurofibrillary tangles and beta-amyloid plaques in the brains of living patients with alzheimer disease.
Am. J. Geriatr. Psychiatry 2002, 10, 24–35. [CrossRef] [PubMed]

132. Maruyama, M.; Shimada, H.; Suhara, T.; Shinotoh, H.; Ji, B.; Maeda, J.; Zhang, M.R.; Trojanowski, J.Q.; Lee, V.M.Y.; Ono, M.; et al.
Imaging of tau pathology in a tauopathy mouse model and in alzheimer patients compared to normal controls. Neuron 2013, 79,
1094–1108. [CrossRef] [PubMed]

133. Okamura, N.; Suemoto, T.; Furumoto, S.; Suzuki, M.; Shimadzu, H.; Akatsu, H.; Yamamoto, T.; Fujiwara, H.; Nemoto, M.;
Maruyama, M.; et al. Quinoline and benzimidazole derivatives: Candidate probes for in vivo imaging of tau pathology in
Alzheimer’s disease. J. Neurosci. 2005, 25, 10857–10862. [CrossRef]

134. Okamura, N.; Furumoto, S.; Harada, R.; Tago, T.; Yoshikawa, T.; Fodero-Tavoletti, M.; Mulligan, R.S.; Villemagne, V.L.; Akatsu,
H.; Yamamoto, T.; et al. Novel 18F-labeled arylquinoline derivatives for noninvasive imaging of Tau pathology in Alzheimer
disease. J. Nucl. Med. 2013, 54, 1420–1427. [CrossRef]

135. Harada, R.; Okamura, N.; Furumoto, S.; Furukawa, K.; Ishiki, A.; Tomita, N.; Hiraoka, K.; Watanuki, S.; Shidahara, M.; Miyake,
M.; et al. [18F]THK-5117 PET for assessing neurofibrillary pathology in Alzheimer’s disease. Eur. J. Nucl. Med. Mol. Imaging 2015,
42, 1052–1061. [CrossRef] [PubMed]

136. Okamura, N.; Furumoto, S.; Fodero-Tavoletti, M.T.; Mulligan, R.S.; Harada, R.; Yates, P.; Pejoska, S.; Kudo, Y.; Masters, C.L.; Yanai,
K.; et al. Non-invasive assessment of Alzheimer’s disease neurofibrillary pathology using 18F-THK5105 PET. Brain 2014, 137,
1762–1771. [CrossRef]

137. Harada, R.; Okamura, N.; Furumoto, S.; Furukawa, K.; Ishiki, A.; Tomita, N.; Tago, T.; Hiraoka, K.; Watanuki, S.; Shidahara, M.;
et al. 18F-THK5351: A novel PET radiotracer for imaging neurofibrillary pathology in Alzheimer disease. J. Nucl. Med. 2016, 57,
208–214. [CrossRef] [PubMed]

138. Betthauser, T.J.; Lao, P.J.; Murali, D.; Barnhart, T.E.; Furumoto, S.; Okamura, N.; Stone, C.K.; Johnson, S.C.; Christian, B.T. In vivo
comparison of tau radioligands 18F-THK-5351 and 18F-THK-5317. J. Nucl. Med. 2017, 58, 996–1002. [CrossRef]

139. Chien, D.T.; Bahri, S.; Szardenings, A.K.; Walsh, J.C.; Mu, F.; Su, M.Y.; Shankle, W.R.; Elizarov, A.; Kolb, H.C. Early Clinical PET
Imaging Results with the Novel PHF-Tau Radioligand [F-18]-T807. J. Alzheimer’s Dis. 2013, 34, 457–468. [CrossRef]

140. Das, S.R.; Xie, L.; Wisse, L.E.M.; Ittyerah, R.; Tustison, N.J.; Dickerson, B.C.; Yushkevich, P.A.; Wolk, D.A. Longitudinal and
cross-sectional structural magnetic resonance imaging correlates of AV-1451 uptake. Neurobiol. Aging 2018, 66, 49–58. [CrossRef]

141. Chien, D.T.; Szardenings, A.K.; Bahri, S.; Walsh, J.C.; Mu, F.; Xia, C.; Shankle, W.R.; Lerner, A.J.; Su, M.Y.; Elizarov, A.; et al. Early
clinical PET imaging results with the novel PHF-tau radioligand [F18]-T808. J. Alzheimer’s Dis. 2014, 38, 171–184. [CrossRef]

142. Marquié, M.; Normandin, M.D.; Meltzer, A.C.; Siao Tick Chong, M.; Andrea, N.V.; Antón-Fernández, A.; Klunk, W.E.; Mathis,
C.A.; Ikonomovic, M.D.; Debnath, M.; et al. Pathological correlations of [F-18]-AV-1451 imaging in non-alzheimer tauopathies.
Ann. Neurol. 2017, 81, 117–128. [CrossRef]

143. Kimura, Y.; Ichise, M.; Ito, H.; Shimada, H.; Ikoma, Y.; Seki, C.; Takano, H.; Kitamura, S.; Shinotoh, H.; Kawamura, K.; et al. PET
quantification of tau pathology in human brain with 11C-PBB3. J. Nucl. Med. 2015, 56, 1359–1365. [CrossRef]

144. Hashimoto, H.; Kawamura, K.; Igarashi, N.; Takei, M.; Fujishiro, T.; Aihara, Y.; Shiomi, S.; Muto, M.; Ito, T.; Furutsuka, K.; et al.
Radiosynthesis, photoisomerization, biodistribution, and metabolite analysis of 11C-PBB3 as a clinically useful PET probe for
imaging of tau pathology. J. Nucl. Med. 2014, 55, 1532–1538. [CrossRef] [PubMed]

145. Goedert, M. Alzheimer’s and Parkinson’s diseases: The prion concept in relation to assembled Aβ, tau, and α-synuclein. Science
(80-. ). 2015, 349, 1255555. [CrossRef]

146. Frisoni, G.B.; Boccardi, M.; Barkhof, F.; Blennow, K.; Cappa, S.; Chiotis, K.; Démonet, J.F.; Garibotto, V.; Giannakopoulos, P.;
Gietl, A.; et al. Strategic roadmap for an early diagnosis of Alzheimer’s disease based on biomarkers. Lancet Neurol. 2017, 16,
661–676. [CrossRef]

147. Fox, N.C.; Scahill, R.I.; Crum, W.R.; Rossor, M.N. Correlation between rates of brain atrophy and cognitive decline in AD.
Neurology 1999, 52, 1687–1689. [CrossRef] [PubMed]

148. Sluimer, J.D.; van der Flier, W.M.; Karas, G.B.; Fox, N.C.; Scheltens, P.; Barkhof, F.; Vrenken, H. Whole-Brain Atrophy Rate and
Cognitive Decline: Longitudinal MR Study of Memory Clinic Patients 1 Purpose: Methods: Results: Conclusion. Radiology 2008,
248, 590–598. [CrossRef] [PubMed]

149. Schott, J.M.; Crutch, S.J.; Frost, C.; Warrington, E.K.; Rossor, M.N.; Fox, N.C. Neuropsychological correlates of whole brain
atrophy in Alzheimer’s disease. Neuropsychologia 2008, 46, 1732–1737. [CrossRef]

150. Cardenas, V.A.; Chao, L.L.; Studholme, C.; Yaffe, K.; Miller, B.L.; Madison, C.; Buckley, S.T.; Mungas, D.; Schuff, N.; Weiner,
M.W. Brain atrophy associated with baseline and longitudinal measures of cognition. Neurobiol. Aging 2011, 32, 572–580.
[CrossRef] [PubMed]

151. Thompson, P.M.; Hayashi, K.M.; De Zubicaray, G.I.; Janke, A.L.; Rose, S.E.; Semple, J.; Hong, M.S.; Herman, D.H.; Gravano,
D.; Doddrell, D.M.; et al. Mapping hippocampal and ventricular change in Alzheimer disease. Neuroimage 2004, 22, 1754–1766.
[CrossRef] [PubMed]

http://doi.org/10.1021/acschemneuro.8b00093
http://www.ncbi.nlm.nih.gov/pubmed/29630333
http://doi.org/10.3390/biom6010007
http://www.ncbi.nlm.nih.gov/pubmed/26751494
http://doi.org/10.1097/00019442-200201000-00004
http://www.ncbi.nlm.nih.gov/pubmed/11790632
http://doi.org/10.1016/j.neuron.2013.07.037
http://www.ncbi.nlm.nih.gov/pubmed/24050400
http://doi.org/10.1523/JNEUROSCI.1738-05.2005
http://doi.org/10.2967/jnumed.112.117341
http://doi.org/10.1007/s00259-015-3035-4
http://www.ncbi.nlm.nih.gov/pubmed/25792456
http://doi.org/10.1093/brain/awu064
http://doi.org/10.2967/jnumed.115.164848
http://www.ncbi.nlm.nih.gov/pubmed/26541774
http://doi.org/10.2967/jnumed.116.182980
http://doi.org/10.3233/JAD-122059
http://doi.org/10.1016/j.neurobiolaging.2018.01.024
http://doi.org/10.3233/JAD-130098
http://doi.org/10.1002/ana.24844
http://doi.org/10.2967/jnumed.115.160127
http://doi.org/10.2967/jnumed.114.139550
http://www.ncbi.nlm.nih.gov/pubmed/24963128
http://doi.org/10.1126/science.1255555
http://doi.org/10.1016/S1474-4422(17)30159-X
http://doi.org/10.1212/WNL.52.8.1687
http://www.ncbi.nlm.nih.gov/pubmed/10331700
http://doi.org/10.1148/radiol.2482070938
http://www.ncbi.nlm.nih.gov/pubmed/18574133
http://doi.org/10.1016/j.neuropsychologia.2008.02.015
http://doi.org/10.1016/j.neurobiolaging.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19446370
http://doi.org/10.1016/j.neuroimage.2004.03.040
http://www.ncbi.nlm.nih.gov/pubmed/15275931


Int. J. Mol. Sci. 2021, 22, 2110 31 of 34

152. Jack, C.R.; Shiung, M.M.; Gunter, J.L.; O’Brien, P.C.; Weigand, S.D.; Knopman, D.S.; Boeve, B.F.; Ivnik, R.J.; Smith, G.E.; Cha, R.H.;
et al. Comparison of different MRI brain athrophy rate measures with clinical disease progression in AD. Neurology 2004, 62,
591–600. [CrossRef]

153. Creavin, S.T.; Wisniewski, S.; Noel-Storr, A.H.; Trevelyan, C.M.; Hampton, T.; Rayment, D.; Thom, V.M.; Nash, K.J.E.; Elhamoui,
H.; Milligan, R.; et al. Mini-Mental State Examination (MMSE) for the detection of dementia in clinically unevaluated people
aged 65 and over in community and primary care populations. Cochrane Database Syst. Rev. 2016. [CrossRef]

154. Ossenkoppele, R.; Pijnenburg, Y.A.L.; Perry, D.C.; Cohn-Sheehy, B.I.; Scheltens, N.M.E.; Vogel, J.W.; Kramer, J.H.; Van Der Vlies,
A.E.; Joie, R.L.; Rosen, H.J.; et al. The behavioural/dysexecutive variant of Alzheimer’s disease: Clinical, neuroimaging and
pathological features. Brain 2015, 138, 2732–2749. [CrossRef]

155. Drzezga, A.; Lautenschlager, N.; Siebner, H.; Riemenschneider, M.; Willoch, F.; Minoshima, S.; Schwaiger, M.; Kurz, A. Cerebral
metabolic changes accompanying conversion of mild cognitive impairment into alzheimer’s disease: A PET follow-up study. Eur.
J. Nucl. Med. Mol. Imaging 2003, 30, 1104–1113. [CrossRef] [PubMed]

156. Fouquet, M.; Desgranges, B.; Landeau, B.; Duchesnay, E.; Mzenge, F.; De La Sayette, V.; Viader, F.; Baron, J.C.; Eustache, F.;
Chtelat, G. Longitudinal brain metabolic changes from amnestic mild cognitive impairment to Alzheimers disease. Brain 2009,
132, 2058–2067. [CrossRef] [PubMed]

157. Bradley, K.M.; O’Sullivan, V.T.; Soper, N.D.W.; Nagy, Z.; King, E.M.-F.; Smith, A.D.; Shepstone, B.J. Cerebral perfusion SPET
correlated with Braak pathological stage in Alzheimer’s disease. Brain 2002, 125, 1772–1781. [CrossRef]

158. Petersen, R.C.; Aisen, P.S.; Beckett, L.A.; Donohue, M.C.; Gamst, A.C.; Harvey, D.J.; Jack, C.R.; Jagust, W.J.; Shaw, L.M.; Toga, A.W.;
et al. Alzheimer’s Disease Neuroimaging Initiative (ADNI): Clinical characterization. Neurology 2010, 74, 201–209. [CrossRef]

159. Aisen, P.S.; Petersen, R.C.; Donohue, M.C.; Gamst, A.; Raman, R.; Thomas, R.G.; Walter, S.; Trojanowski, J.Q.; Shaw, L.M.; Beckett,
L.A.; et al. Clinical core of the Alzheimer’s disease neuroimaging initiative: Progress and plans. Alzheimers Dement. 2010, 6,
239–246. [CrossRef]

160. Kim, S.H.; Seo, S.W.; Yoon, D.S.; Chin, J.; Lee, B.H.; Cheong, H.-K.; Han, S.-H.; Na, D.L. Comparison of neuropsychological and
FDG-PET findings between early- versus late-onset mild cognitive impairment: A five-year longitudinal study. Dement. Geriatr.
Cogn. Disord. 2010, 29, 213–223. [CrossRef]

161. Anchisi, D.; Borroni, B.; Franceschi, M.; Kerrouche, N.; Kalbe, E.; Beuthien-Beumann, B.; Cappa, S.; Lenz, O.; Ludecke, S.;
Marcone, A.; et al. Heterogeneity of brain glucose metabolism in mild cognitive impairment and clinical progression to Alzheimer
disease. Arch. Neurol. 2005, 62, 1728–1733. [CrossRef] [PubMed]

162. Drzezga, A.; Grimmer, T.; Riemenschneider, M.; Lautenschlager, N.; Siebner, H.; Alexopoulus, P.; Minoshima, S.; Schwaiger, M.;
Kurz, A. Prediction of individual clinical outcome in MCI by means of genetic assessment and (18)F-FDG PET. J. Nucl. Med. 2005,
46, 1625–1632.

163. Mosconi, L.; Perani, D.; Sorbi, S.; Herholz, K.; Nacmias, B.; Holthoff, V.; Salmon, E.; Baron, J.-C.; De Cristofaro, M.T.R.; Padovani,
A.; et al. MCI conversion to dementia and the APOE genotype: A prediction study with FDG-PET. Neurology 2004, 63, 2332–2340.
[CrossRef] [PubMed]

164. Sohn, B.K.; Yi, D.; Seo, E.H.; Choe, Y.M.; Kim, J.W.; Kim, S.G.; Choi, H.J.; Byun, M.S.; Jhoo, J.H.; Woo, J.I.; et al. Comparison of
regional gray matter atrophy, white matter alteration, and glucose metabolism as a predictor of the conversion to alzheimer’s
disease in mild cognitive impairment. J. Korean Med. Sci. 2015, 30, 779–787. [CrossRef] [PubMed]

165. Vanhoutte, M.; Semah, F.; Leclerc, X.; Sillaire, A.R.; Jaillard, A.; Kuchcinski, G.; Delbeuck, X.; Fahmi, R.; Pasquier, F.; Lopes, R.
Three-year changes of cortical 18F-FDG in amnestic vs. non-amnestic sporadic early-onset Alzheimer’s disease. Eur. J. Nucl. Med.
Mol. Imaging 2020, 47, 304–318. [CrossRef]

166. Ishibashi, K.; Onishi, A.; Wagatsuma, K.; Fujiwara, Y.; Ishii, K. Longitudinal 18F-FDG Images in Patients with Alzheimer Disease
over More Than 9 Years from a Preclinical Stage. Clin. Nucl. Med. 2020, 45, E185–E189. [CrossRef] [PubMed]

167. Vanhoutte, M.; Semah, F.; Rollin Sillaire, A.; Jaillard, A.; Petyt, G.; Kuchcinski, G.; Maureille, A.; Delbeuck, X.; Fahmi, R.; Pasquier,
F.; et al. 18F-FDG PET hypometabolism patterns reflect clinical heterogeneity in sporadic forms of early-onset Alzheimer’s
disease. Neurobiol. Aging 2017, 59, 184–196. [CrossRef]

168. Cerami, C.; Della Rosa, P.A.; Magnani, G.; Santangelo, R.; Marcone, A.; Cappa, S.F.; Perani, D. Brain metabolic maps in Mild
Cognitive Impairment predict heterogeneity of progression to dementia. NeuroImage Clin. 2015, 7, 187–194. [CrossRef] [PubMed]

169. Kas, A.; Migliaccio, R.; Tavitian, B. A future for PET imaging in Alzheimer’s disease. Eur. J. Nucl. Med. Mol. Imaging 2020, 47,
231–234. [CrossRef]

170. Caminiti, S.P.; Ballarini, T.; Sala, A.; Cerami, C.; Presotto, L.; Santangelo, R.; Fallanca, F.; Vanoli, E.G.; Gianolli, L.; Iannaccone, S.;
et al. FDG-PET and CSF biomarker accuracy in prediction of conversion to different dementias in a large multicentre MCI cohort.
NeuroImage Clin. 2018, 18, 167–177. [CrossRef] [PubMed]

171. Byrnes, K.R.; Wilson, C.M.; Brabazon, F.; von Leden, R.; Jurgens, J.S.; Oakes, T.R.; Selwyn, R.G. FDG-PET imaging in mild
traumatic brain injury: A critical review. Front. Neuroenergetics 2014, 5, 13. [CrossRef]

172. Longstreth, W.T.J.; Bernick, C.; Manolio, T.A.; Bryan, N.; Jungreis, C.A.; Price, T.R. Lacunar infarcts defined by magnetic resonance
imaging of 3660 elderly people: The Cardiovascular Health Study. Arch. Neurol. 1998, 55, 1217–1225. [CrossRef]

http://doi.org/10.1212/01.WNL.0000110315.26026.EF
http://doi.org/10.1002/14651858.CD011145.pub2
http://doi.org/10.1093/brain/awv191
http://doi.org/10.1007/s00259-003-1194-1
http://www.ncbi.nlm.nih.gov/pubmed/12764551
http://doi.org/10.1093/brain/awp132
http://www.ncbi.nlm.nih.gov/pubmed/19477964
http://doi.org/10.1093/brain/awf185
http://doi.org/10.1212/WNL.0b013e3181cb3e25
http://doi.org/10.1016/j.jalz.2010.03.006
http://doi.org/10.1159/000278422
http://doi.org/10.1001/archneur.62.11.1728
http://www.ncbi.nlm.nih.gov/pubmed/16286547
http://doi.org/10.1212/01.WNL.0000147469.18313.3B
http://www.ncbi.nlm.nih.gov/pubmed/15623696
http://doi.org/10.3346/jkms.2015.30.6.779
http://www.ncbi.nlm.nih.gov/pubmed/26028932
http://doi.org/10.1007/s00259-019-04519-w
http://doi.org/10.1097/RLU.0000000000002948
http://www.ncbi.nlm.nih.gov/pubmed/32049727
http://doi.org/10.1016/j.neurobiolaging.2017.08.009
http://doi.org/10.1016/j.nicl.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25610780
http://doi.org/10.1007/s00259-019-04640-w
http://doi.org/10.1016/j.nicl.2018.01.019
http://www.ncbi.nlm.nih.gov/pubmed/29387532
http://doi.org/10.3389/fnene.2013.00013
http://doi.org/10.1001/archneur.55.9.1217


Int. J. Mol. Sci. 2021, 22, 2110 32 of 34

173. Shokouhi, S.; Campbell, D.; Brill, A.B.; Gwirtsman, H.E. Longitudinal Positron Emission Tomography in Preventive Alzheimer’s
Disease Drug Trials, Critical Barriers from Imaging Science Perspective. Brain Pathol. 2016, 26, 664–671. [CrossRef] [PubMed]

174. Ou, Y.N.; Xu, W.; Li, J.Q.; Guo, Y.; Cui, M.; Chen, K.L.; Huang, Y.Y.; Dong, Q.; Tan, L.; Yu, J.T. FDG-PET as an independent
biomarker for Alzheimer’s biological diagnosis: A longitudinal study. Alzheimer’s Res. Ther. 2019, 11, 1–11. [CrossRef] [PubMed]

175. Villemagne, V.L.; Pike, K.E.; Chételat, G.; Ellis, K.A.; Mulligan, R.S.; Bourgeat, P.; Ackermann, U.; Jones, G.; Szoeke, C.; Salvado,
O.; et al. Longitudinal assessment of Aβ and cognition in aging and Alzheimer disease. Ann. Neurol. 2011, 69, 181–192.
[CrossRef] [PubMed]

176. Jagust, W. Imaging the evolution and pathophysiology of Alzheimer disease. Nat. Rev. Neurosci. 2018, 19, 687–700. [CrossRef]
177. Koivunen, J.; Scheinin, N.; Virta, J.R.; Aalto, S.; Vahlberg, T.; Helin, S.; Parkkola, R.; Viitanen, M.; Rinne, J.O. Amyloid PET

imaging in patients with mild cognitive impairment. Neurology 2011, 1085–1090. [CrossRef]
178. Ossenkoppele, R.; Tolboom, N.; Foster-Dingley, J.C.; Adriaanse, S.F.; Boellaard, R.; Yaqub, M.; Windhorst, A.D.; Barkhof, F.;

Lammertsma, A.A.; Scheltens, P.; et al. Longitudinal imaging of Alzheimer pathology using [ 11C]PIB, [18F]FDDNP and [
18F]FDG PET. Eur. J. Nucl. Med. Mol. Imaging 2012, 39, 990–1000. [CrossRef]

179. Villemagne, V.L.; Burnham, S.; Bourgeat, P.; Brown, B.; Ellis, K.A.; Salvado, O.; Szoeke, C.; Macaulay, S.L.; Martins, R.; Maruff, P.;
et al. Amyloid β deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer’s disease: A prospective cohort
study. Lancet Neurol. 2013, 12, 357–367. [CrossRef]

180. Jack, C.R.; Wiste, H.J.; Lesnick, T.G.; Weigand, S.D.; Knopman, D.S.; Vemuri, P.; Pankratz, V.S.; Senjem, M.L.; Gunter, J.L.; Mielke,
M.M.; et al. Brain β-amyloid load approaches a plateau. Neurology 2013, 80, 890–896. [CrossRef]

181. Chen, K.; Roontiva, A.; Thiyyagura, P.; Lee, W.; Liu, X.; Ayutyanont, N.; Protas, H.; Luo, J.L.; Bauer, R.; Reschke, C.; et al.
Improved power for characterizing longitudinal amyloid-βPET changes and evaluating amyloid-modifying treatments with a
cerebral white matter reference region. J. Nucl. Med. 2015, 56, 560–566. [CrossRef]

182. Shokouhi, S.; McKay, J.W.; Baker, S.L.; Kang, H.; Brill, A.B.; Gwirtsman, H.E.; Riddle, W.R.; Claassen, D.O.; Rogers, B.P. Reference
tissue normalization in longitudinal 18F-florbetapir positron emission tomography of late mild cognitive impairment. Alzheimer’s
Res. Ther. 2016, 8, 2. [CrossRef] [PubMed]

183. Landau, S.M.; Fero, A.; Baker, S.L.; Koeppe, R.; Mintun, M.; Chen, K.; Reiman, E.M.; Jagust, W.J. Measurement of longitu-
dinal β-amyloid change with 18F-florbetapir PET and standardized uptake value ratios. J. Nucl. Med. 2015, 56, 567–574.
[CrossRef] [PubMed]

184. Villemagne, V.L.; Doré, V.; Bourgeat, P.; Burnham, S.C.; Laws, S.; Salvado, O.; Masters, C.L.; Rowe, C.C. Aβ-amyloid and Tau
Imaging in Dementia. Semin. Nucl. Med. 2017, 47, 75–88. [CrossRef]

185. Bischof, G.N.; Endepols, H.; van Eimeren, T.; Drzezga, A. Tau-imaging in neurodegeneration. Methods 2017, 130,
114–123. [CrossRef]

186. Ishiki, A.; Okamura, N.; Furukawa, K.; Furumoto, S.; Harada, R.; Tomita, N.; Hiraoka, K.; Watanuki, S.; Ishikawa, Y.; Tago, T.;
et al. Longitudinal assessment of Tau pathology in patients with Alzheimer’s disease using [18F] THK-5117 positron emission
tomography. PLoS ONE 2015, 10, e0140311. [CrossRef]

187. Jack, C.R.; Wiste, H.J.; Schwarz, C.G.; Lowe, V.J.; Senjem, M.L.; Vemuri, P.; Weigand, S.D.; Therneau, T.M.; Knopman, D.S.; Gunter,
J.L.; et al. Longitudinal tau PET in ageing and Alzheimer’s disease. Brain 2018, 141, 1517–1528. [CrossRef] [PubMed]

188. Harrison, T.M.; La Joie, R.; Maass, A.; Baker, S.L.; Swinnerton, K.; Fenton, L.; Mellinger, T.J.; Edwards, L.; Pham, J.; Miller, B.L.;
et al. Longitudinal tau accumulation and atrophy in aging and alzheimer disease. Ann. Neurol. 2019, 85, 229–240. [CrossRef]

189. Cho, H.; Choi, J.Y.; Lee, H.S.; Lee, J.H.; Ryu, Y.H.; Lee, M.S.; Jack, C.R.; Lyoo, C.H. Progressive tau accumulation in Alzheimer
disease: 2-year follow-up study. J. Nucl. Med. 2019, 60, 1611–1621. [CrossRef]

190. Vogels, T.; Leuzy, A.; Cicognola, C.; Ashton, N.J.; Smolek, T.; Novak, M.; Blennow, K.; Zetterberg, H.; Hromadka, T.; Zilka,
N.; et al. Propagation of Tau Pathology: Integrating Insights From Postmortem and In Vivo Studies. Biol. Psychiatry 2020, 87,
808–818. [CrossRef]

191. Krajcovicova, L.; Klobusiakova, P.; Rektorova, I. Gray Matter Changes in Parkinson’s and Alzheimer’s Disease and Relation to
Cognition. Curr. Neurol. Neurosci. Rep. 2019, 19. [CrossRef] [PubMed]

192. Jeon, S.; Kang, J.M.; Seo, S.; Jeong, H.J.; Funck, T.; Lee, S.Y.; Park, K.H.; Lee, Y.B.; Yeon, B.K.; Ido, T.; et al. Topographical
heterogeneity of Alzheimer’s disease based on MR imaging, tau PET, and amyloid PET. Front. Aging Neurosci. 2019, 10, 1–10.
[CrossRef] [PubMed]

193. Ashburner, J.; Friston, K.J. Voxel-based morphometry—The methods. Neuroimage 2000, 11, 805–821. [CrossRef]
194. Matsuda, H. MRI morphometry in Alzheimer’s disease. Ageing Res. Rev. 2016, 30, 17–24. [CrossRef] [PubMed]
195. Schmitter, D.; Roche, A.; Maréchal, B.; Ribes, D.; Abdulkadir, A.; Bach-Cuadra, M.; Daducci, A.; Granziera, C.; Klöppel, S.; Maeder,

P.; et al. An evaluation of volume-based morphometry for prediction of mild cognitive impairment and Alzheimer’s disease.
NeuroImage Clin. 2015, 7, 7–17. [CrossRef]

196. Friese, U.; Meindl, T.; Herpertz, S.C.; Reiser, M.F.; Hampel, H.G.; Teipel, S.J. Diagnostic utility of novel mri-Based biomark-
ers for alzheimer’s disease: Diffusion tensor imaging and deformation-based morphometry. J. Alzheimer’s Dis. 2010, 20,
477–490. [CrossRef]

http://doi.org/10.1111/bpa.12399
http://www.ncbi.nlm.nih.gov/pubmed/27327527
http://doi.org/10.1186/s13195-019-0512-1
http://www.ncbi.nlm.nih.gov/pubmed/31253185
http://doi.org/10.1002/ana.22248
http://www.ncbi.nlm.nih.gov/pubmed/21280088
http://doi.org/10.1038/s41583-018-0067-3
http://doi.org/10.1212/WNL.0b013e318212015e
http://doi.org/10.1007/s00259-012-2102-3
http://doi.org/10.1016/S1474-4422(13)70044-9
http://doi.org/10.1212/WNL.0b013e3182840bbe
http://doi.org/10.2967/jnumed.114.149732
http://doi.org/10.1186/s13195-016-0172-3
http://www.ncbi.nlm.nih.gov/pubmed/26768154
http://doi.org/10.2967/jnumed.114.148981
http://www.ncbi.nlm.nih.gov/pubmed/25745095
http://doi.org/10.1053/j.semnuclmed.2016.09.006
http://doi.org/10.1016/j.ymeth.2017.08.003
http://doi.org/10.1371/journal.pone.0140311
http://doi.org/10.1093/brain/awy059
http://www.ncbi.nlm.nih.gov/pubmed/29538647
http://doi.org/10.1002/ana.25406
http://doi.org/10.2967/jnumed.118.221697
http://doi.org/10.1016/j.biopsych.2019.09.019
http://doi.org/10.1007/s11910-019-1006-z
http://www.ncbi.nlm.nih.gov/pubmed/31720859
http://doi.org/10.3389/fnagi.2019.00211
http://www.ncbi.nlm.nih.gov/pubmed/31481888
http://doi.org/10.1006/nimg.2000.0582
http://doi.org/10.1016/j.arr.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26812213
http://doi.org/10.1016/j.nicl.2014.11.001
http://doi.org/10.3233/JAD-2010-1386


Int. J. Mol. Sci. 2021, 22, 2110 33 of 34

197. Manera, A.L.; Dadar, M.; Collins, D.L.; Ducharme, S. Deformation based morphometry study of longitudinal MRI changes in
behavioral variant frontotemporal dementia. NeuroImage Clin. 2019, 24, 102079. [CrossRef] [PubMed]

198. Hua, X.; Leow, A.D.; Parikshak, N.; Lee, S.; Chiang, M.-C.; Toga, A.W.; Jack, C.R., Jr.; Weiner, M.W.; Thompson, P.M.; Initiative,
A.D.N. Tensor-based morphometry as a neuroimaging biomarker for Alzheimer’s disease: An MRI study of 676 AD, MCI, and
normal subjects. Neuroimage 2008, 43, 458–469. [CrossRef]

199. Gaonkar, B.; Pohl, K.; Davatzikos, C. Pattern Based Morphometry. In Proceedings of the International Conference on Medical
Image Computing and Computer-Assisted Intervention, Toronto, ON, Canada, 18–22 September 2011; pp. 459–466. [CrossRef]

200. Jiang, J.; Sun, Y.; Zhou, H.; Li, S.; Huang, Z.; Wu, P.; Shi, K.; Zuo, C.; Alzheimer’s Disease Neuroimaging Initiative. Study of the
Influence of Age in 18 F-FDG PET Images Using a Data-Driven Approach and Its Evaluation in Alzheimer’s Disease. Contrast
Media Mol. Imaging 2018, 2018, 3786083. [CrossRef] [PubMed]

201. Vogel, J.W.; Mattsson, N.; Iturria-Medina, Y.; Strandberg, O.T.; Schöll, M.; Dansereau, C.; Villeneuve, S.; van der Flier, W.M.;
Scheltens, P.; Bellec, P.; et al. Data-driven approaches for tau-PET imaging biomarkers in Alzheimer’s disease. Hum. Brain Mapp.
2019, 40, 638–651. [CrossRef] [PubMed]

202. Chandra, A.; Dervenoulas, G.; Politis, M. Magnetic resonance imaging in Alzheimer’s disease and mild cognitive impairment. J.
Neurol. 2019, 266, 1293–1302. [CrossRef] [PubMed]

203. Teipel, S.J.; Walter, M.; Likitjaroen, Y.; Schönknecht, P.; Gruber, O. Diffusion tensor imaging in Alzheimer’s disease and affective
disorders. Eur. Arch. Psychiatry Clin. Neurosci. 2014, 264, 467–483. [CrossRef] [PubMed]

204. Brueggen, K.; Dyrba, M.; Barkhof, F.; Hausner, L.; Filippi, M.; Nestor, P.J.; Hauenstein, K.; Klöppel, S.; Grothe, M.J.; Kasper,
E.; et al. Basal forebrain and hippocampus as predictors of conversion to Alzheimer’s disease in patients with mild cognitive
impairment-a multicenter DTI and volumetry study. J. Alzheimer’s Dis. 2015, 48, 197–204. [CrossRef] [PubMed]

205. Fjell, A.M.; Amlien, I.K.; Westlye, L.T.; Walhovd, K.B. Mini-mental state examination is sensitive to brain atrophy in Alzheimer’s
disease. Dement. Geriatr. Cogn. Disord. 2009, 28, 252–258. [CrossRef] [PubMed]

206. Heo, J.-H.; Lee, S.-T.; Chu, K.; Park, H.-J.; Shim, J.-Y.; Kim, M. White matter hyperintensities and cognitive dysfunction in
Alzheimer disease. J. Geriatr. Psychiatry Neurol. 2009, 22, 207–212. [CrossRef]

207. Hoy, A.R.; Ly, M.; Carlsson, C.M.; Okonkwo, O.C.; Zetterberg, H.; Blennow, K.; Sager, M.A.; Asthana, S.; Johnson, S.C.; Alexander,
A.L.; et al. Microstructural white matter alterations in preclinical Alzheimer’s disease detected using free water elimination
diffusion tensor imaging. PLoS ONE 2017, 12, e0173982. [CrossRef] [PubMed]

208. Sperling, R. The potential of functional MRI as a biomarker in early Alzheimer’s disease. Neurobiol. Aging 2011, 32,
1–11. [CrossRef]

209. Hojjati, S.H.; Ebrahimzadeh, A.; Babajani-Feremi, A. Identification of the early stage of alzheimer’s disease using structural mri
and resting-state fmri. Front. Neurol. 2019, 10, 1–12. [CrossRef] [PubMed]

210. Greicius, M.D.; Krasnow, B.; Reiss, A.L.; Menon, V. Functional connectivity in the resting brain: A network analysis of the default
mode hypothesis. Proc. Natl. Acad. Sci. 2003, 100, 253–258. [CrossRef]

211. Das, S.R.; Pluta, J.; Mancuso, L.; Kliot, D.; Orozco, S.; Dickerson, B.C.; Yushkevich, P.A.; Wolk, D.A. Increased functional
connectivity within medial temporal lobe in mild cognitive impairment. Hippocampus 2013, 23, 1–6. [CrossRef]

212. Yu, E.; Liao, Z.; Mao, D.; Zhang, Q.; Ji, G.; Li, Y.; Ding, Z. Directed Functional Connectivity of Posterior Cingulate Cortex and
Whole Brain in Alzheimer’s Disease and Mild Cognitive Impairment. Curr. Alzheimer Res. 2017, 14, 628–635. [CrossRef] [PubMed]

213. Doustar, J.; Torbati, T.; Black, K.L.; Koronyo, Y.; Koronyo-Hamaoui, M. Optical coherence tomography in Alzheimer’s disease and
other neurodegenerative diseases. Front. Neurol. 2017, 8, 1–13. [CrossRef] [PubMed]

214. Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.G.; Chang, W.; Hee, M.R.; Flotte, T.; Gregory, K.; Puliafito, C.A.;
et al. Optical coherence tomography. Science 1991, 254, 1178–1181. [CrossRef] [PubMed]

215. Günes, A.; Demirci, S.; Tök, L.; Tök, Ö.; Demirci, S. Evaluation of retinal nerve fiber layer thickness in Alzheimer disease using
spectral-domain optical coherence tomography. Turkish J. Med. Sci. 2015, 45, 1094–1097. [CrossRef]

216. Htike, T.T.; Mishra, S.; Kumar, S.; Padmanabhan, P.; Gulyás, B. Peripheral Biomarkers for Early Detection of Alzheimer’s and
Parkinson’s Diseases. Mol. Neurobiol. 2019, 56, 2256–2277. [CrossRef] [PubMed]

217. Van De Kreeke, J.A.; Nguyen, H.T.; Konijnenberg, E.; Tomassen, J.; Den Braber, A.; Ten Kate, M.; Yaqub, M.; Van Berckel, B.;
Lammertsma, A.A.; Boomsma, D.I.; et al. Optical coherence tomography angiography in preclinical Alzheimer’s disease. Br. J.
Ophthalmol. 2019, 157–161. [CrossRef]

218. Cabrera DeBuc, D.; Gaca-Wysocka, M.; Grzybowski, A.; Kanclerz, P. Identification of Retinal Biomarkers in Alzheimer’s Disease
Using Optical Coherence Tomography: Recent Insights, Challenges, and Opportunities. J. Clin. Med. 2019, 8, 996. [CrossRef]

219. Mercier, J.; Provins, L.; Valade, A. Discovery and development of SV2A PET tracers: Potential for imaging synaptic density and
clinical applications. Drug Discov. Today Technol. 2017, 25, 45–52. [CrossRef]

220. Finnema, S.J.; Nabulsi, N.B.; Eid, T.; Detyniecki, K.; Lin, S.F.; Chen, M.K.; Dhaher, R.; Matuskey, D.; Baum, E.; Holden, D.; et al.
Imaging synaptic density in the living human brain. Sci. Transl. Med. 2016, 8, 1–10. [CrossRef]

221. Kong, Y.; Liu, C.; Zhou, Y.; Qi, J.; Zhang, C.; Sun, B.; Wang, J.; Guan, Y. Progress of RAGE Molecular Imaging in Alzheimer’s
Disease. Front. Aging Neurosci. 2020, 12, 1–9. [CrossRef] [PubMed]

http://doi.org/10.1016/j.nicl.2019.102079
http://www.ncbi.nlm.nih.gov/pubmed/31795051
http://doi.org/10.1016/j.neuroimage.2008.07.013
http://doi.org/10.1007/978-3-642-23629-7_56
http://doi.org/10.1155/2018/3786083
http://www.ncbi.nlm.nih.gov/pubmed/29581708
http://doi.org/10.1002/hbm.24401
http://www.ncbi.nlm.nih.gov/pubmed/30368979
http://doi.org/10.1007/s00415-018-9016-3
http://www.ncbi.nlm.nih.gov/pubmed/30120563
http://doi.org/10.1007/s00406-014-0496-6
http://www.ncbi.nlm.nih.gov/pubmed/24595744
http://doi.org/10.3233/JAD-150063
http://www.ncbi.nlm.nih.gov/pubmed/26401940
http://doi.org/10.1159/000241878
http://www.ncbi.nlm.nih.gov/pubmed/19786777
http://doi.org/10.1177/0891988709335800
http://doi.org/10.1371/journal.pone.0173982
http://www.ncbi.nlm.nih.gov/pubmed/28291839
http://doi.org/10.1016/j.neurobiolaging.2011.09.009
http://doi.org/10.3389/fneur.2019.00904
http://www.ncbi.nlm.nih.gov/pubmed/31543860
http://doi.org/10.1073/pnas.0135058100
http://doi.org/10.1002/hipo.22051
http://doi.org/10.2174/1567205013666161201201000
http://www.ncbi.nlm.nih.gov/pubmed/27915993
http://doi.org/10.3389/fneur.2017.00701
http://www.ncbi.nlm.nih.gov/pubmed/29312125
http://doi.org/10.1126/science.1957169
http://www.ncbi.nlm.nih.gov/pubmed/1957169
http://doi.org/10.3906/sag-1405-114
http://doi.org/10.1007/s12035-018-1151-4
http://www.ncbi.nlm.nih.gov/pubmed/30008073
http://doi.org/10.1136/bjophthalmol-2019-314127
http://doi.org/10.3390/jcm8070996
http://doi.org/10.1016/j.ddtec.2017.11.003
http://doi.org/10.1126/scitranslmed.aaf6667
http://doi.org/10.3389/fnagi.2020.00227
http://www.ncbi.nlm.nih.gov/pubmed/32848706


Int. J. Mol. Sci. 2021, 22, 2110 34 of 34

222. Paudel, Y.N.; Angelopoulou, E.; Piperi, C.; Othman, I.; Aamir, K.; Shaikh, M.F. Impact of HMGB1, RAGE, and TLR4 in Alzheimer’s
Disease (AD): From Risk Factors to Therapeutic Targeting. Cells 2020, 9, 383. [CrossRef]

223. Luzi, F.; Savickas, V.; Taddei, C.; Hader, S.; Singh, N.; Gee, A.D.; Bongarzone, S. Radiolabeling of [11C]FPS-ZM1, a receptor for
advanced glycation end products-targeting positron emission tomography radiotracer, using a [11C]CO2-to-[11C]CO chemical
conversion. Future Med. Chem. 2020, 12, 511–521. [CrossRef] [PubMed]

224. Moon, Y.; Han, S.H.; Moon, W.J. Patterns of Brain Iron Accumulation in Vascular Dementia and Alzheimer’s Dementia Using
Quantitative Susceptibility Mapping Imaging. J. Alzheimer’s Dis. 2016, 51, 737–745. [CrossRef] [PubMed]

225. Zecca, L.; Youdim, M.B.H.; Riederer, P.; Connor, J.R.; Crichton, R.R. Iron, brain ageing and neurodegenerative disorders. Nat. Rev.
Neurosci. 2004, 5, 863–873. [CrossRef] [PubMed]

226. Gong, N.J.; Dibb, R.; Bulk, M.; van der Weerd, L.; Liu, C. Imaging beta amyloid aggregation and iron accumulation in Alzheimer’s
disease using quantitative susceptibility mapping MRI. Neuroimage 2019, 191, 176–185. [CrossRef]

227. Kim, H.-G.; Park, S.; Rhee, H.Y.; Lee, K.M.; Ryu, C.W.; Rhee, S.J.; Lee, S.Y.; Wang, Y.; Jahng, G.H. Quantitative susceptibility
mapping to evaluate the early stage of Alzheimer’s disease. NeuroImage Clin. 2017, 16, 429–438. [CrossRef]

http://doi.org/10.3390/cells9020383
http://doi.org/10.4155/fmc-2019-0329
http://www.ncbi.nlm.nih.gov/pubmed/32100545
http://doi.org/10.3233/JAD-151037
http://www.ncbi.nlm.nih.gov/pubmed/26890777
http://doi.org/10.1038/nrn1537
http://www.ncbi.nlm.nih.gov/pubmed/15496864
http://doi.org/10.1016/j.neuroimage.2019.02.019
http://doi.org/10.1016/j.nicl.2017.08.019

	Introduction 
	Contemporary Early Diagnosis of AD with Imaging Techniques 
	Structural MRI 
	Background 
	Findings 
	Limitations 

	FDG-PET 
	Background 
	Findings 
	Limitations 

	Amyloid-PET 
	Background 
	Findings 
	Limitations 

	Tau-PET 
	Background 
	Findings 
	Limitations 

	Summary 

	Contemporary Longitudinal Monitoring of AD with Imaging Techniques 
	Structural MRI 
	Background 
	Findings 
	Limitations 

	FDG-PET 
	Background 
	Findings 
	Limitations 

	Amyloid-PET 
	Background 
	Findings 
	Limitations 

	Tau-PET 
	Background 
	Findings 
	Limitations 

	Summary 

	Novel Methods, Applications of Imaging Techniques and Biomarkers in AD Research 
	New Processing Methodologies for Existing Techniques 
	Voxel-Based Morphometry 
	Deformation-Based Morphometry 
	Tensor-Based Morphometry 
	Pattern-Based Morphometry 
	Data-Driven Methods 

	Novel Implications of Imaging Techniques 
	Diffusion Tensor Imaging 
	Functional MRI 
	Optical Coherence Tomography 

	New Biomarkers 
	Synaptic Vesicle Glycoprotein 2A 
	Receptor for Advanced Glycation End Products 
	Iron 


	Conclusions and Future Perspectives 
	References

