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1What Is Neurodegeneration?

Burcu Zeydan and Kejal Kantarci

Key Points
	1.	 Neurodegeneration is defined as the process 

of structural and/or functional loss in neuronal 
cells.

	2.	 The primary mechanisms underlying neuro-
degeneration include protein misfolding, pro-
tein aggregation, autophagy, lysosomal 
dysfunction, oxidative injury, mitochondrial 
dysfunction, and neuroinflammation.

	3.	 The neurovascular unit comprises the multi-
dimensional relationship between brain cells 
and their microvasculature.

	4.	 Among the main imaging modalities of neu-
rodegeneration are structural MRI, diffusion 
MRI, arterial spin labeling, MR spectroscopy, 
FDG, SV2A, beta-amyloid, and tau PET.

	5.	 The neurotransmitter systems in neurodegen-
erative diseases can be investigated by dopa-
minergic and cholinergic imaging 
techniques.

	6.	 Emerging imaging techniques of neurodegen-
eration include ultra-field MRI, functional 
MRI, quantitative susceptibility imaging, and 
TSPO PET.

�Pathophysiology 
of Neurodegeneration

Neurodegeneration is defined as the process of 
structural and/or functional loss in neuronal cells. 
Neurodegenerative diseases such as Alzheimer’s 
disease (AD) and Parkinson’s disease (PD) com-
prise a progressive, irreversible, and often slow 
process affecting specific vulnerable subsets of 
cells in certain anatomic regions of the brain, 
which determine the clinical presentation and 
disease course [1]. Neurodegenerative diseases 
stand out with their high prevalence and cost as 
well as the challenge in discovery of mechanism-
targeted effective treatments [2].

The concept of neurovascular unit includes 
the multi-dimensional relationship between brain 
cells and their microvasculature as well as the 
organized reaction of brain cells and vessels to 
injury [3]. Neurons, microglia, astrocytes, basal 
membrane, pericytes, and endothelial cells are 
the main components of the neurovascular unit 
[4]. The developmental, structural, and functional 
interactions of brain cells and blood vessels in the 
neurovascular unit contribute to the maintenance 
and regulation of cerebral blood flow, blood–
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brain barrier function, and brain homeostasis [5, 
6]. Therefore, the changes in the neurovascular 
unit function may trigger neurodegeneration by 
the decrease in cerebral blood flow leading to 
hypoxia, the decrease in production of trophic 
factors resulting in increased cell vulnerability, 
irregularities in the blood–brain barrier causing 
dysfunction in homeostasis, and the decrease in 
the clearance of metabolites leading to accumula-
tion of proteins such as beta-amyloid and tau [5].

The main risk factor for neurodegenerative dis-
eases is aging. Neuronal loss and alterations in 
neurotransmitters happen both during aging and 
also with neurodegenerative diseases that lead to 
cognitive and motor dysfunction in older individu-
als [2]. The precise etiology of neurodegenerative 
diseases mostly remains unknown, but the main 
underlying mechanisms are usually shared among 
distinct neurodegenerative diseases [7] and are 
likely to be influenced or triggered by numerous 
metabolic, genetic, or environmental factors [2].

Some of the main mechanisms underlying 
neurodegenerative diseases that result in progres-
sive neuronal cell dysfunction and ultimately cell 
death through common neuronal pathways are: 
(1) Protein misfolding, defective degradation, 
extra and intracellular aggregation of misfolded 
proteins, (2) autophagy and lysosomal dysfunc-
tion, (3) reactive oxidative species and free radical 
formation, mitochondrial deficits, excitotoxicity, 
and dysregulation of intracellular calcium, and (4) 
neuroinflammation [2, 7–9].

�Protein Misfolding and Aggregation

Protein aggregation is one of the basic underlying 
mechanisms in neurodegenerative diseases. 
Based on their flexibility, proteins shift between a 
variety of conformational substrates. Newly syn-
thesized proteins convert to functional molecules 
after folding. Abnormal interactions between 
highly soluble proteins lead to protein misfolding 
through alterations in protein conformation. The 
insoluble, improperly folded or misfolded pro-
teins self-accumulate as a result of structural 
change of the normal, functional proteins [9, 10]. 

Defective intra and extracellular protein aggrega-
tion and accumulation leads to mitochondrial 
dysfunction, oxidative stress, and reactive oxy-
gen species, defects in ubiquitin-proteasome sys-
tem and abnormal alternative mRNA exon 
splicing [11]. AD and PD are main examples of 
neurodegenerative diseases with protein misfold-
ing and aggregation.

�Autophagy and Lysosomal 
Dysfunction

As a catabolic process, autophagy is the degrada-
tion of protein aggregates, excess or damaged 
organelles and cytosolic contents in lysosomes 
[12]. In case of abnormalities in autophagy and 
lysosomal dysfunction, the cell contents are not 
degraded properly and they start to accumulate 
[13]. CAG-polyglutamine repeat diseases such as 
Huntington disease is an example of aberrant 
degradation of autophagy pathway [14].

�Oxidative Injury and Mitochondrial 
Dysfunction

Oxidative stress is a major contributor in the 
development of neurodegeneration. The forma-
tion of reactive oxidative species may be due to 
mechanisms such as metal-associated Fenton 
reactions, electrons that escape from respiratory 
chain reactions with oxygen and lipid peroxida-
tion [15]. Once the free radical formation exceeds 
antioxidant mechanisms, oxidative injury takes 
place. Consequently, oxidative injury leads to 
mitochondrial deficits, excitotoxity and dysregu-
lation of intracellular calcium resulting in neuro-
nal cell dysfunction [9].

Damage to mitochondrial DNA and oxidative 
stress lead to mitochondrial impairment, which 
particularly increase with aging. Mitochondrial 
dysfunction is followed by the promotion of cell 
death as the cells become more vulnerable to 
degeneration and neurotoxic insults once the cell 
energy metabolism and ion homeostasis get com-
promised [9, 16].
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�Neuroinflammation

Chronic inflammatory reactions play an impor-
tant role in the pathogenesis of neurodegenera-
tive diseases. With aging, inflammatory pathways 
lead to neurodegeneration by either becoming 
hyperactivated (too much function) or inadequate 
to manage aging associated stress (too little func-
tion) [9, 17]. Microglia activation is a key com-
ponent of neuroinflammatory reactions as it has 
both neuroprotective and neurotoxic features and 
is seen as a double-edged sword in neurodegen-
eration, especially in AD [18]. Microglia is a key 
factor in beta-amyloid clearance, but continued 
beta-amyloid production leads to reduction in the 
ability of microglial beta-amyloid clearance and 
increase in beta-amyloid deposition.

�Multimodality Imaging 
of Neurodegeneration

Pathology is the current gold standard for definite 
diagnosis of neurodegenerative diseases [8]. 
However, multimodality imaging biomarkers of 
neurodegeneration have recently provided a more 
objective and in vivo understanding of the patho-
logical changes. By enlightening the pathophysi-
ology and detecting subtle structural and 
molecular changes, imaging biomarkers offer a 
complementary window of opportunity to help 
diagnose neurodegenerative diseases early and 
accurately, even in preclinical stages, to delay or 
avoid hospitalization, and to initiate early symp-
tomatic management. It is also used for evaluat-
ing disease severity and disease course. Moreover, 
imaging biomarkers of neurodegeneration help 
develop disease-modifying treatments [19]. 
Some of these practical imaging biomarkers are 
already included in diagnostic criteria of neuro-
degenerative diseases for more accurate 
diagnosis.

Primary clinical symptoms, anatomical distri-
bution of regions affected by neurodegeneration, 
or the main cellular/molecular abnormality may 
be used in classification of neurodegenerative 
diseases [8]. Often, the underlying pathology is 
complex with contribution from multiple etiolo-

gies such as AD, dementia with Lewy bodies 
(DLB), limbic pre-dominant age-related TDP-43 
encephalopathy (LATE), and cerebrovascular 
disease [20]. This etiological heterogeneity tends 
to increase with age.

�Structural MRI

Structural MRI is the main and most widely used 
imaging technique in neurodegenerative dis-
eases. Structural MRI is also used to exclude 
other possible etiologies of cognitive dysfunction 
such as mass lesions and intracranial hemorrhage 
[21]. It is a common biomarker of progression in 
neurodegenerative diseases and have been used 
as an outcome measure in disease-modifying 
intervention trials.

In assessment of neurodegenerative diseases, 
structural MRI primarily targets atrophy and is 
able to detect even subtle morphological changes 
by utilizing volumetry and regional morphome-
try metrics, but also qualitative measures such as 
visual ratings [22]. Although it can assess changes 
in brain volume globally, it can also evaluate 
region-specific volume loss in brain and by 
identifying these atrophy patterns specific to the 
disease process, it can help differentiate neurode-
generative diseases from each other.

The anatomic changes in hippocampus and 
entorhinal cortex of the limbic system and pre-
cuneus, which is part of medial parietal lobe are 
essential in interpreting early neurodegenera-
tive processes [23, 24]. Significant and dispro-
portionate structural atrophy in medial and 
lateral temporal lobes and medial parietal cor-
tex is a biomarker of neurodegeneration used 
for AD as a diagnostic criterion [25]. The lack 
of medial temporal lobe atrophy or minimal 
atrophy in medial temporal lobe is more consis-
tent with DLB [26]. However, as AD and DLB 
may coexist quite commonly [26], medial tem-
poral lobe atrophy is not an exclusion criterion 
for DLB.

The frontal or anterior temporal lobe atrophy 
with relatively preserved hippocampal and medial 
temporal lobe volume is suggestive for the behav-
ioral variant of frontotemporal dementia [27], 
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whereas putamen, pons, middle cerebellar pedun-
cle, or cerebellum atrophy on MRI is suggestive 
of multiple system atrophy (MSA) [28]. Relative 
midbrain atrophy compared to pons is a character-
istic imaging finding for progressive supranuclear 
palsy (PSP) [29]. Lacunar and cortical infarcts 
and moderate to severe white matter hyperintensi-
ties seen on the FLAIR MRI may suggest cogni-
tive impairment due to vascular disease.

�Diffusion MRI

Diffusion MRI evaluates the random and ther-
mally induced displacement of water molecules 
as they diffuse within the tissue [30] and provides 
information about the microstructural integrity 
and complexity of the white matter. This data can 
be used to make inferences on membrane perme-
ability, myelination, and axonal density. Among 
diffusion MRI techniques, diffusion tensor imag-
ing (DTI) is the most commonly used technique 
to study neurodegenerative diseases, but other 
new techniques such as neurite orientation dis-
persion and density (NODDI) and free-water 
imaging (FWI) have also been developed, to 
improve the specificity of DTI for axonal integ-
rity and free-water in the tissue [31].

Diffusion MRI facilitates interpreting patho-
physiological and microstructural alterations 
underlying neurodegenerative diseases such as 
AD, PD, and amyotrophic lateral sclerosis 
(ALS). For example, in AD, in addition to gray 
matter injury, white matter injury and related 
changes also occur and can be measured through 
the DTI metrics [32]. In AD, DTI can particularly 
detect the microstructural changes in white matter 
tracts that link regions affected early in the dis-
ease course such as parahippocampus and fornix 
[33, 34]. These microstructural changes also asso-
ciate with abnormal beta-amyloid and tau depos-
its in cognitively unimpaired individuals [35].

Because diffusion MRI is a quantitative imag-
ing tool of cell pathophysiology, tissue micro-
structure, and structural connectivity, it is also a 
good candidate for detecting and monitoring 
early pathological changes and can be used as a 
biomarker in clinical trials [36, 37].

�Arterial Spin Labeling (ASL) MRI

Arterial spin labeling (ASL) is an emerging MRI 
technique that measures cerebral blood flow 
quantitively and provides information about per-
fusion changes in neurodegenerative diseases. 
Classically, the metabolic changes in the brain 
are identified by FDG PET. However, especially 
in patients who are already undergoing an MRI 
scan, ASL MRI can be a good alternative for 
FDG PET, because hypoperfusion patterns on 
ASL MRI generally overlap with hypermetabo-
lism patterns on FDG PET [38, 39]. For example, 
in DLB, ASL MRI can help detect the cingulate 
island sign [39]. Yet, in patients with mild cogni-
tive impairment (MCI) and AD, apart from the 
typical hypoperfused regions, ASL also detects 
regions of hyperperfusion that reflects the func-
tional response to neurodegeneration [40]. In 
addition to being more accessible, faster and 
cheaper in acquisition compared to FDG PET, 
ASL MRI can be used for evaluation of vascular 
factors that play a role in neurodegeneration as 
well [40].

�MR Spectroscopy

Although conventional MRI is adequately uti-
lized for morphological changes in neurodegen-
erative diseases, it does not particularly provide 
information on molecular changes. Conversely, 
MR spectroscopy can illustrate alterations in cell 
type, cell density, metabolite levels/biochemical 
composition using the proton [1H] of water, and it 
helps enlighten underlying disease mechanisms. 
Hence, conventional MRI and MR spectroscopy 
complement each other at every stage of the dis-
ease course including diagnosis, follow-up, and 
therapy response [41].

MR spectroscopy is utilized in biomarker 
research in many diseases including brain tumors, 
epilepsy, multiple sclerosis, traumatic brain 
injury, and stroke. In neurodegenerative diseases 
including AD, PD, and ALS, a decrease in total 
N-acetlyaspartate (tNAA) in the regions that 
reflect the characteristic pattern of neurodegen-
erative process of each disease is typically 
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detected by MR spectroscopy [42, 43]. As a prog-
nostic biomarker, the decrease in tNAA associ-
ates with clinical metrics and pathological 
severity [44, 45].

Elevation in myoinositol is closely associated 
with microglial activation seen in 
neurodegeneration [46]. It precedes reduction of 
total NAA, neuronal loss, and cognitive impair-
ment in dementia [47, 48]. Besides the decrease 
in the total NAA and elevation in myoinositol 
levels [49, 50], reduction in glutamate [50, 51] 
and elevation in total choline levels [42] are 
other changes in neurochemical profiles com-
monly seen in neurodegeneration that are 
detected by MR spectroscopy. Moreover, func-
tional response to treatment in neurodegenera-
tive diseases can be observed with MR 
spectroscopy monitoring [41]. Temporary 
increase in tNAA level [52] and decreased myo-
inositol/total creatinine level [53] were observed 
following donepezil treatment in AD.

�Fluorodeoxyglucose (FDG) PET

Fluorodeoxyglucose (FDG) is the most common 
radionucleotide ligand used in clinical practice. 
FDG is taken up by the cells through regular glu-
cose transporters and its uptake is higher by cells 
which are metabolically more active. The brain 
uses glucose as its main energy source and most 
of the glucose utilization occurs with synaptic 
activity. The detection of hypometabolism by 
FDG PET may be used for evaluation of neurode-
generative diseases as neuronal injury and synap-
tic inactivity leads to metabolic dysfunction [21].

FDG PET helps in identification of regional 
glucose metabolism patterns, which may be use-
ful in differential diagnosis of dementias. On 
FDG PET, the parietotemporal hypometabolism 
including precuneus and posterior cingulate cor-
tex is considered the neurodegeneration bio-
marker of AD [25]. Conversely, the FDG uptake 
is decreased in the occipital lobe in DLB along 
with the cingulate island sign, which is support-
ive of the DLB diagnosis [26]. The cingulate 
island sign is observed when the metabolism of 
midcingulate and posterior cingulate cortex is 

relatively preserved, while there is hypometabo-
lism in the cuneus and precuneus [54, 55].

In line with structural MRI findings, hypome-
tabolism in the frontal or anterior temporal lobe 
is characteristic of the FDG PET in behavioral 
variant of FTD [27]. In PSP, midbrain hypome-
tabolism relative to pons is observed in FDG PET 
[29]. Putamen hypometabolism in MSA-
Cerebellar (MSA-C) and decreased metabolism 
in putamen, brainstem, and cerebellum may be 
seen in MSA-Parkinsonian (MSA-P) [28].

�Synaptic Vesicle Glycoprotein 2A 
(SV2A) PET

Synapses are one of the main components of neu-
rotransmission, linking neurons to each other via 
neurotransmitters. Loss or dysfunction in syn-
apses is associated with motor, sensory, and cog-
nitive impairment and is a crucial mechanism in 
neurodegeneration. Particularly, synaptic loss is a 
key feature and one of the earliest hallmarks of 
AD. It precedes beta-amyloid and tau accumula-
tion in the preclinical stage of AD [56] and is cor-
related with cognitive impairment and disease 
severity in AD [57]. Similarly, synaptic dysfunc-
tion and loss is a characteristic component of PD 
and DLB pathogenesis. Apart from the loss of 
dopaminergic neurons in the nigrostriatal system, 
synaptic loss is found outside the nigrostriatal 
system as well in the nondopaminergic neurons 
of the cortex in neurodegenerative diseases 
including PD [58, 59].

Synaptic vesicle glycoprotein 2A (SV2A) is a 
widely expressed component of the synaptic ves-
icle in neuronal cells. In the central nervous sys-
tem, it is commonly found as a presynaptic 
protein in GABAergic and glutamatergic neurons 
[60]. SV2A PET is the first noninvasive and 
in vivo method to directly evaluate synaptic den-
sity [61] and evaluation of synaptic density by 
SV2A PET is important at every stage of the dis-
ease course from diagnosis to prognosis in neuro-
degenerative diseases. So far, as a candidate 
biomarker of synaptic density, SV2A PET seems 
to have its highest potential in AD and 
PD. However, the use of SV2A PET is also prom-
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ising in other diseases with synaptic abnormali-
ties such as Huntington’s disease, epilepsy, 
stroke, multiple sclerosis, depression, and autism 
spectrum disorders [59].

�Amyloid PET

One of the main pathological hallmarks of AD is 
postmortem beta-amyloid plaques. As a molecu-
lar imaging technique, amyloid PET offers an 
in vivo antemortem histopathological picture of 
the central nervous system by demonstrating a 
characteristic distribution of amyloid-affected 
areas of the brain, in line with the pathological 
distribution [62].

Amyloid PET tracers can reliably quantify 
cortical beta-amyloid deposition with high sensi-
tivity and specificity by crossing the blood–brain 
barrier and binding to beta-amyloid plaques. 
Among amyloid tracers, C11-Pittsburgh com-
pound-B (PiB) tracer is widely used and PiB was 
the first published human amyloid PET tracer 
[63]. However, newer tracers such as F18-
Florbetapir, F18-Florbetaben, and F18-
Flutemetamol have been developed, which have 
longer radioactive half-lives with commercial 
availability.

Using amyloid PET in addition to non-PET 
biomarkers improves diagnostic precision in 
neurodegenerative diseases [64]. Increased cor-
tical C11-PiB uptake is observed on PET in 
patients with AD compared to controls, show-
ing the deposition of beta-amyloid plaques in 
the cerebral cortex [63]. Amyloid PET is also 
found positive in about 10–44% of cognitively 
unimpaired individuals aged 50–90  years, but 
the clinical relevance is not known [65]. 
Moreover, amyloid PET alone is not sufficient 
in determining the clinical transition from pro-
dromal stages and disease staging in AD [66]. 
However, the use of amyloid PET has been sug-
gested in identification of individuals with MCI 
with clinical uncertainty, individuals with 
dementia suggestive of AD, but with a mixed or 
atypical presentation, and individuals who 
present with early-onset progressive cognitive 
decline [67].

�Tau PET

Tau pathology plays an important role in the 
development of various neurodegenerative dis-
eases such as AD. Tau function depends on phos-
phorylation; however, its physiology is modified 
if tau becomes hyperphosphorylated and hyper-
phosphorylation of tau leads to increase in intra-
cellular aggregation of tau [68].

Tau PET enables quantification of tau deposi-
tion in the brain by using tau PET tracers that tar-
get tau deposits in vivo in the brain [69]. As tau 
PET visualizes and reflects the regional patterns 
of tau throughout the brain in different patholo-
gies, it is a promising tool for diagnosis of neuro-
degenerative diseases [70]. Tau PET also 
correlates with cognitive impairment and neuro-
degeneration and therefore provides information 
on prognosis [70, 71].

�Imaging of Neurotransmitter 
Systems

�Dopaminergic Imaging (DatSCAN)

For evaluation of parkinsonian syndromes, dopa-
mine transporter (DAT) can be measured with 
single-photon emission computed tomography 
(SPECT). DAT SPECT serves as the standard 
in vivo molecular imaging biomarker of presyn-
aptic dopaminergic nigrostriatal neurons. It is a 
supportive diagnostic tool used in differentiation 
of PD and atypical parkinsonisms (such as PSP, 
MSA, corticobasal disease) from vascular or 
drug-induced parkinsonisms, avoiding misdiag-
nosis and unnecessary dopaminergic treatment 
[72, 73]. Although DAT imaging (DatSCAN) 
cannot differentiate PD from atypical parkinson-
isms, it improves the accuracy of diagnosis and 
shortens the time to diagnosis in PD [72, 74]. A 
normal DatSCAN is one of the Movement 
Disorders Society PD exclusion criteria [75] 
because DatSCAN is considered as a very reli-
able biomarker of degenerative parkinsonism.

DAT decline appears to be non-linear in PD 
[76] and DAT imaging is helpful in both diagno-
sis and early stages of PD, but also in monitoring 
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treatment response. As downregulation of DAT 
happens early in the disease course [77], 
DATSCaN can detect changes in DAT density 
before symptoms become evident showing early 
synaptic dysfunction. Once the dopaminergic 
neuronal terminal loss surpasses 50% at symp-
tom onset later in the disease course, DATSCaN 
shows the decline in striatal DAT uptake reflect-
ing the neurodegeneration of presynaptic dopa-
minergic nerve terminals [73].

F18-DOPA PET is another functional imaging 
technique of dopamine deficiency that is espe-
cially useful in differential diagnosis of patients 
with early age at onset, atypical presentations, or 
mild symptoms of parkinsonian syndrome [78]. 
F18 DOPA PET evaluates the integrity of presyn-
aptic dopaminergic activity and dopamine termi-
nal loss by quantifying dopamine precursor 
uptake [79, 80] and is a reliable in vivo diagnostic 
tool for PD with high sensitivity and specificity 
[78].

�Cholinergic Imaging

The cholinergic system is crucial in cognitive 
function and is involved in the processing of 
numerous circuits associated with cognition [81]. 
Consequently, the dysfunction in the cholinergic 
system is closely related to mechanisms involved 
in neurodegenerative processes underlying cog-
nitive impairment and dementia [82]. Thus, tar-
geting the cholinergic (both pre- and 
post-synaptic) system using molecular imaging 
of PET or SPECT provides an opportunity to 
investigate the multiple elements of dementia 
pathophysiology.

PET studies using ligands targeting acetylcho-
line esterase (AChE) show decreased AChE 
activity in AD, which is associated with attention 
and working memory [83] and based on the age 
of onset, the binding patterns appear to vary [84]. 
Furthermore, cholinergic imaging can be used for 
evaluation of treatment response. In patients with 
AD treated with donepezil and rivastigmine, cho-
linergic PET studies detected inhibition of AChE 
activity [85]. Molecular imaging of the choliner-
gic system is also used in parkinsonian dementias 

and depict significantly decreased cortical AChE 
activity in PD dementia and DLB [86].

�Emerging Imaging Techniques

�Ultra-High Field MRI

3 T and 1.5 T MRIs are widely used in clinic and 
research for investigation of neurodegenerative 
diseases. However, higher field 7T MRI has sev-
eral benefits over lower field MRIs, given its 
increased sensitivity in early detection of neuro-
degenerative changes. With increase in magnetic 
field strength and associated higher signal-to-
noise ratio, high field MRI provides significant 
improvement in image quality along with higher 
spatial resolution and reduced acquisition time 
[87]. Furthermore, iron depositions leading to 
neurotoxicity can be detected early on with high 
field imaging, because the sensitivity of image 
contrast increases to iron levels in the tissue. 
Similarly, image quality is increased, and back-
ground suppression is improved in high field MR 
angiography with longer T1 values of blood and 
tissue [87].

In comparison to MR spectroscopy at lower 
magnetic fields, higher field MR spectroscopy 
enables a more accurate in vivo quantification of 
brain metabolites as a result of better resolution, 
greater dispersion of chemical shifts, and 
increased signal-to-noise ratio [88]. With 
improved sensitivity [89], higher field MR spec-
troscopy can reliably quantify a greater range of 
metabolites, even from small structures of the 
brain, due to higher signal-to-noise ratio and 
associated higher anatomical consistency [88, 
90]. The improvement in MR spectroscopy per-
formance (including quantification and disper-
sion) becomes more relevant as the alterations in 
metabolite concentrations are often small and 
therefore may be harder to detect. With reliable 
quantification of metabolites, higher field MR 
spectroscopy helps clinical decisions regarding 
patient management including but not limited to 
early diagnosis, evaluation of treatment response, 
and longitudinal changes in metabolite levels in 
AD [88].
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�Functional Connectivity

Functional MRI specifically during the resting 
state is a noninvasive technique for evaluation of 
the strength and spatial topology of interactions 
between brain networks [91–93]. By utilizing the 
blood-oxygenation-level-dependent (BOLD) sig-
nals, functional MRI provides information on 
specific brain networks through quantification of 
temporal association of functional activation in 
different brain areas [92].

Functional MRI is helpful in investigating 
mechanisms underlying neurodegenerative dis-
eases [93], because the connectivity of distinct 
large-scale distributed brain networks is impacted 
early on in neurodegenerative diseases [94]. 
Functional MRI studies reveal individual patterns 
of atrophy within functional networks [94] and 
detect alterations in the default mode network 
connectivity in neurodegenerative diseases [91].

�Quantitative Susceptibility Mapping 
(QSM)

Iron is critical in metabolic pathways, but also is 
a key player in neurotransmitter and myelin syn-
thesis [95]. Excess iron deposition plays an 
important role in pathology of neurodegenerative 
diseases such as AD and PD [96] as iron triggers 
oxidative injury and cell death [97]. However, 
iron also interacts with proteins such as beta-
amyloid and tau leading to their aggregation and 
escalation in subsequent cell death.

Although it cannot quantify iron content 
directly, a recently developed MRI technique, 
QSM can offer a reliable evaluation of tissue 
magnetic susceptibility and changes in brain iron 
content [98, 99]. Quantitative Susceptibility 
Mapping (QSM) can provide a comprehensive 
investigation in vivo of the brain iron profile and 
related pathophysiology underlying neurodegen-
erative diseases [100]. Most importantly, it can 
help define patterns of iron distribution in the 
brain, which are disease-specific and reflect 
brain regions associated with pathology of each 
disease [100]. For example, QSM is sensitive to 
the increased magnetic susceptibility due to 

higher iron content in the substantia nigra in 
DLB [101].

�Translocator Protein (TSPO) PET

Chronic neuroinflammation is a common hall-
mark of many neurodegenerative diseases and is 
critical in pathogenesis and progression of neuro-
degeneration [102]. Hence, the evaluation of neu-
roinflammation is important in identification of 
underlying mechanisms and the disease spectrum 
[103].

The translocator protein 18  kDa (TSPO), 
which is a mitochondrial membrane protein, is 
upregulated in neuroinflammation and TSPO PET 
is an emerging imaging technique for evaluating 
neuroinflammation. In numerous diseases of the 
central nervous system including AD, PD, and 
multiple sclerosis, TSPO PET detects the fluctua-
tions in TSPO expression [104–106], and it pro-
vides information on microglia activity, microglia 
phenotypes and temporal changes in microglia 
and astrocyte function during neuroinflammation 
[102]. Therefore, TSPO PET seems to be a prom-
ising molecular imaging biomarker in vivo in 
tracking neuroinflammation, treatment response 
in clinical trials, and disease progression.

�Clinical Trials and Future 
Perspectives

Molecular imaging may provide much needed 
information on enrichment of clinical trials 
with individuals who may respond to disease-
modifying treatments targeting a specific path-
ological process. A good example is the use of 
beta-amyloid PET for enrollment of partici-
pants to beta-amyloid modifying treatments as 
well as determining treatment efficacy. Overall, 
imaging biomarkers are becoming central to 
patient selection, assessment of target engage-
ment, and treatment efficacy in disease-modify-
ing clinical trials [107]. Furthermore, imaging 
biomarkers may be critical in determining mul-
tiple etiologies contributing to cognitive impair-
ment for individualized approaches to patient 
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care and potentially identifying new targets for 
drug development in neurodegenerative 
diseases.
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