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ABSTRACT

Advances in the molecular biology, pathology and genetics of
Alzheimer's disease (AD) and other degenerative dementias have
led to the development of biomarkers specific to these diseases and
radiotracers that are used in nuclear medicine. Imaging and non-imaging
markers have enabled very early recognition of these diseases and
have caused significant changes in their definitions. Amyloid positron
emission tomography (PET) and tau PET, which are molecular imaging
methods, [F18]fluorodeoxyglucose (FDG) PET showing the glucose
metabolism pattern in the brain, dopamine transporter single photon
emission computerized tomography (SPECT) that marks dopaminergic
terminals are valuable tools for early recognition and differentiation of

AD and its atypical variants, frontotemporal dementias and dementia
with Lewy bodies. These imaging methods, which have different
advantages over each other, have different indications for use and
sometimes provide complementary information. In addition, research
on radiotracers targeting neuroinflammation, astrocytes, synaptic
density, and cholinergic terminals is ongoing. In this review, routinely
used and newly developed nuclear imaging methods in AD and other
neurodegenerative dementias, the agents used and their diagnostic
features will be presented together with case examples.
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INTRODUCTION

Structural, functional and molecular imaging methods are being used
increasingly in the diagnosis of dementing illnesses. Structural imaging
information obtained by brain computed tomography (CT) and brain
magnetic resonance imaging (MRI) primarily aims to distinguish
secondary dementia causes such as subdural hematoma, brain tumor,
normal pressure hydrocephalus, and also enables the recognition of
atrophy patterns seen in different neurodegenerative diseases (1). In our
clinical practice, evaluation of brain MRI images and brain CT images in
cases where MRI cannot be performed is an indispensable approach in
the diagnosis and differential diagnosis of dementia. On the other hand,
nuclear imaging methods using single photon emission tomography
(SPECT) and positron emission tomography (PET) provides increased
specificity in diagnosis and differential diagnosis by enabling the
detection of functional involvement patterns and molecular pathology
in primary neurodegenerative dementias. In our clinical practice, these
tests have been used more and more in cases where more clarity is
needed in the differential diagnosis. In this review, nuclear medicine
imaging methods used or developed in Alzheimer’s disease (AD) and
other neurodegenerative dementias, the agents used and their diagnostic
features will be presented together with case examples.

Functional and Molecular Imaging in AD

The main feature in the pathology of AD is amyloid plaques formed as a
result of pathological folding of amyloid beta peptide, and neurofibrillary
tangles containing pathological folding and precipitation aggregation
of tau protein (p-tau 217 and p-tau 181), which show increased
phosphorylation in threonine 217 and threonine 181 regions. It is a
widely accepted hypothesis with strong scientific evidence that amyloid

Highlights
» Alzheimer's disease specific changes can be detected at
the earliest by amyloid PET.

+ Tau PET is valuable in detecting severity of
neurodegeneration in AD.

* Brain metabolic PET imaging with fluorodeoxyglucose
predicts prognosis in mild cognitive impairment.

accumulation starts first as a result of increased amyloid beta formation
or decreased clearance in the pathogenesis of the disease, and then tau
pathology accompanies amyloid accumulation which is triggered or
increased by this pathology (2). Along with these protein pathologies,
inflammation, synaptic dysfunction and ultimately synaptic and neuronal
loss develop. It is known that the disease clinic, which is characterized
by memory loss and other cognitive dysfunctions, appears at least 10-
20 years after the onset of all these pathophysiological changes (3). This
feature enables the diagnosis of AD by the determination of amyloid beta
and tau protein accumulation even before the disease clinically becomes
evident (in the preclinical stage). Molecular imaging methods have an
increasing role in the early diagnosis and differential diagnosis of AD
by using agents that label amyloid, tau, microglia and synaptic density
(4). In addition, the anatomical location and temporal development of
pathological involvement in AD are used by functional imaging methods
that use glucose metabolism as a neuronal activity marker. In recent years,
the identification and use of biomarkers in the diagnosis of AD has been
increasing. The aim is to provide early and accurate diagnosis of typical
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or atypical forms of the disease. For this purpose, A/T/N classification
scheme has been developed and in this scheme, amyloid PET, tau PET
and [F18] fluorodeoxyglucose (FDG) PET, which are among the AD
imaging methods, are included as amyloid biomarker, tau biomarker
and neurodegeneration biomarker, respectively (5). Similarly, the AD
international working group and NIA-AA criteria defined amyloid PET as
a pathophysiological biomarker and amyloid beta biomarker, and FDG
PET as a topographic marker and neuronal damage marker, respectively
(6,7). Thus, preclinical AD, prodromal AD and AD dementia (ADD), which
constitute different stages of the same disease and are also defined as
the AD continuum can be confirmed and each stage can be effectively
recognized by biomarkers. Early diagnosis is key for early treatment,
which then may prevent the transformation into dementia and may also
determine the prognosis.

Amyloid PET imaging

With the development of agents that bind to amyloid beta much
earlier, the first molecular imaging method used in the early diagnosis
and differential diagnosis of AD was amyloid PET. This method allows
visualization of amyloid plaques and fibrils in the brain (8). [18F] FDDNP
and [11C] PiB were the first radiomarkers to be developed. [18F] FDDNP
could not be carried into clinical trials because it does not bind specifically
to amyloid beta. [11C] PiB has been extensively studied. However, it is not
suitable for widespread clinical use due to the short half-life of radioactive
carbon-11 (approximately 20 minutes) (9). The second generation agents
used for amyloid PET imaging are [18F] florbetaben, [18F] flutemetamol,
[18F] BF-227, [18F] florbetapir, [11C] BF22752, and [11C] SB-13 (10).
Three of these agents, [18F] florbetaben, [18F] flutemetamol and [18F]
florbetapir, have been approved for use in the diagnosis of AD by the
US Food and Drug Administration (FDA) in the United States, and the
European Medicines Agency (EMA) in Europe. More specific amyloid
binding is aimed with third generation agents, including [18F] NAV4694
(AZD4694), [18F] FPYBF-2, [18F] FIBT, [18F] FC119S, [18F] FACT, and [11C]
AZD2184 (10).

Studies, mostly with second-generation agents and [11C] PiB, have shown
that amyloid PET imaging does not show significant cortical involvement
other than white matter tracer retention in normal individuals (Figure Ta,
Te), whereas in AD, the posterior cingulate cortex, prefrontal cortex, and
striatum are typically associated with increased retention of amyloid-
binding agents (11). Centiloid scale was developed for the comparative
evaluation of amyloid PET imaging performed with all these agents and
for the establishment of standardization between centers (12). Amyloid
binding features are similar in the preclinical stage of AD, in the prodromal
stage (mild cognitive impairment (MCI) in AD continuum) and ADD, but
the intensity of amyloid tracer uptake may differ (Figure 1b-1d, 1f-Th).
Although the intensity of amyloid tracer retention increases gradually
from the preclinical stage to the ADD stage, it is known that this increase
does not continue and reaches a plateau in ADD.

Similar to the findings obtained in pathology studies, the presence of
cortical amyloid deposition has been demonstrated by amyloid PET
imaging in elderly individuals who were evaluated as cognitively normal,
and this rate has been reported as 10-44% in different studies (13).
According to the A/T/N classification system, these individuals are defined
as preclinical AD. On the other hand, amyloid PET imaging showed no
amyloid accumulation in 20-30% of patients diagnosed and treated as
ADD, and in 30-50% of patients diagnosed as MCl in dementia clinics (14).
All these findings reveal that if amyloid PET is put into routine clinical use,
it can cause a 60% change in patient treatment and follow-up (15,16).

Although the clinical indications for amyloid PET imaging have not been
fully determined, the indications recommended by the Amyloid Imaging
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Working Group are differential diagnosis in atypical cases (such as early
age of disease onset, atypical clinical features), situations where early
diagnosis is required (amyloid-based treatment plan), and investigational
use (17). The amyloid involvement imaging features mentioned above
are seen in both the typical presentation and atypical presentations of
the disease (posterior cortical atrophy, logopenic variant AD or frontal-
executive variant AD). It is important to differentiate whether these
specific phenotypes, each of which can be associated with more than
one pathology and disease, are due to AD, to decide on the treatment
method and to determine the prognosis. For example, posterior cortical
atrophy may be associated with AD, corticobasal degeneration, dementia
with Lewy bodies, or prion disease. Although structural brain imaging or
FDG PET imaging may show similar findings regardless of the underlying
pathology, the detection of the underlying disease can only be achieved
by recognizing amyloid beta, tau or alpha-synuclein deposition by
molecular imaging. Figure 1 (1d, Th) shows the FDG PET examination
imaging findings of a case of atypical AD with clinical features of posterior
cortical atrophy, and amyloid deposition with the [18F] flutemetamol
radiotracer.

In the diagnosis of AD, cerebrospinal fluid (CSF) markers (Abeta42,
Abetad42/Abeta40 ratio, total tau and phosphorylated tau) have been
developed and in clinical use even earlier than amyloid iamging (18,19).
Although measurement of CSF markers has a lower cost compared to
PET imaging, the disadvantages of these markers include the need for
lumbar puncture (LP), which is a relatively invasive procedure, presence
of contraindication of LP such as in patients receiving anticoagulant
therapy, lower sensitivity (80-86% vs 91-98%) and specificity (77-82% vs
87-100%) and not providing information about the density and regional
distribution of amyloid deposition (4). This latter feature also makes
amyloid PET imaging more valuable in monitoring response to therapy.

Tau PET imaging

Different agents that bind to tau protein are being developed to
monitor tau accumulation in AD and other degenerative diseases with
tau accumulation such as frontotemporal dementias (eg. Pick's disease),
progressive supranuclear palsy (PSP), and corticobasal degeneration
(CBD), which are also defined as taupathies. The presence of different
isoforms of the tau protein, the accumulation of tau within the cell, and
the low amount of accumulation in general make tau imaging more
difficult than amyloid imaging (20). Among the tau-binding agents, [18F]
THK5351, [18F] THK5317, [18F] AV1451 (Flortaucipir), [11C] PBB3 are first
generation agents, and their specific and non-specific binding properties
to pathological tau accumulation in AD have been investigated in detail.
In clinical studies in which antemortem tau PET imaging and postmortem
tau immunohistochemistry in AD are performed in short time period,
in addition to their binding to pathological tau accumulation, the first
generation agents have been shown to bind to choroid plexus, dural
venous sinuses, myelin protein and white matter, neuromelanin, and
even other pathologically folded proteins alpha-synuclein and TDP-43,
monoamine-oxidase (MAO) A and B, and glial fibrillary acidic protein
(GFAP) (21). Their binding to the MAO enzyme causes nonspecific
involvement of brain regions (eg basal ganglia) that highly express
this enzyme (20). In addition, targeting GFAP, a marker of astrocytosis,
indicates that these agents may also be a marker of inflammation.

[18F] Flortaucipir has been approved by the FDA for the imaging of AD
(22). In addition to the non-specific binding properties mentioned above,
it can recognize tau accumulation in AD in accordance with the Braak
staging system, and shows sufficient reliability in the early diagnosis of
AD, in its differentiation from MCI and normal controls, and in staging
dementia (23-26). Consistent with the Braak staging of tau pathology
(26), the imaging study performed in 173 MCl and AD patients revealed
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that tau pathology was first seen in the entorhinal cortex in the medial
temporal lobe in asymptomatic cases, then consistent with clinical
progression it progressed towards the hippocampus and fusiform cortex,
middle temporal gyrus, precuneus, superior temporal cortex, and other
cortical areas (23). This feature of extension also supports the hypothesis
that tau pathology spreads prion-like propagation (27). It has been
shown that tau pathology increases as the disease progresses, unlike
amyloid beta accumulation dynamics, and does not plateau like amyloid
beta (28).

With the new generation tau agents under development, non-tau
protein binding (“off-target binding”) can be significantly reduced. The

Figure 1. a-h. PET findings of brain amyloid ([18F]
flutemetamol) and glucose metabolism ([18F]
fluorodeoxyglucose) in the Alzheimer's disease (AD)
continuum. Although cortical amyloid binding is not
observed in ‘normal individuals’ without signs of AD,
radiotracer retention is observed in white matter (a).

A prodromal AD patient with mild cognitive impairment
(MCI) has diffuse cortical amyloid radiotracer retention
in the posterior cingulate gyrus, prefrontal cortex, and
posterior association areas (b). A typical AD dementia
case has amyloid pathology similar to prodromal AD (c).
[18F]flutemetamol PET imaging in a patient with posterior
cortical atrophy with clinical signs of visual agnosia and
optic ataxia showed typical amyloid binding features
specific to AD (d). While [18F]fluorodeoxyglucose PET
does not show cortical hypometabolism in normal cases
(e), it shows mild parietotemporal hypometabolism in
prodromal AD (f) and decreased glucose metabolism in
the posterior cingulate cortex and parietotemporal cortex
in AD (g). Decreased glucose metabolism in the patient
with posterior cortical atrophy ([18F]flutemetamol PET
findings are shown in 1d) includes occipital association
areas in addition to the temporoparietal cortex (h).

most studied of these agents are [18F] PM-PBB3, [18F] MK-6240, [18F] PI-
2620, [18F] RO-948, and [18F] GTP-1 (21). It has been shown that second
generation tau radiomarkers bind specifically in regions where tau
pathology is seen in AD, such as the medial temporal lobe, precuneus/
posterior cingulate cortex, lateral parietal and prefrontal cortex (21).

Studies with different agents have shown that tau PET imaging findings
overlap with areas of brain hypometabolism; predicts clinical severity
and cognitive impairment more than other imaging studies such as
structural imaging or amyloid imaging (29). In addition, tau accumulation
and tau radiolabeling are seen in different phenotypes of AD in clinically

compatible anatomical structures (30).
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FDG PET imaging

FDG PET imaging reveals glucose metabolism changes in the brain due to
decreased glutamatergic synaptic activity. Differences in brain structures
affected in neurodegenerative dementias cause different regional
glucose hypometabolism patterns. In the typical form of AD, a decrease
in glucose metabolism of the posterior cingulate cortex/precuneus and
temporoparietal cortices is observed (Figure 1g). Although the sensitivity
and specificity of this typical pattern in distinguishing AD from other
dementias vary in different studies, it was determined as 90% and 89%,
respectively, in a meta-analysis study that included large number of
studies (31). In atypical presentations of AD, the typical involvement
pattern is often accompanied by frontal cortical hypometabolism
(frontal-executive variant AD), perisylvian hypometabolism in the
dominant hemisphere (logopenic variant AD), or occipital cortical
hypometabolism (posterior cortical atrophy) (Figure Th). These changes
occur in the AD continuum, in the MCl stage, and can be detected before
the development of atrophy that can be detected by structural imaging
(32). Therefore, the use of FDG PET imaging is recommended for the early
diagnosis of AD (MClI in the AD continuum), for distinguishing AD from
other dementias, and even for staging clinical severity (3).

Many recent studies have shown that FDG PET imagingisalso very valuable
in determining the short- and long-term prognosis of MCl patients. The
conversion of MCl patients to ADD was predicted incorrectly at a rate of
32% when only CSF markers or brain MRI evaluations were used, and the
rate of incorrect prediction was 27% when these examinations were used
together; however, it was observed that this rate decreased to 9% if FDG
PET was also included in the evaluation (33). It is known that amyloid
PET can predict the conversion of MCl to ADD with a high probability. If
amyloid PET and FDG PET are compared in this regard, FDG PET predicts
cognitive decline and conversion to ADD in the short term with higher
specificity than amyloid PET (34,35). In Figure 2, we present two cases
of prodromal AD (MCI) with [18F] flutemetamol and FDG PET imaging
findings. Their imaging findings constitute a typical example showing the
prognostic value of FDG PET. Although the duration of education, age
and cognitive findings of both cases were quite similar, it was observed
thatin case 1, a rapid deterioration and conversion to ADD was observed
after 2 years of follow-up, and in case 2, clinical deterioration did not
occur within a similar time period. Although [18F] flutemetamol PET
imaging features of case 1 and case 2 (Figure 2a and 2c, respectively)
were quite similar and showed typical AD retention pattern, FDG PET
findings (significant bilateral temporo-parietal and posterior cingulate
cortex hypometabolism in case 1; normal glucose metabolism in case 2)
differed (Figure 2b and 2d, respectively).

Other molecular imaging modalities under development

Imaging modalities targeting other changes in AD pathogenesis include
synaptic vesicle glycoprotein 2A (SV2A) imaging (36), which shows the
change in synaptic density; agents that mark translocator protein 18kDA
(TPSO), a marker of neuroinflammation or microglia activation, such as
[11C] PK11195, [11C] PBR28, [18F] DPA-714, [18F] EPPA, [11C] DAA1106;
[11C] deuterium-L-deprenyl PET (14), which binds to MAO B expressed
by active astrocytes, and others that we could not include in this review.
These imaging agents are not yet in clinical use.

Molecular and Functional Imaging in Other Degenerative
Dementias

Molecular imaging

The most common degenerative dementia after AD is dementia with Lewy
bodies (LBD) (37). Lewy body is a common pathology in LBD, Parkinson's
disease and Parkinson’s disease dementia, and the main constituent
of Lewy body is alpha-synuclein. Although the development of alpha-
synuclein-binding agents in the molecular imaging of these diseases is
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ongoing, these agents have not yet been brought into clinical use. Because
AD pathology frequently accompanies LBD and Parkinson’s disease
dementia, amyloid PET imaging can be positive or negative depending
on co-occurance of AD pathology (1). However, visualization of the loss
of dopamine transporter (DAT) in dopaminergic terminals, which is the
common biochemical feature of these diseases, is an imaging marker
that supports the diagnosis of LBD or Parkinson’s disease dementia and
can distinguish it from AD (38). [123I] loflupane (DaTScan™) SPECT is the
most widely used molecular imaging modality that enables imaging of
active dopaminergic synapses in the striatum. It provides visualization of
dopaminergic deficiency in the straitum in diseases such as Parkinson’s
disease and LBD, which are associated with loss of dopaminergic neurons.
However, it is recommended that drugs that may affect the dopaminergic
system such as bupropion, fentanyl and anesthetics be discontinued for
certain periods before taking images, as they may change the imaging
findings (39). [18F] DOPA PET shows dopa decarboxylase activity, which
will lead to the uptake of dopa and its conversion to dopamine in
dopaminergic nerve terminals. Although less used than DAT imaging, [18F]
DOPA PET is a helpful method in the diagnosis of LBD, Parkinson's disease
and Parkinson’s disease dementia (14).

Frontotemporal dementias (FTD) have different phenotypic, genetic
and molecular subtypes. Clinically, the most common forms of FTD
are behavioral variant FTD, semantic variant FTD with impaired single-
word comprehension and semantic information, progressive nonfluent
aphasia variant FTD, CBD, and PSP. Molecularly, tau pathology (may show
3R or 4R tau pathology), TDP-43 pathology or FUS pathology can be seen
in different phenotypic forms. TDP-43 or FUS PET imaging has not yet
been developed.

Tau pathology is seen in FTD with tau accumulation (tau pathology is
a dominant pathology in patients with behavioral variant FTD and
progressive nonfluent aphasia variant FTD), CBD, PSP, Down syndrome,
chronic traumatic encephalopathy, and many other diseases, and the
diagnostic value of tau PET imaging in these diseases is being investigated.
[18F] flortaucipir, which has been shown to be of diagnostic importance
in AD, a 3R/4R taupathy, failed to show reliable diagnostic utility in other
taupathies with pure 3R or 4R tau deposition (40). On the other hand,
the anatomical location and distribution characteristics of tau pathology
in different diseases have been demonstrated by studies with different
tau-binding agents. One of the second-generation tau radiomarkers [18F]
P1-2620 shows highly specific tau binding in the basal ganglia and other
subcortical areas affected by the disease in PSP (41). [18F] PI-2620 was
able to show cortical involvement in CBD, which is also a 4R taupathy.
Although studies on many different radiotracers are still in progress,
no agent has yet been able to demonstrate diagnostic efficiency and
approval for use in taupathies other than AD.

In addition, dopaminergic deficiency can be visualized by DAT imaging in
CBD and PSP diseases, which are atypical parkinsonian syndromes (14).

FDG PET imaging

The typical pattern seen on LBD but with relatively limited sensitivity
is glucose hypometabolism in the bilateral parietooccipital cortex that
excludes the posterior cingulate gyrus (cingulate island sign) (38,42).

The pattern of hypometabolic activity in FTD reflects the pattern of
atrophy seen in different subtypes: the frontal lobes, anterior temporal
lobes, insula, anterior cingulate gyrus, and thalamus are the areas
affected. In behavioral variant FTD, the prefrontal cortex and anterior
cingulate cortex; in the semantic variant FTD, the anterior temporal
cortices (Figures 3a and 3b) which is more prominent on the left; in
the progressive nonfluent aphasia variant, the frontal (lateral-posterior,
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Figure 2. a-d Comparative [18F]flutemetamol
and [18F] fluorodeoxyglucose PET images

of two mild cognitive impairment (MCI)
patients with different clinical courses. In case
1, a 68-year-old male university graduate,
standardized mini mental test score (MMSE):
29, enhanced cued recall (ECR) test score:

46 (memory test, N>42) at the time of PET/
MR imaging (a and b) were obtained. [18F]
flutemetamol PET imaging of this patient
showed intense amyloid beta tracer retention
in the brain (a). [18F] fluorodeoxyglucose

PET imaging revealed significant glucose
hypometabolism in the posterior cingulate
cortex and bilateral parietotemporal cortices
(b). These findings are seen both in the visual
evaluation of PET and in the quantitative analysis
performed with the statistical parametric
mapping (SPM) method. In the SPM analysis,
the brain PET image normalized to the patient’s
MNI atlas is compared with the normal [18F]
fluorodeoxyglucose PET database, and areas
with statistically significant hypometabolism are
topographically shown on the brain MR image.
In the clinical evaluation of this patient 2 years
later, significant cognitive decline occurred,
and the MMSE score was evaluated as 15. In
case 2, a 64-year-old, university graduate male
patient, when PET/MR images were obtained
(c and d), his cognitive status was very similar
to case T (MMSE score: 29, ECR score: 47).
[18F]flutemetamol PET imaging of this patient
showed overt amyloid beta tracer retention
(c), and [18F]fluorodeoxyglucose PET imaging
revealed normal glucose metabolism (d). No
clinical regression (disease progression) was
observed in the 2-year follow-up of case 2.

Ex:Dec 24 202
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Figure 3. a, b. [18F] fluorodeoxyglucose PET/MR imaging findings in semantic variant frontotemporal dementia. A 58-year-old female patient was seen due to 7 years of progressive
tactlessness, lack of empathy, and naming problems for rarely used objects. In the coronal cross-section image of PET, glucose hypometabolism in the temporal cortices (left>right)
and frontal cortex of the patient is evident, patient’s brain MRI showed frontotemporal (especially in the left anterior temporal cortex) cortical atrophy, (a) these findings are also
evident in the quantitative analysis performed by SPM method (b).

superior-medial) and anterior temporal lobes, the insula and the angular
gyrus which are more prominent on the left are known to be particularly
affected by glucose hypometabolism (43,44).

As a conclusion, molecular and functional imaging methods in AD and
other degenerative dementias are being developed at an increasing
rate for research and clinical use. These imaging methods, which
show the pathophysiological molecules of the diseases, the detection
of neurochemical changes and the anatomical selectivity of the
disease-specific neurodegeneration, can contribute to early diagnosis,
determination of the prognosis and clarification of the diagnosis. Today,
when treatments aiming for halting the pathogenesis of the disease are
being developed rapidly, these imaging studies are essential for early and
accurate diagnosis and access to effective treatment.
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