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It is with great pleasure that we present this textbook on Molecular Imaging 
of Neurodegenerative Disorders. Neurodegenerative disorders represent a 
significant burden on both individuals and society, and their prevalence is 
expected to increase as the population ages. Molecular imaging techniques 
provide a powerful tool for investigations, early diagnosis, tracking disease 
progression, and evaluating the effectiveness of therapeutic interventions.

The goal of this textbook is to provide a comprehensive and accessible 
resource for trainees, researchers, clinicians, and other professionals inter-
ested in the field of molecular imaging of neurodegenerative disorders. 
Leading experts in the field have contributed chapters on diverse topics rang-
ing from the biology of neurodegeneration to the latest imaging modalities 
and techniques.

The textbook begins with an introduction to neurodegenerative disorders, 
common molecular imaging modalities and radiotracers used for diagnosis 
including Alzheimer’s disease, and Parkinson’s disease. The chapters also 
cover emerging techniques in molecular imaging, such as imaging of protein 
aggregates, neuroinflammation, and AI-based image analysis. The final chap-
ter is a comprehensive tutorial with practice cases for how to read clinical 
brain images.

We hope that this textbook will serve as a valuable resource for all those 
interested in helping patients suffering from neurodegenerative disorders. We 
would like to express our gratitude to all the authors who have contributed to 
this textbook, and to the editorial team for their hard work and dedication in 
bringing this project to fruition.

Salt Lake City, UT, USA Donna J. Cross  
Brasilia, Distrito Federal, Brazil  Karina Mosci  
Salt Lake City, UT, USA  Satoshi Minoshima   
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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].

B. Zeydan and K. Kantarci
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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], 

1 What Is Neurodegeneration?
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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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2Appropriate Use of Biomarkers 
in Suspected Neurodegenerative 
Diseases
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Abbreviations

A/T/N Amyloid-tau-neurodegeneration
AD Alzheimer’s disease
ARIA Amyloid-related imaging 

abnormalities
Aβ abeta protein
CADASIL Cerebral autosomal dominant arte-

riopathy with subcortical infarcts 
and leukoencephalopathy

CBD Corticobasal degeneration
CJD Creutzfeldt-Jakob disease
CLIA Clinical Laboratory Improvement 

Amendments
CSF Cerebrospinal fluid
DLB Dementia with Lewy bodies
FDG 18F-fluorodeoxyglucose
FTD Frontotemporal degeneration
GRE Gradient echo MRI sequences
LATE Limbic-predominant age-related 

TDP-43 encephalopathy
MCI Mild cognitive impairment
MIBG I-123 metaiodobenzylguanidine
MRI Magnetic resonance imaging
MSA Multiple system atrophy
MSA-C Cerebellar subtype of multiple sys-

tem atrophy

MSA-P Parkinsonian subtype of multiple 
system atrophy

PART Primary age-related tauopathy
PD Parkinson’s disease
PET Positron emission tomography
p-tau Phosphorylated tau protein
QIBA Quantitative Imaging Biomarker 

Alliance
RBD Rapid-eye-movement sleep behav-

ior disorder
SPECT Single-photon emission computer-

ized tomography
SWI Susceptibility-weighted imaging 

MRI sequences
α-syn Alpha-synuclein

Key Points
• Imaging and fluid biomarkers are measured 

indicators of biological and disease processes 
or responses to an intervention.

• Biomarkers have clinical value if they increase 
the precision and accuracy of diagnosis and 
improve personalized drug treatment and dis-
ease management.

• Integrating clinical evidence obtained from a 
detailed history and focused examination is a 
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precondition for selecting and interpreting 
biomarker results.

• The appropriate use of a biomarkers must be 
assessed independently for each intended 
purpose.

• Biomarkers should be used to answer pre- 
specified clinically relevant questions.

• Biomarker interpretation must consider 
patient factors, technical and statistical 
characteristics.

• Avoid overuse, underuse, overdependence 
errors, and misuses of biomarkers.

 Introduction

A biomarker is “a defined characteristic that is 
measured as an indicator of normal biological 
processes, pathogenic processes or responses to 
an exposure or intervention” [1]. This broad defi-
nition includes quantitative clinical scales and 
psychometric tests, quantitative laboratory tests, 
genetic analyses, and quantitative imaging met-
rics when they are an accurate indicator of dis-
ease or biological outcomes. Demonstrating that 
a measure qualifies as a biomarker is a challeng-
ing and incremental process. Potential biomark-
ers are first identified by showing between group 
differences, but they often fail to meet the more 
stringent requirement of being useful in individu-
als. Biomarkers initially developed through 
research must be reliable and consistent in clini-
cal settings. Finally, before becoming clinically 
useful, practical issues of regulatory approval, 
access, logistics, and reimbursement must be 
resolved.

We take for granted that oversight and quality 
standards required of Clinical Laboratory 
Improvement Amendments (CLIA) certification 
will assure the handling of biological fluid and 
tissue samples and assays meet biomarker stan-
dards. By contrast, most imaging is not “bio-
marker quality” and intended only for visual 
interpretation. The variability of visual interpre-
tations is easily documented if standardized pro-
tocols and quantitative measurement are not 
used. In one study, a single patient receiving 
magnetic resonance imaging (MRI) scans at ten 

different centers over 3  weeks had 49 distinct 
findings reported, with 33 appearing in only 1 of 
the 10 reports [2]. In another study of 40 patients 
with behavioral variant frontotemporal degenera-
tion (FTD), the characteristic atrophy pattern was 
described in 50%, but they were only reported as 
“consistent with atrophy” with no mention of 
FTD [3]. The Radiological Society of North 
America organized the Quantitative Imaging 
Biomarker Alliance (QIBA) to advance quantita-
tive imaging and the use of imaging biomarkers 
[4]. With modest additional effort, radiology and 
nuclear medicine practices can implement QIBA 
profile quality standards. Biomarker measures 
then can be calculated with appropriate software 
using a supplemental billing code that insurers 
recognize for reimbursement of quantitative 
imaging.

Rapidly evolving research makes it impossi-
ble for us to consider all promising biomarker 
candidates. We will consider only well-validated 
biological (e.g., plasma, cerebrospinal fluid 
(CSF), and peripheral tissue biopsy) and imaging 
biomarkers used clinically in suspected neurode-
generative diseases, whether or not they are now 
practically available to all clinicians. We will not 
discuss the appropriate use of genetic biomarkers 
for disorders such as Huntington’s disease, famil-
ial movement disorders and dementias, and 
genetic spinocerebellar ataxias. Genetic bio-
markers require additional considerations includ-
ing pre- and post-testing counseling, implications 
for other family members, issues of penetrance, 
variants of uncertain significance, managing 
unexpected mutations, and technical factors 
affecting the detection of repeat expansions, 
transpositions, and gene duplications. Fortunately, 
the principles for using non-genetic biomarkers 
are well established and can be applied broadly. 
We begin with the premise that biomarkers have 
clinical value if they increase the precision and 
accuracy of diagnosis and improve personalized 
drug treatment and disease management. We 
strongly believe integrating clinical evidence 
obtained from a detailed history and focused 
examination is a precondition for selecting and 
interpreting biomarker results that improve the 
diagnosis and care of individual patients.
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 Biomarker Classification Based 
on Intended Use

Indiscriminate use rapidly diminishes the value 
of biomarkers. First consider the purpose 
intended: diagnostic, disease monitoring, phar-
macodynamic or drug response, predictive or 
prognostic, safety, and disease susceptibility or 
risk (Table  2.1). No single biomarker can be 
expected to be applicable for all purposes; the 
value for each intended use must be assessed 
independently. Fortunately, biomarkers may 
address more than one question. For example, 
amyloid positron emission tomography (PET) is 
a diagnostic biomarker of Alzheimer’s disease 
(AD) dementia, a drug response biomarker in 
immunotherapy of AD, and a risk biomarker in 
mild cognitive impairment (MCI). Conversely, 
amyloid PET cannot be used as a predictive or 
prognostic biomarker to determine whether an 
individual will develop dementia in the future or 
how rapidly cognitive decline will occur.

Diagnostic biomarkers provide evidence that 
improves the accuracy and confidence in a spe-
cific disease. Few biomarkers are pathognomonic 
of a single disorder and they can be abnormal in 
more than one disease. Despite different disease 
mechanisms, CSF total tau is elevated in both AD 
and Creutzfeldt-Jakob disease (CJD), and in 
dementia with Lewy bodies (DLB) and vascular 
dementia [5] when AD is a co-pathology. 
Nevertheless, the potential confounds rarely lead 
to misdiagnosis if clinical context and the results 
of other biomarkers such as MRI, p-tau, and 
abeta (Aβ) are considered. Repeating biomarker 
measurements over time can sometimes be very 
helpful in clarifying uncertain diagnoses, such as 
repeating 18F-fluorodeoxyglucose (FDG) PET 
after symptoms have progressed [6]. Similarly, a 

second dopamine scan can reduce diagnostic 
uncertainty in parkinsonian syndromes, even 
after a prolonged period of clinical observation 
[7]. Diagnostic biomarkers also refine and per-
sonalize diagnosis by identifying disease sub-
types. Recognizing subtypes of AD and other 
neurodegenerative diseases can explain atypical 
presentations, distinctive clinical courses, treat-
ment responses, and identify predictable compli-
cations [8]. Such biomarker-driven precision 
diagnosis offers the opportunity of individualiz-
ing care and tailoring management to different 
symptom trajectories and provide personalized 
education, support, and treatment [9, 10].

Disease monitoring biomarkers objectively 
track the course of a disease to guide treatment. 
They are commonly used in cardiology and 
oncology to decide on treatment, but their use in 
neurodegenerative diseases has lagged. Clinical 
cognitive and motor scales, neuropsychological 
tests, focal brain volume loss, FDG-PET, tau 
PET, and dopaminergic imaging correlate with 
disease pathology severity, providing a more 
realistic and objective assessment than categori-
cal clinical “staging.” To have clinical value, dis-
ease monitoring biomarkers must not fluctuate 
greatly in the same patient, so that changing lev-
els can be accurately interpreted as a change in 
disease and acted on. Further research is needed 
to determine the minimal time needed to reliably 
detect that individual changes in disease; in the 
time frame of years, MRI and FDG-PET changes 
with disease progression are obvious.

Pharmacodynamic and drug response bio-
markers measure the biochemical effects of treat-
ment rather than the effects on disease. 
Pharmacodynamic biomarkers are not yet uti-
lized clinically, but may be in the future. The 
potential for their use is illustrated by cholinergic 
PET ligands ability to measure dose-dependent 
inhibition of cholinesterase in the central nervous 
system before and after treatment [11]. Serial 
amyloid PET, tau PET, and dopaminergic imag-
ing can be used as drug response biomarkers to 
demonstrate that drugs have successfully engaged 
pathological targets [12, 13].

Predictive and prognostic biomarkers track 
and predict disease progression and potential 

Table 2.1 Classification of biomarkers based upon their 
intended use

• Diagnostic
• Disease monitoring
• Pharmacodynamic and drug response
• Predictive and prognostic
• Safety
• Susceptibility and risk

2 Appropriate Use of Biomarkers in Suspected Neurodegenerative Diseases
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complications. For example, frontal hypometab-
olism measured with FDG-PET in AD is linked 
to apathy and behavior disturbance [14]. FDG- 
PET and amyloid PET are strong predictors of 
the future conversion of mild cognitive impair-
ment to AD [15].

Safety biomarkers assess whether specific 
treatments should be given. Gradient echo 
sequences (GRE) and susceptibility-weighted 
imaging (SWI) MRIs identify whether multiple 
microhemorrhages are present to decide whether 
amyloid immunotherapies can be safely adminis-
tered. MRI identifies amyloid-related imaging 
abnormalities (ARIA) that indicate amyloid 
immunotherapy should be suspended [16].

Susceptibility and risk biomarkers identify 
individual risks of developing the disease before 
symptom onset. The presence of an apolipopro-
tein APOE4 allele is an example of a genetic sus-
ceptibility biomarker because it increases the 
vulnerability to AD.  However, APOE4 has low 
sensitivity (53%) and specificity (67%) for iden-
tifying individuals who eventually will develop 
AD. As a consequence, it is appropriate only in 
research [17]. Risk biomarkers allow identifica-
tion of pathology before symptoms or full expres-
sion of disease develop. Even asymptomatic 
individuals with abnormal biomarkers can be at 
very high risk of developing progressive symp-
toms, which in some cases may justify beginning 
disease-modifying drug treatments.

 Appropriate Use of Biomarkers 
in Clinical Care

A confident, accurate diagnosis is an important 
goal in clinical care. Misdiagnosis is especially 
common in neurodegenerative diseases that are 
by their nature complex and heterogeneous. Lack 
of provider diagnostic confidence is common, 
delaying treatment and inhibiting education and 
support for patients and families. Lack of patient 
diagnostic confidence, sometimes reflecting pro-
vider lack of confidence, contributes to poor fol-
low- up and treatment adherence. Patients and 
their families too often are forced to endure a 
prolonged diagnostic odyssey and yet fail to get a 

definitive evaluation. No wonder that outcomes 
are often less than ideal. Diagnosis is the basis of 
rational management and it is crucial in the doc-
tor–patient relationship; without a clear diagno-
sis, both patient and physician feel disengaged. 
Without a clear and confident diagnosis, treat-
ment may be misguided, and at worst, harmful. 
Accurate diagnosis also is important because it 
informs prognosis, which guides management 
and helps patients and families plan (e.g., finan-
cial management and end-of-life care). In the 
past, diagnostic testing was often performed to 
“rule-out” causes of dementia and movement dis-
orders. Now, fully exploiting imaging data and 
using other biomarkers allows clinicians to “rule-
 in” disease.

Before using biomarkers, a clinical evaluation 
for a suspected neurodegenerative disease should 
include a comprehensive medical, family, and 
social history, review of medications, mental sta-
tus, and neurological examination. Standardized 
cognitive scales, neuropsychological testing, and 
motor ratings are helpful. Blood tests should be 
performed including a complete blood count, 
comprehensive metabolic panel, thyroid- 
stimulating hormone, and vitamin B12 level. A 
review of the laboratory evaluation in atypical 
dementias and movement disorders (e.g., rapidly 
progressive dementia or ataxia, acute dystonia, 
myoclonus) is beyond the scope of this chapter 
but laboratory testing should be guided by the 
clinical presentation (e.g., paraneoplastic panel, 
ceruloplasmin, plasma and urine copper, EEG, 
etc.). The evaluation often includes structural 
brain imaging with a brain MRI or CT scan to 
detect occult brain lesions and focal abnormali-
ties that cause or contribute to dementia and 
movement disorders. Images can be analyzed 
further with quantitative imaging software with 
little additional effort.

Biomarkers are not always needed. An accu-
rate diagnosis without biomarkers can be made 
with high confidence if there is concordance 
between a typical medical history consistent 
from all sources and typical physical examina-
tion and laboratory findings. Conversely, bio-
markers can be invaluable if there is diagnostic 
uncertainty even after a comprehensive  evaluation 
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or high diagnostic accuracy is needed before 
beginning high risk interventions. 
Neurodegenerative diseases are complex and 
often have co-pathologies, co-morbidities, com-
plications, and variable presentations. Amyloid 
PET imaging may allow confident diagnosis of 
AD in a patient with cognitive impairment and 
depression but who did not respond to an appro-
priate trial of antidepressants. Dopaminergic 
imaging may identify DLB in a patient with 
dementia and behavior disturbance treated with 
antipsychotics. Biomarkers also are particularly 
important when high confidence in an accurate 
diagnosis is needed: before beginning antipsy-
chotic treatment to avoid severe side effects when 
there is loss of striatal presynaptic dopamine 
transporters, deep brain stimulation, or anti- 
amyloid immunotherapy. Disease monitoring, 
drug response, predictive and safety biomarkers 
are applicable only in special circumstances. For 
example, a brain MRI may identify microhemor-
rhages or superficial siderosis, which would put a 
patient at higher risk of developing ARIA if 
treated with monoclonal antibodies targeting 
β-amyloid.

The use of one biomarker does not preclude 
the need for others. Several biomarkers can pro-
vide incremental evidence in support of a diagno-
sis or treatment plan if they provide 
complementary information. For example, dopa-
minergic imaging may identify central presynap-
tic dopaminergic denervation and differentiate 
parkinsonism from essential tremor, however, it 
does not differentiate PD from other parkinso-
nian syndromes. To confirm a diagnosis of PD, 
synuclein aggregates could be visualized on skin 
biopsy. Alternatively, the combined use of dopa-
minergic imaging and I-123 metaiodobenzylgua-
nidine (MIBG) myocardial imaging showing 
denervation on both would also confirm a diag-
nosis of PD rather than MSA.

Clinical acceptance and feasibility of testing 
influence the choice of biomarker when alterna-
tives are available. An individual with dementia 
may not be able to cooperate with a lumbar punc-
ture or a brain MRI. Patients often prefer imaging 
biomarkers over more invasive procedures such 

as CSF studies or skin biopsies. A provider work-
ing in a busy clinical setting may not have the 
time, the staff support, or the capability to per-
form CSF studies or skin biopsies. Plasma bio-
markers are easiest of all, but may not be an 
alternative until fully validated.

Insurance coverage and out-of-pocket costs 
are a significant factor in determining bio-
marker access and choice. In neurodegenera-
tive diseases diagnostic costs, including the 
cost of biomarkers, represent only a small per-
centage of the economic burden of disease. 
Nevertheless, the cost-effectiveness of differ-
ent diagnostic strategies should be taken into 
consideration. The National Institute on 
Aging—Alzheimer’s Association (NIA-AA) 
clinical diagnostic criteria for MCI due to AD 
pathology requires evidence of amyloid or tau 
pathology with CSF or neuroimaging biomark-
ers [18]. However, this definition cannot be 
achieved if these biomarkers are not reim-
bursed by insurance or locally available. Wide 
access to biomarkers cannot be achieved with-
out reimbursement. Alternatives that might 
indicate high likelihood of progressive demen-
tia while still not meeting MCI due to AD 
pathology criteria include neuropsychological 
testing and brain MRI that may detect regional 
atrophy and cerebrovascular disease, which are 
associated with a higher risk of future demen-
tia [19].

 Relevant Clinical Questions 
Biomarkers Can Answer

The next step after determining the intended use 
of a biomarker is to identify the relevant clinical 
question the biomarker will answer. When diag-
nosis or management remains uncertain, bio-
markers can answer relevant questions that 
address a differential diagnosis and treatment 
alternatives generated during the clinical assess-
ment (Table 2.2). The expected results of clini-
cally available biomarkers in common dementing 
diseases and movement disorders are summa-
rized in Tables 2.3 and 2.4.

2 Appropriate Use of Biomarkers in Suspected Neurodegenerative Diseases
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Table 2.2 Clinical questions relevant to biomarkers

1. Is there focal brain structural abnormality?
   Uses: Diagnostic, disease monitoring, drug response 

(not yet), predictive (not yet), safety
2.  Is there focal cerebral cortical or subcortical 

hypometabolism?
   Uses: Diagnostic
3. Is there evidence of amyloid or tau pathology?
   Uses: Diagnostic, drug response
4.  Is there loss of presynaptic striatal dopaminergic 

innervation?
   Uses: Diagnostic, drug response (not yet), safety, 

not prognostic, disease monitoring
5.  Is cardiac postganglionic sympathetic innervation 

intact?
   Uses: Diagnostic—MSA from PD, DLB from AD
6. Is there central or peripheral autonomic failure?
   Uses: Diagnostic—MSA vs. PD
7.  What is the neurophysiological characteristics of the 

tremor?
   Uses: Diagnostic, drug response (not yet)—PD vs. 

ET vs. functional tremor
8.  Is there evidence of alpha-synuclein pathology? 

(diagnostic)
   Uses: Diagnostic PD and MSA vs. others

Table 2.3 Typical biomarker results in common cogni-
tive disorders

Alzheimer’s disease
Brain MRI
   Atrophy of the entorhinal cortex, hippocampus, 

amygdala, parahippocampus, diffuse cerebral 
cortical atrophy

     Clinical subtypes: Hemispheric asymmetric, 
occipital atrophy

Molecular imaging
   Positive amyloid PET, positive tau PET (e.g., 

Flortaucipir), FDG-PET—predominant posterior 
cingulate gyrus and bilateral temporoparietal 
hypometabolism

     Clinical subtypes: Progressive aphasia, posterior 
cortical atrophy

CSF

   Low Aβ42, or low Aβ42/Aβ40 ratio
   Elevated total and phosphorylated tau
Frontotemporal degeneration
Brain MRI
   Atrophy of the frontal and anterior temporal cortices
    Clinical subtypes: Asymmetric
Molecular imaging
   Negative amyloid PET, FDG-PET with predominant 

frontal, anterior cingulate and anterior temporal 
hypometabolism

     Clinical subtypes: Progressive aphasia, 
behavioral variant frontotemporal degeneration, 
symmetric and asymmetric hypometabolism

Dementia with Lewy bodies
Brain MRI
   Gray matter atrophy in the posterior parietal 

cortices, absent swallow tail in the substantia nigra
Molecular imaging
   Dopaminergic imaging with reduced presynaptic 

dopaminergic transporter, FDG-PET with high ratio 
of glucose metabolism in the posterior cingulate 
region compared with the precuneus and cuneus 
(cingulate island sign), cardiac sympathetic 
denervation by MIBG SPECT

Skin biopsy

   Immunofluorescence for α-synuclein and PGP9.5 in 
skin nerve fibers

 Is There a Focal Structural Brain 
Abnormality?

Many focal brain lesions cause or contribute to 
dementia including stroke, tumor, subdural 
hematoma, intracerebral hemorrhage, and 
abscess. Hyperintensities in the basal ganglia and 
cortical ribbon are characteristic of prion disease. 
Identification and quantification of microhemor-
rhages on brain MRI can identify cerebral amy-
loid angiopathy and may influence treatment 
(e.g., higher risk of intracranial hemorrhage with 
anticoagulation, higher risk of ARIA with the use 
of monoclonal antibodies targeting β-amyloid). 
As a consequence, brain imaging with MRI or 
CT is appropriate for all cognitive evaluations, 
even in the absence of focal neurological deficits. 
Using imaging as a quantitative biomarker to 
measure lesions adds value. For example, the 
Evans’ index (the ratio of the maximum width of 
the frontal horns of the lateral ventricles and the 
maximal internal diameter of the skull at the 
same level) can show that ventricular enlarge-
ment is out of proportion to brain atrophy sug-

gesting normal pressure hydrocephalus in a 
patient with gait disturbance, cognitive impair-
ment, and impaired bladder control.

White matter changes also contribute to cogni-
tive impairment in AD and, if severe and in the 
right setting, can suggest vascular dementia. 
Sometimes, the pattern of white matter abnormal-
ity is diagnostic, such as in multiple sclerosis, 
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Table 2.4 Typical biomarker results in common move-
ment disorders

Parkinson’s disease
Molecular imaging
   Dopaminergic imaging with reduced presynaptic 

dopaminergic transporter, cardiac sympathetic 
denervation by MIBG SPECT

Skin biopsy

   Immunofluorescence for α-synuclein and PGP9.5 in 
skin nerve fibers

Others
   Hyperechogenicity of the substantia nigra on 

transcranial ultrasound
   Quantitative olfactory testing: Hyposmia/anosmia
Multiple system atrophy
Brain MRI
   Atrophy of the putamen with a hyperintense T2 

border of the lateral putamen and T2 hypointensity 
of the body of the putamen. Atrophy of the middle 
cerebellar peduncle, pons, or cerebellum (MSA-P 
and MSA-C). Hot cross bun sign (MSA-C)

Molecular imaging
   Reduced presynaptic dopaminergic transporter with 

dopaminergic imaging (MSA-P > MSA-C), 
FDG-PET with hypometabolism in the putamen, 
brainstem, or cerebellum, preserved cardiac 
sympathetic innervation by MIBG SPECT

Skin biopsy

   Immunofluorescence for α-synuclein and PGP9.5 in 
skin nerve fibers

Others
   Autonomic function testing with autonomic failure
   Sphincter electromyogram with evidence of 

denervation and reinnervation, urodynamic testing 
with neurogenic bladder and postvoid residual 
>100 mL

   Quantitative olfactory testing: Preserved sense of 
smell

   Supine plasma norepinephrine level > 200 pg/mL
Progressive supranuclear palsy
Brain MRI
   Midbrain atrophy (hummingbird sign)
Molecular imaging
   Reduced presynaptic dopaminergic transporter with 

dopaminergic imaging, positive tau PET, FGD PET: 
Asymmetrical or bilateral hypometabolism has been 
reported in the prefrontal cortices, the anterior 
cingulate gyrus, and the midbrain, preserved cardiac 
sympathetic innervation by MIBG SPECT

Corticobasal degeneration
Brain MRI
   Asymmetric cortical atrophy, focal atrophy 

predominantly involves the posterior frontal and 
parietal regions, along with dilatation of the lateral 
ventricles. T2-signal hyperintensity of the atrophic 
cortex and underlying white matter

Table 2.4 (continued)

Molecular imaging
   Reduced presynaptic dopaminergic transporter with 

dopaminergic imaging, FDG-PET with 
asymmetrical hypometabolism was observed in the 
central region, the putamen and thalamus

autoimmune encephalitis, and metabolic leukoen-
cephalopathies. Cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is associated with 
widespread confluent white matter hyperintensi-
ties, particularly in the anterior temporal lobe. The 
Fazekas scale is a four-level score to quantify 
white matter hyperintensities, but its added value 
in the clinical setting is not well established.

Brain volume measurements are also valu-
able. Accumulating evidence from quantitative 
MRI studies shows that hippocampal atrophy is 
present before dementia onset and progresses 
with conversion to clinically apparent 
AD. However, because there is overlap between 
aging- and AD-associated focal hippocampal 
atrophy, this finding can only be considered sup-
portive and not diagnostic. In the behavioral vari-
ant of FTD, there is predominantly atrophy of the 
frontal and temporal lobes with relative preserva-
tion of posterior areas, whereas the atrophy is 
predominantly left-sided in inferior-frontal and 
insular cortices in the nonfluent variant of pri-
mary progressive aphasia, and asymmetrical 
(commonly left-sided) anteroinferior temporal 
lobe and temporal gyrus atrophy is seen in the 
semantic variant of primary progressive aphasia.

There are no easily identifiable MRI features 
to support the diagnosis of DLB. The mesial tem-
poral lobe and hippocampi remain relatively nor-
mal in size DLB, helping to distinguish it from 
AD [20], whereas gray matter atrophy in the pos-
terior parietal cortices is more common in DLB 
than AD [21]. Other brain MRI abnormalities in 
DLB include atrophy of the frontal lobes and pari-
etotemporal regions, enlargement of the lateral 
ventricles, and absent swallow-tail sign in the 
substantia nigra pars compacta (also seen in PD) 
[20, 22]. Brain MRI is not necessary for the diag-
nosis of PD. Progressive accumulation of iron in 
the substantia nigra and caudal putamen has been 

2 Appropriate Use of Biomarkers in Suspected Neurodegenerative Diseases
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reported with specialized MRI techniques, but 
further studies are needed for validation.

A variety of focal lesions can be seen in less 
common movement disorders. In multiple system 
atrophy (MSA), brain MRI may vary based on 
the clinical subtype. In MSA-P, the brain MRI 
frequently reveals atrophy of the putamen with a 
hyperintense T2 border of the lateral putamen 
and T2 hypointensity of the body of the putamen. 
Atrophy of the middle cerebellar peduncle, pons, 
or cerebellum can be seen in MSA-P and MSA- 
C. The hot cross bun sign is the classic sign in 
patients with MSA-C and refers to cruciform T2 
hyperintensities of the pons [23]. Predominant 
midbrain atrophy (the hummingbird sign) 
increases the diagnostic confidence in patients 
diagnosed with progressive supranuclear palsy 
(PSP) based on clinical features. Early in cortico-
basal degeneration, brain imaging may be normal 
[24]. As the disease progresses, asymmetric cor-
tical atrophy is observed in up to half of patients 
[25]. Focal atrophy predominantly involves the 
posterior frontal and parietal regions, with dilata-
tion of the lateral ventricles. On T2-weighted 
images, there is hyperintensity of the atrophic 
cortex and underlying white matter [26].

Heavy metal deposition in the brain can be seen 
in rare forms of parkinsonism (e.g., manganese- 
induced parkinsonism, neurodegeneration with 
brain iron accumulation, Wilson’s disease).

Transcranial ultrasound of the substantia nigra 
is another imaging technique that can reveal focal 
lesions. Hyperechogenicity of the substantia 
nigra is characteristic of PD, whereas normal 
echogenicity suggests atypical parkinsonism and 
poorer response to levodopa treatment. 
Hyperechogenicity does not correlate well with 
disease severity or change with disease progres-
sion [27]. Limitations of this technique include 
the requirements for an experienced examiner 
and a sufficient bone window [28].

 Is There Cerebral Cortical or 
Subcortical Hypometabolism?

Neurodegenerative diseases have typical regional 
patterns of hypometabolism, and FDG-PET 
imaging can be helpful to distinguish different 

forms of dementia or atypical parkinsonian syn-
dromes. AD shows hypometabolism in the bilat-
eral temporal lobes (middle and inferior temporal 
gyri), limbic system (parahippocampal gyrus and 
posterior cingulate gyrus), parietal lobe, and, 
rarely, occipital structures [29]. Early in FTD by 
contrast, glucose hypometabolism is limited to 
the frontal and anterior temporal lobes. As the 
disease progresses, pathologic changes spread 
into the prefrontal, parietal, and temporal regions. 
The pattern of hypometabolism on FDG-PET can 
help distinguish between the different variants of 
primary progressive aphasia. In progressive non-
fluent aphasia, hypometabolism is most pro-
nounced in the left anterior insula and frontal 
opercular region, whereas in semantic dementia 
decreased glucose metabolism is seen in the 
bilateral anterior temporal lobes (worse on the 
left side) and logopenic progressive aphasia dem-
onstrates left posterior perisylvian or parietal 
hypometabolism.

The cingulate island sign, where individuals 
with DLB have a high ratio of glucose metabo-
lism in the posterior cingulate region compared 
with the precuneus and cuneus, may be demon-
strated on FDG-PET imaging [21]. Occipital 
hypoperfusion is also more common in DLB 
when compared to AD, affecting both primary 
visual cortex and visual association areas, includ-
ing the precuneus [30]. Hypometabolism in the 
putamen, brainstem, or cerebellum is seen in 
MSA, whereas asymmetrical or bilateral hypo-
metabolism in the prefrontal cortices, the anterior 
cingulate gyrus, and the midbrain is common in 
PSP.  In corticobasal syndrome, asymmetrical 
hypometabolism is observed in the central region, 
the putamen, and the thalamus [31]. By contrast, 
no FDG-PET abnormalities would be expected in 
functional cognitive disorder or psychiatric 
illness.

 Is There Amyloid or Tau Pathology?

The presence of amyloid pathology is necessary 
but insufficient alone for a clinical diagnosis of 
AD MCI or dementia.  Instead, most evidence 
indicates accumulation of amyloid occurs early 
and often does not cause symptoms, sometimes 
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preceding dementia by 10–20 years [32, 33]. The 
research framework for AD uses biomarkers to 
characterize the pathological characteristics of 
A/T/N where “A” refers to the positive or nega-
tive results of a β-amyloid biomarker, “T,” of a 
tau biomarker, and “N,” to a biomarker of neuro-
degeneration or neuronal injury. While amyloid 
does not correlate with the severity of symptoms, 
the distribution and severity of tau pathology and 
neuronal/synaptic loss do. When there is uncer-
tainty about the diagnosis of AD or whether MCI 
is due to AD pathology, AD biomarkers are valu-
able. When it is important to have very high 
diagnostic confidence to imitate appropriate 
therapy, accuracy of PET amyloid imaging and 
dopaminergic imaging biomarkers compared to 
neuropathology is nearly 100%. Conversely, 
amyloid imaging is unlikely to distinguish 
between DLB and AD as amyloid pathology is 
common in both. Tau PET ligands bind to differ-
ent sites with 18F-flortaucipir specific for tau in 
AD and 18F- PI- 2620 binding tau in PSP (the lat-
ter drug is not yet FDA approved) [34, 35]. 
Alternatively, amyloid and tau biomarkers can 
be measured in the CSF. Several forms of tau can 
be assessed in biofluids: total tau (t-tau), phos-
phorylated tau (p-tau), and tau phosphorylated at 
different threonines: p-tau181, p-tau217, and 
p-tau231. Phosphorylated tau is more specific 
for AD pathology, and p-tau217 appears to have 
the best diagnostic accuracy [36]. Plasma ver-
sions of these assays currently are under devel-
opment. Changes in amyloid and tau PET 
imaging also have been used to assess response 
to investigational drug treatments, and amyloid 
and tau drug response biomarkers will likely be 
adopted in clinical practice when disease-modi-
fying drugs become available.

 Is There a Loss of Presynaptic Striatal 
Dopaminergic Innervation?

Imaging of presynaptic dopaminergic trans-
porter with dopaminergic imaging can assist in 
making a correct diagnosis in patients with sus-
pected parkinsonian syndromes [37]. However, 
dopaminergic imaging is not helpful to differen-

tiate between neurodegenerative parkinsonian 
syndromes. There is evidence of denervation in 
PD and all cases of MSA-P, whereas relative 
preservation of dopaminergic terminals is 
observed in MSA with cerebellar features [38]. 
Presynaptic dopamine transporter imaging is 
also abnormal in PSP and corticobasal syn-
drome [39]. Dopaminergic imaging may be 
helpful in the evaluation of patients who present 
with action tremor and subtle features of parkin-
sonism. Imaging of presynaptic dopamine trans-
porter is normal or reveals only a small degree 
of dopaminergic degeneration in essential 
tremor [40], contrasting the typical pattern of 
pronounced posterior putamen reductions of 
radiotracer binding observed in PD [41]. 
Dopaminergic imaging may also be helpful to 
distinguish drug-induced parkinsonism from 
PD. In the assessment of patients with dementia, 
dopaminergic imaging should not be ordered if 
there is clear objective evidence of parkinson-
ism. A positive dopamine scan can help diag-
nose DLB, particularly if parkinsonism is 
equivocal on examination. The effectiveness of 
presynaptic dopaminergic transporter imaging 
in the distinction between DLB and AD was 
confirmed in an autopsy study with 88% sensi-
tivity and 100% specificity [42]. Patients need 
to discontinue medications that interfere with 
presynaptic dopamine transporter binding 
before dopaminergic imaging.

 Is There Loss of Cardiac 
Postganglionic Sympathetic 
Innervation?

Evidence of cardiac sympathetic denervation by 
imaging has been studied as a diagnostic tool in 
patients with dementia to distinguish between 
DLB and AD. Studies have reported a high 
 correlation between abnormal cardiac sympa-
thetic activity evaluated with MIBG myocardial 
scintigraphy and a clinical diagnosis of DLB [43, 
44]. Reduced MIBG uptake is an “indicative” 
biomarker in the research criteria for the diagno-
sis of prodromal DLB [45].
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Neuroimaging evidence of cardiac sympa-
thetic denervation in PD was first reported by 
Goldstein and collaborators using 
18- fluorodopamine cardiac PET imaging [46]. 
Numerous studies have confirmed these findings 
using MIBG cardiac single-photon emission 
computed tomography (SPECT) imaging [47–
49]. In clinical practice, MIBG cardiac SPECT is 
most useful to differentiate patients with PD and 
orthostatic hypotension from patients with 
MSA.  Most MSA patients have biomarkers of 
intact cardiac sympathetic innervation; however, 
rare cases of MSA with neuroimaging evidence 
of cardiac noradrenergic deficiency have been 
reported [46, 50, 51]. Cardiac sympathetic inner-
vation is usually preserved in PSP and CBD, 
although patients with PSP may exhibit a mild 
decrease in MIBG [52]. In the USA, MIBG scan-
ning is not done for this purpose, despite being 
available at most academic centers and used for 
other indications such as the diagnostic evalua-
tion of pheochromocytoma. A major reason is 
due to the lack of coverage by third-party 
payers.

 Is There Central or Peripheral 
Autonomic Failure?

Autonomic function testing in MSA reveals evi-
dence of central autonomic dysfunction. 
Cardiovascular adrenergic failure is usually 
severe and frequently the most pronounced find-
ing [53, 54]. The thermoregulatory sweat test is 
abnormal in most patients with MSA and often 
demonstrates the involvement of predominantly 
preganglionic fibers; however, this test is only 
available in a few specialized centers and its 
diagnostic performance relative to pathologic 
diagnosis is unknown. Urodynamic investiga-
tions in MSA reveal large postvoid residuals 
(>100 mL), absence of detrusor-sphincter coor-
dination, and atonic bladder with low urethral 
pressure [55]. Thus, specialized autonomic test-
ing can be helpful to better characterize the 
severity and distribution of autonomic impair-
ment, however, these tests are not widely 
available.

 What Are the Neurophysiological 
Characteristics of the Tremor?

Tremor is vastly heterogeneous often making it 
difficult to distinguish the cause based on clinical 
characteristics alone. A functional tremor may 
co-exist in essential tremor or PD. Many patients 
with PD also exhibit postural tremor. In a 
population- based setting, resting tremor was a 
common clinical feature in patients with essential 
tremor, with prevalence reaching nearly 50% 
[56]. Patients with essential tremor also can 
exhibit slowness of movements reminiscent of 
the bradykinesia seen in PD. Furthermore, epide-
miological studies suggest that essential tremor 
populations have an increased risk of developing 
PD [57]. Electrophysiological biomarkers with 
analysis of tremor frequencies and amplitude 
provide clinicians objective evidence for identi-
fying the cause of the tremor [58]. Surface elec-
tromyography and accelerometry define the 
neurophysiological characteristics of functional 
tremor and have good sensitivity and specificity 
in diagnosis [59].

 Is There Evidence of Alpha-Synuclein 
Pathology?

Visualization of synuclein aggregates by immu-
nofluorescence on skin biopsy is available to cli-
nicians in the USA and can be helpful when 
patients do not improve with an appropriate trial 
of levodopa or when MSA is suspected [60]. 
Synuclein in the skin indicates the possibility of 
MSA, whereas its absence raises suspicion for a 
tauopathy or a non-degenerative parkinsonian 
syndrome such as drug-induced parkinsonism. 
Available testing does not distinguish between 
the different synucleinopathies.

Polysomnography showing REM-sleep 
behavior disorder (RBD) is indirect evidence of a 
synucleinopathy such as PD or DLB. In clinical 
practice, physicians often rely on questionnaires 
without objective testing for RBD and literature 
suggests a high correlation of polysomnogram- 
proven RBD with the RBD questionnaire results 
[61].
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 Factors Affecting Biomarker 
Interpretation

The interpretation of a biomarkers result must 
consider the clinical context and question being 
asked. Prior probability of a positive test result 
strongly influences the statistical characteris-
tics of a test. Avoiding indiscriminate testing 
helps distinguish important results from inci-
dental findings and biomarker findings of 
uncertain clinical significance. An elevated 
CSF 14-3-3 supports a diagnosis of CJD, but it 
is not always abnormal in this disease and can 
be elevated in other disorders [62]. Likewise, 
the significance of “borderline” results can be 
overlooked if it is inconsistent with other evi-
dence but can also be extremely helpful if posi-
tivity is consistent with a confluence of other 
evidence.

Clinicians share the responsibility with labo-
ratories and imaging centers for accurate inter-
pretation of biomarker results. Clinicians are 
responsible for deciding which biomarker is 
tested based upon their understanding of bio-
marker performance, availability, acceptability 
to patients, convenience, and cost. Clinicians do 
not control biomarker measurement; that is the 
responsibility of specialists at laboratories and 
imaging centers. However, clinicians affect bio-
marker measurement by determining how the 
patient is prepared for testing, how the sample is 
collected, and the information provided to the 
laboratory and imaging center. Misinterpretation 
of brain scans performed in patients with FTD 
in one study certainly was due in part to only 
information about clinical history being pro-
vided in only 11 of 40 MRI requests [3]. 
Clinicians should temper their interpretation of 
results with an understanding of factors affect-
ing biomarker measurement, including patient 
factors, technical considerations, and statistical 
characteristics of the biomarker in relevant clin-
ical populations. Patient factors and technical 
considerations include intra-assay variability of 
measurement, method of sample collection and 
handling, and potential methodological pitfalls 
(Table 2.5).

Table 2.5 Patient and technical factors to consider

Brain MRI
Patient factors
   •  Cooperation of patient is necessary to avoid 

motion artifact
   •  Precautions are necessary with cardiac implantable 

electronic devices, cochlear implants, drug 
infusion pumps, cerebral artery aneurysm clips, 
magnetic dental implants, hearing aids

   •  Contraindicated in patients with metallic 
intraocular foreign bodies. Orbit X-ray must be 
taken and reviewed by the radiologist for approval 
before the MRI if there is a history of facial injury 
or trauma

   • MRI contrast agents rarely cause allergic reactions
   •  Patients with a history of renal disease or on 

dialysis need to be evaluated carefully before 
injection of gadolinium for MRI procedure

Technical factors
   • Imaging acquisition: High resolution, isovoxel
   • Slice thickness should be standardized
   • Periodic use of phantoms
   •  Semi-quantitative or quantitative analyses should 

be performed if possible to help answer the 
clinical question

 PET/SPECT imaging
Patient factors
   •  Cooperation of patient is necessary to avoid 

motion artifact
   •  Drugs that could interfere with tracer binding to 

presynaptic dopamine transporters should be 
discontinued before dopaminergic imaging

   •  Drugs that could interfere with glucose uptake in 
the brain should be discontinued before FDG-PET 
(i.e., insulin)

   •  For cardiac sympathetic neuroimaging, patients 
should be screened for conditions known to cause 
cardiac denervation such as diabetes mellitus, 
heart failure. Screening for coronary artery disease 
is important because perfusion imaging is not 
routinely done with cardiac MIBG 
SPECT. Medications that can interfere with the 
uptake of MIBG should be discontinued

   •  No drug withdrawal is recommended at this time 
for amyloid PET imaging

Technical factors
   •  Careful selection of region of interest for 

comparison with cerebral cortical metabolism in 
FDG-PET or with striatal dopamine transporter 
binding in dopaminergic imaging

CSF
Patient factors
   •  Cooperation of patient is necessary. Sedation may 

be required

(continued)
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Table 2.5 (continued)

• Patient’s anatomy may require fluoroscopy-
guided lumbar puncture

Technical factors
• Pre-analytical sample handling and storage play 

an important role in the reliable measurement of 
CSF biomarkers in AD

• CSF amyloid beta (Aβ)1–42 and tau should be 
measured in fresh, non-processed CSF collected 
in low-binding opaque polystyrene rather than 
clear polypropylene tubes

• Transport and storage of the sample at 2–8 °C for 
up to 15 days or 20–25 °C for up to 48 h

Skin biopsy
Technical factors

• Local anesthesia should be used and is best 
achieved by subcutaneous infiltration with lidocaine

• 3.0 mm punch skin biopsy performed at three 
sites: Posterior cervical, distal thigh, and distal leg

• Biopsy samples are stored in a container with a 
mixture of water and formaldehyde (formalin) or 
some other fluid to preserve the specimens

• Specimens should be analyzed by a laboratory 
with expertise in dual immunostaining for protein 
gene product 9.5 and phosphorylated α-synuclein

 Patient and Technical Factors 
Affecting Interpretation of Imaging 
Biomarkers

Clinicians ordering imaging biomarkers must 
consider many patient factors. Medications such 
as steroids, level of hydration, and environmental 
and cognitive stimuli affect biomarker measure-
ment of brain volume, metabolism, and blood 
flow (particularly functional MRI). Stable blood 
glucose levels are essential to meet the assump-
tions underlying FDG-PET imaging. Because 
many drugs, particularly psychoactive medica-
tions, alter dopaminergic imaging, clinicians 
should carefully review the patient’s medication 
list and discontinue the interfering drugs for a 
sufficient half-life before tracer administration. 
Patients with pacemakers, intracranial clips, and 
other metallic implants are inappropriate for MRI 
imaging. Patient cooperation also must be con-
sidered. Minimizing head movement is critical 
for imaging biomarkers, using sedation or head 
immobilization, if necessary.

Radiologists and nuclear medicine specialists 
must pay attention to many technical details to 

ensure that imaging biomarkers are reliable. 
Imaging acquisition (ideally high resolution, iso-
voxel) and instrument characteristics are critical. 
For example, slice thickness of images substan-
tially affects the measured size of a tumor [63]. 
Periodic use of phantoms and imaging protocols 
assure quality control and consistent quantifica-
tion of acquired images.

A large number of image analysis methods are 
available. The simplest imaging biomarkers to 
implement clinically are semi-quantitative scor-
ing systems developed to achieve more standard-
ized visual assessment. The Fazekas 0–3 rating of 
white matter hyperintensities is a widely used 
example, and semi-quantitative ratings also have 
been developed for global and medial temporal 
atrophy brain atrophy, and other metrics [64]. 
With adherence to standardized image acquisi-
tion protocols, software analysis can yield much 
more sensitive quantitative measures. 
Commercial image analysis software is available 
for MRI volumetric analysis of total brain and 
individual anatomic regions, with hippocampal 
volume being particularly relevant for dementing 
diseases [65]. FDG-PET and amyloid PET auto-
mated analysis software are also commercially 
available. These software packages have the 
marked advantage of comparing results against 
reference populations, such as cognitively nor-
mal individuals in the same age range and using 
different internal reference regions. For example, 
the pons is often used for comparison with cere-
bral cortical metabolism in FDG-PET because it 
is not affected in most dementing diseases and 
the cerebellum is often used for comparison with 
cerebral cortical binding of amyloid imaging 
because neuritic amyloid plaques are not found 
there. In special circumstances when these rules 
are not applicable, the software can allow the 
selection of an alternative reference region.

A significant issue with imaging biomarkers is 
the large number of potential biomarkers. 
Functional MRI has had difficulty finding clini-
cal applications because of the large number of 
variables considered simultaneously, making 
replication difficult. The solution is to pre- specify 
the imaging variable that will be considered and 
use other imaging outcomes as supportive. 
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Composite biomarkers such as hippocampal vol-
ume/total brain volume can function like com-
posite fluid biomarkers to account for known 
technical and patient factors.

As new biomarkers are being developed and 
brought to the clinic, physicians should remain 
aware of methodological limitations and vigilant 
and critical about the results.

 Patient and Technical Factors 
Affecting Interpretation of Fluid 
Biomarkers

Clinicians ordering fluid biomarkers also must 
consider patient factors that can affect intra-
assay variability. There is less concern about the 
effects of medication and there are few contrain-
dications than imaging biomarkers, but fluid bio-
markers can be affected by contaminants, 
pre-analytic specimen collection and handling. 
For CSF studies a traumatic tap should be 
avoided but the susceptibility of biomarker result 
to this contaminant is often not known. The pos-
sible effects of pre- analytic and assay methods 
are perhaps best exemplified by the challenges of 
measuring Aβ 1–42, which is reliably reduced in 
the presence of AD plaque pathology [66]. With 
a lack of an approved reference method and the 
variability of cut-off values in different studies, 
detailed protocols have been developed to limit 
the contributions of specimen collection and 
handling [67]. The practical importance of vari-
ables such as time of day for collection, CSF vol-
ume collected, and number of freeze/thaw cycles 
is unclear, but the type of collection tube has 
been found to significantly alter affect the mea-
surement of CSF Aβ 1–42 levels. Aβ protein 
binds to the surface of polystyrene collection 
tubes found on most hospital and clinic CSF pro-
cedure trays. If unrecognized, an artifactually 
low Aβ 1–42 result could be interpreted as indi-
cating AD pathology. To address this problem 
low binding, opaque polypropylene rather than 
clear polystyrene collection tubes always should 
be used, and measuring the ratio of Aβ 1–42/Aβ 
1–40 minimizes this effect and is a more robust 
biomarker.

Assay methods used in biomarker measure-
ment also affect interpretation and inter-assay 
variability in the measurement of a biomarker is 
significant. Clinicians may need to inquire about 
the method used by the laboratory and its statisti-
cal characteristics for the question being asked. 
Depending upon the circumstances an alternative 
assay method should be requested. Continuing to 
use the measurement of Aβ 1–42 for illustration, 
the performance of five different CSF immunoas-
says differed significantly, and all performed 
worse than an antibody-independent mass spec-
trometry procedure [68]. Using a ratio of Aβ 
1–42/Aβ 1–40 or a ratio with tau levels did not 
alter these findings. Measurement of biomarkers 
in plasma would be logistically easier and more 
acceptable to patients but requires much more 
sensitive assays that have only recently become 
available. Head-to-head comparison of eight dif-
ferent plasma Aβ 1–42 measures showed consid-
erable variation, again finding more technically 
demanding and expensive mass spectroscopy 
methods performing best [69]. Automated analy-
sis methods may prove to give more consistent 
results, but the variability of biofluid assays has 
shown that so far amyloid PET is the gold stan-
dard for assessing AD Aβ plaque pathology 
because it correlates highly with postmortem 
brain histopathology [70].

Accurate identification of phosphorylated 
α-synuclein within cutaneous nerves should be 
assessed by the biopsy at three different sites 
(posterior cervical, distal thigh, and distal leg) to 
increase diagnostic accuracy. Biopsy samples 
should then be stored in a container with a mix-
ture of water and formaldehyde (formalin) or 
some other fluid to preserve the specimens and 
analyzed by a laboratory with expertise in dual 
immunostaining for protein gene product 9.5 and 
phosphorylated α-synuclein.

 Statistical Characteristics

Interpretation of a biomarker result must con-
sider its statistical characteristics (Table  2.6). 
Results of diagnostic biomarkers are typically 
dichotomous, i.e., either positive or negative, 
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Table 2.6 Statistical characteristics of diagnostic 
biomarkers

• Receiver operator characteristic (ROC) statistic to 
determine the cut-off for a positive test

• Prior probability of a positive test in the population 
receiving the test

Affected by the prevalence of disease in the 
population being tested

• Accuracy = proportion of the time a test result is 
correct (true positive + true negative/total cases)

• False positive rate = proportion with a positive 
test without the disease

• False negative rate = proportion with the disease 
that have a positive test

• Positive predictive value = proportion with a 
positive test who have disease

• Negative predictive value = proportion with a 
negative test without disease

• Positive likelihood ratio = how much prior 
probability of a disease is increased with a 
positive test

• Negative likelihood ratio = how much prior 
probability of no disease is increased with a 
negative test

Independent of the prevalence of disease in the 
population being tested

• Sensitivity = proportion of those with the 
condition who have a positive test result

• Specificity = proportion of those without the 
condition who have a negative test result

• Diagnostic odds ratio = (True positives/false 
positives)/(false negatives/true negatives)

• Upper and lower assay method technical limits of 
detection (e.g., pg/mL)

based upon a cut-off value determined by a 
receiver operating characteristic curve (ROC) 
area under the curve statistic that best discrimi-
nates cases from non-cases. Sometimes the alter-
native of a “borderline” result is provided, with 
the implicit understanding that less extreme val-
ues are less likely to be clinically significant. The 
prior probability or base rate of biomarker posi-
tivity in the population receiving the test pro-
foundly affects the accuracy (false positive and 
false negative rates) and the positive and negative 
predictive value of a test result. This is the most 
compelling reason to avoid indiscriminate use of 
biomarkers: only using biomarkers after a com-
prehensive clinical assessment to answer relevant 
questions markedly increases accuracy of the 
result. Positive and negative likelihood ratios are 

useful in comparing the value of different tests in 
a specific population [71].

Although they are not as relevant to diagnostic 
decision-making, sensitivity and specificity are 
commonly used to describe the statistical charac-
teristics of a test because they are unaffected by 
the prevalence of disease in the population being 
studied. Note, however, that sensitivity and speci-
ficity depend on what populations are being com-
pared. Often sensitivity and specificity are 
reported for comparison of a population with one 
disease compared to normal controls. This is not 
as relevant as sensitivity and specificity compared 
to clinical populations such as distinguishing AD 
among those with dementia. For example, a dopa-
mine scan measuring the integrity of dopamine 
transporters is highly accurate, specific, and sensi-
tive in distinguishing essential tremor and PD, but 
does not help differentiate PD from PSP.  Also 
notice that a “gold standard” has to be used to 
identify those with and without disease in com-
puting these statistical characteristics. A limita-
tion of most diagnostic biomarkers is that clinical 
rather than neuropathological diagnosis is used as 
the “gold standard.” If knowledge of the bio-
marker result has not been rigorously withheld by 
those making a clinical diagnosis, all measures 
can be inflated because of “circular reasoning,” 
i.e., the biomarker is accurate because the diagno-
sis was based on the biomarker. Autopsy-validated 
biomarkers are PET amyloid imaging with AD 
pathology [70], FDG-PET in distinguishing AD 
from FTD [72] and AD from DLB [73]. Autopsy-
validated biomarkers are imperfect as a diagnostic 
“gold standard” and will yield lower sensitivity 
and specificity then neuropathological diagnoses. 
Nevertheless, validated PET biomarkers are fre-
quently used to assess the performance of new 
biomarkers  making it possible to include hun-
dreds of samples in a short time [74].

Statistical tests relevant for biomarkers that 
intended for purposes other than diagnosis may be 
different. The validity of disease monitoring and 
drug response biomarkers may be evaluated by 
comparing results with categorical severity of 
impairment, rate of change in a cognitive measure, 
or the proportion of those improving with treat-
ment. Prognostic and risk biomarkers may compare 
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proportions of the population reaching a specified 
outcome. Safety biomarkers are always imperfect, 
and it may be sufficient to show that a negative bio-
marker reduces the chance of an adverse event.

 Errors and Misuse of Biomarkers 
in Clinical Care

Biomarkers are subject to errors and misuse 
(Table 2.7). The most common and damaging are 
overdependence and underuse. Overdependence 
occurs because of shortcuts taken in a diagnostic 
evaluation. It can be simpler to order tests and see 
what shows up than the exacting task of a com-
prehensive evaluation where multiple lines of 
evidence must be integrated into a confident and 
exact diagnosis. Failing to consider prior proba-
bilities it is tempting to accept a positive result of 
a single test and overlook or not collect inconsis-
tent evidence. Underuse also causes similar prob-
lems. Once again inconsistent evidence is 
overlooked and not tested with biomarkers. 
Overreliance on clinical judgment unaided by 
any testing is often in error and ultimately serves 
the best interests of neither the clinician or 
patient. Diagnostic uncertainty is common, and 
diagnostic excellence needs to be managed, 
including the ethical duty to communicate uncer-
tainty honestly to patients and families [75]. 
Referral to specialty care is an alternative to 
shortcuts for those unfamiliar with the diagnosis 
and management of neurodegenerative diseases 
but often causes misuses of biomarkers.

A positive biomarker of one type of pathology 
(e.g., β-amyloid, α-synuclein, etc.) does not nec-
essarily reflect the underlying cause of a patient’s 
disease. The contribution of α-synuclein, 
β-amyloid, and tau aggregation in PD and AD is 
still a matter of debate. Importantly, one cannot 
ignore the fact that α-synuclein, β-amyloid, and 
tau aggregation are frequent “co-pathologies” in 
neurodegenerative diseases [76, 77], and these 
proteins can also be found in the brain of indi-
viduals without dementia or parkinsonism [78]. 
Autopsy studies have found that most elderly 
subjects have more than one brain pathology 
present, even asymptomatic individuals [79]. 

Moreover, indirect evidence from human studies 
suggests protein aggregation in sporadic cases 
may be protective and not capable of discriminat-
ing clinical disease subtypes [80].

 Future Biomarkers

Remarkable advances in the understanding of the 
pathology of neurodegenerative diseases offer 
the promise that future biomarkers will fulfill still 

Table 2.7 Potential errors and misuses of biomarkers

Utilization errors and misuse
• Overuse—Needlessly repeating studies or 

obtaining imaging and biomarker studies unlikely 
to contribute to a diagnosis, thus causing 
excessive costs without additional clinical benefit

• Underuse—Failure to utilize the imaging 
modality that could provide critical information 
for diagnosis

• Omission—Failure to incorporate significant 
imaging and biomarker findings in diagnosis and 
management

• Overdependence—Using biomarkers to decide 
whether there is a neurodegenerative disease 
when clinical assessment alone is reliable, or 
basing decisions only on biomarker results 
without utilizing other relevant clinical evidence

• Indiscriminate or inappropriate use—
“Ornamental” testing without intending to use 
results in clinical decision-making, using 
biomarkers as an alternative to reasoned clinical 
assessment

Interpretation errors
• Overinterpretation—Assigning a diagnosis based 

on clinically insignificant imaging findings or 
borderline biomarker results inconsistent with 
other evidence

• Misinterpretation—Failing to recognize the 
presence of clinically significant lesions, causing 
errors in radiographic diagnosis

• Inconsistent interpretation—Variability between 
radiologists or in patient to patient descriptions 
and clinical significance ascribed to identical 
imaging findings

Technical errors
• Lack of reliability—Inappropriate patient 

preparation, inconsistent acquisition or processing 
of imaging data, causing misinterpretation

• Artifact—Failure to prevent or identify image 
acquisition or analysis errors, sample 
contamination or mishandling that prevent the 
accurate interpretation of scans
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unmet clinical needs. We do not yet have imaging 
or biofluid biomarkers for α-synuclein, TDP-43, 
activated microglia, or the multiple isoforms and 
configurations of tau [81]. Detection of 
α-synuclein in plasma-derived extracellular vesi-
cles has shown promise as a potential diagnostic 
biomarker for PD [82]. Protein misfolding cyclic 
amplification or real-time quaking-induced con-
version measured in CSF are promising tools to 
identify different patterns of α-synuclein aggre-
gation in different synucleinopathies [83, 84]. 
The use of this technology is also a promising 
tool for the identification of synucleinopathies at 
the prodromal stage [85]. PET ligands for tau 
appear to have different affinities that could be 
exploited to differentiate between tauopathies 
[86].

Increasingly, we will call upon biomarkers to 
predict disease onset in pre-symptomatic and 
prodromal phases. Proteins and metabolites such 
as neurofilament light chain, amyloid precursor 
protein soluble metabolites, and α-synuclein may 
allow earlier identification of a neurodegenera-
tive disorder. Plasma biomarkers using new ana-
lytic techniques able to detect much lower protein 
concentrations make early detection more feasi-
ble. Imaging biomarkers may predict disease 
complications, such as distinguishing AD that is 
likely or unlikely to develop behavioral compli-
cations [87].

Biomarker panels may solve some of the limi-
tations of targeted biomarkers. Proteomics, 
metabolomics, and transcriptomics are powerful 
tools capable of simultaneous analysis of multi-
ple constituents to identify small changes in pro-
tein, metabolites, or RNA profiles. Metabolomics 
profiling in particular holds great promise in pro-
viding unique insights into molecular pathogen-
esis and identifying candidate biomarkers for 
clinical detection and therapies. As illustrated by 
the A/T/N biomarker classification of cognitive 
disorders [88], combinations of biomarkers can 
lead to the clinical recognition of diseases previ-
ously recognized only with postmortem exami-
nation and co-pathologies, such as 
limbic-predominant age-related TDP-43 enceph-
alopathy (LATE) and primary age-related tauop-
athy (tangle-only dementia, PART) [89, 90]. 

Recognizing these less understood disorders and 
their presence as co-pathologies may explain 
some of the heterogeneity of progression of the 
dementing disease and become important in 
prognosis and treatment planning [91, 92].

Imaging and fluid biomarkers for neurodegen-
erative diseases are here to stay and will be an 
increasingly important requirement for providing 
optimal clinical care. The principles of appropri-
ate use cut through the challenges of misuse and 
cost that otherwise undermine the clinical appli-
cation of significant scientific advances.
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3Overview of Clinically Available 
Radiotracers for Imaging 
in Neurodegenerative Disorders

Victor W. Pike

 Preamble

Well-designed radiotracers for molecular imaging 
provide a means to obtain important insights into 
the unfolding of neurodegenerative disorders and 
to assist in the development of new therapeutic 
strategies. Certain radiotracers may also become 
tools for disease diagnosis. Positron emission 
tomography (PET) now dominates over single-
photon emission computerized tomography 
(SPECT) for brain imaging in human subjects. 
This is not least because modern radiochemistry 
with positron-emitting carbon-11 (t1/2 = 20.4 min) 
and fluorine-18 (t1/2  =  109.8  min) offers greater 
flexibility and possibility to design brain-penetrant 
radiotracers than does γ-emitting iodine-123 
(t1/2 = 13.2 h). This chapter provides an overview 
of prominent and clinically available radiotracers 
for the study of neurodegenerative disorders from 
a chemical and radiochemical perspective, particu-
larly from the perspectives of their design, synthe-
sis, and production. Emphasis is on an increasingly 
broad spectrum of clinically useful PET radiotrac-
ers, although a few important SPECT radiotracers 
are also considered. Useful radiotracers may be 
broadly classified into two types, those that depend 
on enzymic modification for retention in brain and 
those which are designed to bind avidly and revers-

ibly to specific proteins. The ensuing discussion is 
organized according to these two types of 
radiotracers.

 Radiotracers Acting Through Brain 
Metabolic Pathways

Historically, radiotracers for imaging metabolic 
pathways were among the first to emerge as being 
useful for studying neurodegenerative disorders 
in the PET imaging field. Most notably, these 
include [18F]FDG for the study of brain regional 
glucose metabolism and [18F]FDOPA for the 
study of striatal dopaminergic neurons. These 
two radiotracers continue to be broadly applied in 
clinical settings. They are discussed here as the 
two main examples of radiotracers acting through 
metabolic pathways.

 [18F]FDG for Measuring Regional 
Brain Glucose Metabolism

The brain uses glucose almost exclusively as its 
fuel for energy production [1]. Glucose arrives in 
brain from plasma with the assistance of specific 
transporters at the blood–brain barrier. Within the 
brain, glucose is first phosphorylated at its 
6- position by hexokinase before undergoing all 
the remaining enzyme-mediated steps of glycoly-
sis and concomitant energy production.

V. W. Pike (*) 
Molecular Imaging Branch, National Institute of 
Mental Health, Bethesda, MD, USA
e-mail: pikev@mail.nih.gov

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
D. J. Cross et al. (eds.), Molecular Imaging of Neurodegenerative Disorders, 
https://doi.org/10.1007/978-3-031-35098-6_3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35098-6_3&domain=pdf
mailto:pikev@mail.nih.gov
https://doi.org/10.1007/978-3-031-35098-6_3


36

Neurodegeneration is strongly associated with 
decreased brain glycolysis. Hence, it was early 
realized that an ability to measure glycolysis 
in  vivo could have importance for the study of 
neurodegeneration and its possible diagnosis. 
The development of [18F]2-fluoro-2-deoxy-d- -
glucose ([18F]FDG) as a radiotracer for measur-
ing regional glucose metabolism stems from 
pioneering work on [14C]2-deoxy-d-glucose 
([14C]DG). Although [14C]DG mimics glucose 
with regard to both brain entry and phosphoryla-
tion by hexokinase, the charged product [14C]
DG-6-phosphate is inert to further glycolysis 
because of the missing 2-hydroxy group. [14C]
DG-6-phosphate therefore accumulates within 
cells and enables glucose metabolism to be mea-
sured by autoradiography [2].

In some senses, PET may be considered to be 
autoradiography in vivo. Therefore, the possibil-
ity to develop an analogous technique for moni-
toring brain glucose metabolism in health and 
disease in living humans was pursued as a major 
goal upon the arrival of PET technology in the 
late 1970s. Although procedures for the synthesis 
of [11C]DG quickly became known, it was early 
realized that the short half-life of carbon- 11 
(t1/2 = 20.4 min) would prevent broad radiotracer 
application in PET and that a longer- lived fluo-
rine-18 (t1/2  =  109.8  min) label would be 
preferred.

A fluorine atom is almost isosteric with a 
hydrogen atom and can also serve as a bioiso-
stere for a hydroxy group. Therefore, it was pre-
dicted and quickly found that replacement of the 
2-hydroxy group in glucose with fluorine-18 
would retain the important properties of DG, 
namely an ability to readily enter brain, avid 
substrate behavior for hexokinase, and accumu-
lation within cells as the membrane-imperme-
able 6-phosphate (Fig.  3.1). This became the 
founding example of Gallagher’s principle of 
metabolic trapping within the PET imaging field 
[3]. This principle has later been exploited in the 
design of some other PET radiotracers, such as 
labeled substrates for acetylcholinesterase (see 
later).

[18F]FDG was first synthesized in 1978 by 
treating 3,4,6-tri-O-acetyl-d-glucal with [18F]
fluorine (18F-F) from the 20Ne(d,α)18F reaction 
on neon containing added fluorine, separating 
the 18F-labeled 1,2-difluoro-glucose from its 
co- produced 1,2-difluoro-mannose epimer and 
finally removing the acetyl and 1-fluoro groups 
under acidic conditions. This “electrophilic” 
method is overall very low-yielding [4]. Mainly 
this is because the nuclear reaction is intrinsi-
cally low-yielding and because half of the 
starting radioactivity is unavoidably wasted. 
Notwithstanding, it soon became apparent that 
the rate of [18F]FDG trapping in  vivo was 
indeed proportional to glucose metabolism and 
that decreased regional trapping in brain could 
be interpreted as being due to synaptic and 
neuronal damage. Regional metabolic rate for 
glucose could be estimated by compartmental 
modeling or graphical analysis in tandem with 
a “lumped constant” to convert obtained values 
from [18F]FDG into those for glucose itself.

Studies revealed that [18F]FDG was excreted 
in urine with the desirable effect of generally 
depleting background radiotracer uptake in the 
body. This behavior, coupled with high uptake in 
rapidly growing tumors because of enhanced gly-
colysis, underpins the current use of [18F]FDG as 
a major radiotracer in cancer diagnosis and man-
agement. Thus, [18F]FDG rapidly gained value 
for imaging in both neurology and oncology. 
This culminated in the approval of [18F]FDG by 
the Food and Drug Administration (FDA) and by 
the Centers for Medicare and Medicaid Services 

Fig. 3.1 Gallagher’s principle of metabolic trapping, as 
exemplified with [18F]FDG

V. W. Pike
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for insurance reimbursement in the USA in the 
1990s. The global market for 18F-labeled tracers 
for medical imaging has swelled to well over 
$1.5bn and continues to be dominated by [18F]
FDG. Tremendous advances in [18F]FDG synthe-
sis, fluorine-18 production, and PET imaging 
technology facilitated this commercial develop-
ment and enabled the very significant contribu-
tion that it has made to improved healthcare.

A major advance in [18F]FDG synthesis came 
with a straightforward and efficient “nucleo-
philic” synthesis based on treatment of 
3,4,5,6-tetra-acetyl-d-mannose triflate from [18F]
fluoride produced by the proton irradiation of 
[18O]water according to the high-yielding 
18O(p.n)18F reaction [5] (Fig.  3.2). Nowadays, 
several Curies of [18F]fluoride can be obtained 
from this nuclear reaction and [18F]FDG is pro-
duced for commercial distribution in multi-Ci 
batches by basically the same nucleophilic 
method with only relatively minor refinements. 
By comparison with this high production level, a 
PET scan in a single human patient requires only 
a relatively small dose of [18F]FDG (5–10 mCi) 
[6]. Millions of [18F]FDG administrations now 
occur annually. Several automated modules have 
become commercially available for safe high- 
level [18F]FDG production under “Current Good 
Manufacturing Practice” (cGMP) conditions.

Advances in radiochemical methodology seen 
in the production of [18F]FDG from no-carrier- 
added [18F]fluoride have been readily exploited 
for the high-activity production of many other 
clinically useful PET radiotracers. In particular, 
commercially available modules for [18F]FDG 
synthesis have been readily adapted to the high 
yield syntheses of many other radiotracers that 
are based on nucleophilic substitution reactions 
with [18F]fluoride (see examples in Table 3.1).

 [18F]FDOPA for Imaging Striatal 
Dopaminergic Neurons

Dopamine is a major neurotransmitter that plays 
important roles in the brain “reward system,” in 
bodily movement control, and in cognition. 
Dopamine is synthesized within nerve cells from 

l-tyrosine. This amino acid enters brain from 
plasma with the aid of the stereospecific l- 
aromatic amino acid transporter (AAAT). The 
first step of dopamine synthesis is rate-limiting 
and is catalyzed by tyrosine 3-monoxygenase 
(tyrosine hydroxylase; TH). The second step is 
catalyzed by aromatic l-amino acid decarboxyl-
ase (l-DOPA decarboxylase; AAAD or AADC). 
In parts of the nervous system that can release 
dopamine as a neurotransmitter, no further 
metabolism occurs. These dopaminergic neu-
rons are principally located in the striatum. Any 
dopamine that accumulates in the synapse dur-
ing neurotransmission can be recycled for stor-
age in presynaptic vesicles by virtue of the 
dopamine reuptake transporter (DAT) and the 
vesicular monoamine transporter type 2 
(VMAT-2).

Orally administered l-DOPA is itself able to 
enter brain from periphery with the aid of 
AAAT.  l-DOPA is widely used as a drug to 
increase dopamine neurotransmission and 
thereby to relieve the debilitating motor symp-
toms accompanying Parkinson’s disease and 
related syndromes. [18F]6-Fluoro-l-DOPA 
([18F]FDOPA) is a simple labeled analog of 
l-DOPA that is likewise able to enter brain from 
plasma with the aid of AAAT. This tracer is con-
verted into [18F]6-fluorodopamine ([18F]FDA) 
by AAAD and is retained as such in striatum 
(Fig.  3.3). [18F]FDA can be methylated by 
catechol-O- methyltransferase (COMT) to 
[18F]3-O-methyl-6-fluoro-l-DOPA ([18F]3-
OMFD), which becomes uniformly distributed 
at a low level throughout brain. [18F]FDA is also 
metabolized to a lesser extent by monoamine 
oxidase (MAO) to [18F]6- fluoro-3,4-
dihydroxyphenylacetic acid ([18F]FDOPAC) 
and subsequently by COMT to [18F]6- 
fluorochromovanillic acid ([18F]FHVA). AAAD 
and COMT are also present in peripheral tissues 
such as liver, kidneys, and lungs. Thus, [18F]3- 
OMFD is also produced in periphery and is able 
to enter brain from plasma. Despite this pharma-
cokinetic and metabolic complexity, [18F]
FDOPA-brain PET well reflects radiotracer 
transport into the neurons, DOPA decarboxyl-
ation, and dopamine storage capacity. 

3 Overview of Clinically Available Radiotracers for Imaging in Neurodegenerative Disorders
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a

b

Fig. 3.2 Representative early (“electrophilic”) and late (“nucleophilic”) radiosyntheses of [18F]FDG. (a) Original 
‘electrophilic’ synthesis of [18F]FDG. (b) Prototypical nucleophilic synthesis of [18F]FDG

V. W. Pike
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Fig. 3.3 Mechanism of dopamine neuron imaging by [18F]FDOPA. Anatomical sub-compartments in the brain are 
ignored with the exception of [18F]FDA, which is protected from metabolism by vesicular storage
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Consequently, this radiotracer can be used to 
evaluate the dopaminergic function of presynap-
tic neurons in Parkinson’s disease.

To improve image quality in clinical PET 
studies, the availability of [18F]FDOPA for the 
brain from plasma may be enhanced by inhibit-
ing AAAD with carbidopa and COMT with 
entacapone or nitecapone. Striatal-to-occipital 
radioactivity ratio and influx constant Kiocc are 
commonly used as analytical outputs in PET 
studies with [18F]FDOPA. Both parameters are 
useful for discriminating Parkinson’s disease 
patients from healthy individuals. [18F]FDOPA 
was approved by the FDA in 2019 for assisting 
the early diagnosis of Parkinson’s disease and 
has been commercially available in EU coun-
tries since as early as 2006.

The earliest syntheses of [18F]FDOPA were 
inefficient carrier-added “electrophilic” meth-
ods. They used [18F]fluorine or [18F]acetyl hypo-
fluorite ([18F]MeCOOF), a readily prepared 
derivative with similar reactivity, as the labeling 
agent for reaction on l-DOPA or a protected 
derivative. In some cases, this resulted in diffi-
cult to  separate 2-, 5-, and 6-[18F]regioisomers. 
The 6-[18F]fluoro isomer is however the pre-
ferred radiotracer. In this isomer, the fluorine 
atom is most distal from the two hydroxy groups 
and has least influence on the acidity and 
nucleophilicity of the 3-hydroxy group for 
methylation by COMT, resulting in the lowest 
background level of radiometabolites in brain.

Numerous methods for [18F]FDOPA synthe-
sis have been reported over recent decades [7]. 

Whereas much improved and regiospecific elec-
trophilic methods emerged quite quickly and are 
still used in some laboratories [8] (Fig.  3.4), 
major advances have also taken place to enable 
[18F]FDOPA to be prepared in very high yield 
from nucleophilic methods using [18F]fluoride. 
Some earlier nucleophilic methods were chal-
lenging multi-step syntheses based on aromatic 
substitution of a good leaving group (e.g., F, 
NO2, or Me3N+), usually in a hydroxy-protected 
benzaldehyde derivative. In these methods, the 
formyl group serves as a necessary but tempo-
rary electron- withdrawing group for activation 
of the leaving group for substitution by [18F]
fluoride. The amino acid side chain has then to 
be built up from the formyl group through mul-
tiple chemical steps. One such method has been 
implemented to produce [18F]FDOPA at the 
Curie level [9] (Fig. 3.4a). More recently, sim-
pler methods that require only two steps, radio-
fluorination and deprotection, have come to the 
fore based on the use of hypervalent iodine, 
stannyl, or boronic acid ester precursors [7]. 
These methods are readily automated on com-
mercial apparatus for producing high activities 
of [18F]FDOPA at high molar activity. However, 
the optimal method for broad utilization is still 
undecided. Figure 3.4 compares some examples 
of cGMC-compliant electrophilic and nucleo-
philic methods known to be in current use [10, 
11]. By taking advantage of the high yield 
18O(p,n)18F reaction, multi-dose preparation of 
[18F]FDOPA is possible by either radiochemical 
approach (Fig. 3.4a, b).
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a

b

c

Fig. 3.4 Examples of “electrophilic” and “nucleophilic” 
syntheses of [18F]FDOPA in current clinical use. (Data 
from references [8–11]). (a) An ‘electrophilic’ synthesis 
of [18F]FDOPA from [18F]fluorine for cGMP production. 

(b) A multi-step ‘nucleophilic’ synthesis of [18F]FDOPA 
from [18F]fluoride for cGMP production. (c) A two-step 
‘nucleophilic’ synthesis of [18F]FDOPA from [18F]fluoride 
for cGMP production
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 Radiotracers Aimed at Reversibly 
Binding Specific Proteins in Brain

Many radiotracers for the study of neurodegen-
eration rely on a common mechanism of action, 
namely selective and reversible binding of the 
radiotracer to a target protein within brain as a 
means to report on its available regional distribu-
tion, density, and interaction with pharmacologi-
cal agents. The target proteins may be, for 
example, neurotransmitter receptors, transport-
ers, enzymes, or abnormal protein deposits. 
These imaging targets generally exist at very low 
densities. The design features and properties 
required for such successful radiotracers have 
been discussed at length [12].

The first requirement of any radiotracer 
intended to image a protein in brain is an ability 
to enter the brain freely from plasma by passive 
diffusion (Fig.  3.5). A radioactivity uptake in 
brain exceeding one standardized uptake value 
(SUV), where 1 SUV would represent a theoreti-
cal average radioactivity distribution throughout 
the subject, is desirable within a few minutes of 
intravenous injection. This ability to cross the 
blood–brain barrier is fostered by relatively low 
molecular weight (<500 Da), moderate lipophi-
licity (a logD value between 1 and 3 at physiolog-
ical pH), low topological polar surface area, 

(<80 Å2), an accurately measurable high plasma 
free fraction, and an absence of efflux transporter 
liability. Once inside brain, the radiotracer should 
bind avidly but reversibly to the target protein 
and not to any others. This is usually assured by a 
dissociation constant (Kd) in the low nanomolar 
range such that Kd (nM)/Bmax (nM) is >5, where 
Bmax is the density of the target protein. Generally, 
non-specific (weak and non-saturable) binding to 
brain tissue should be relatively low. This is usu-
ally the case if logD is kept within a moderate 
range. Radioactivity in brain should represent the 
radiotracer itself and not any radiometabolite that 
enters from the periphery or that may be formed 
in the brain itself [12, 13]. Finally, the radiotracer 
should be readily labeled at high molar activity 
(Am) with carbon-11 or fluorine-18 by methods 
that are readily transferable to cGMP conditions 
on commercially available automated radiosyn-
thesis platforms.

Favored methods of radiosynthesis include 
single-step methylation of heteroatoms (e.g., O 
or N) or carbon with [11C]methyl iodide or [11C]
methyl triflate, and nucleophilic substitution 
reactions with [18F]fluoride on aryl or alkyl pre-
cursors carrying good leaving groups (Table 3.1). 
11C-Methylation at an aryl oxygen or primary 
amino group often succeeds in avoiding trouble-
some radiometabolites because demethylation 

Fig. 3.5 Idealized 
behavior of a PET 
radiotracer intended to 
bind reversibly to a 
target protein in brain. 
The imaging goal is to 
attain a high proportion 
of radioactivity in the 
target-bound 
compartment
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ultimately gives [11C]carbon dioxide which does 
not stay in brain. [18F]Fluoride can be trouble-
some as a radiometabolite by binding to skull and 
compromising quantification of PET data 
acquired in nearby cortical regions. 
Radiofluorination at an aryl or hetaryl carbon 
almost always avoids this issue. Some [18F]fluo-
roalkyl groups resist radiodefluorination, in par-
ticular the [18F]2-fluoroethoxy group and longer 
“PEGylated” alkyl groups, such as the [18F]
F(C2H4O)3– group, seen in some prominent 
radiotracers (Table 3.1). Successful radiotracers 
should provide robust output measures such as 
the binding potential (BPND) or total volumes of 
distribution (VT) for the target protein.

The radiotracer design principles outlined 
above have been successfully implemented in the 
development of abroad arsenal of radiotracers for 
imaging protein targets of relevance to the study 
of neurodegeneration (Table  3.1). Currently, 
major areas of interest [14, 15] are the imaging 
of: (1) TSPO as a biomarker of neuroinflamma-
tion [16, 17], (2) β-amyloid and tau in dementia 
[18], and (3) SV2A protein as a marker of synap-
tic density [19]. Recently cyclooxygenases have 
also become of interest for the study of neuroin-
flammation [20]. Other types of radiotracers that 
have long drawn attention for the study of neuro-
degeneration include radiotracers for imaging the 
presynaptic dopamine system (DAT, VMAT2) 
[21], the cholinergic system (the vesicular acetyl-
choline transporter (VAChT) and nicotinic recep-
tors) [22] (Table  3.1). A brief discussion of 
reversibly binding radiotracers in clinical use in 
each area now follows, highlighting particular 
issues and achievements.

 Radiotracers for Imaging DAT 
and VMAT2

DAT is an important regulator of synaptic dopa-
mine level. The presynaptic localization of DAT 
makes it a useful marker of neuron integrity and 
density. Therefore, DAT imaging can be useful in 
the diagnosis of neurodegenerative disorders, 
such as Parkinson’s disease. Both SPECT and 
PET tracers have been developed for DAT imag-

ing [21]. The most effective and most widely 
radiotracers used for clinical imaging of DAT are 
based on the core tropane structure of cocaine. A 
SPECT radiotracer DaTscan (Ioflupane 123-I) 
has been in clinical use for over two decades and 
is an important tool for assisting the diagnosis of 
neurodegenerative Parkinsonian syndrome. 
Important radiotracers for the clinical imaging of 
DAT with PET are close analogs of DaTscan and 
include [11C]PE2I and [18F]FE-PE2I (Table 3.1).

VMAT2 is a vesicle membrane-bound presyn-
aptic protein responsible for the transfer of dopa-
mine and other monoamine neurotransmitters 
from cytosol into storage vessels. The two radio-
tracers which have found most use for clinical 
imaging of VMAT2 are [11C]dihydrotetrabena-
zine ([11C]DTBZ) and an [18F]3-fluoropropyl 
analog ([18F]]AV-133) (Table 3.1) [21]. VMAT2 
location is not limited to dopaminergic neurons 
but PET images predominantly reflect dopami-
nergic neurons in striatum.

 Radiotracers for Imaging 
the Cholinergic System

Interest in the molecular imaging of the choliner-
gic system stems from the cholinergic hypothesis 
of dementia, namely that the loss of brain cholin-
ergic neurons results in impaired memory func-
tion [22]. Early radiotracers for imaging the 
cholinergic system were designed to estimate 
acetylcholinesterase (AChE) activity and were 
[N-methyl-11C]N-methyl-piperidinol esters of 
short chain carboxylic acids. The action of AChE 
on these substates in cholinergic neurons releases 
[N-methyl-11C]N-methyl-piperidinol which then 
accumulates because of its hydrophilicity (c.f., 
Gallagher’s principle of metabolic trapping, as 
described earlier). The acetate ([11C]AMP) and 
propionate ([11C]PMP) esers have been the most 
studied radiotracers in human.

More recent radiotracers are designed to bind 
to AChE in the synaptic space to provide a mea-
sure of the integrity of presynaptic nerve termi-
nals. The best known of these radiotracers is [11C]
donepezil (Table 3.1). Donepezil itself is a revers-
ibly binding inhibitor of AChE and an important 
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drug for the treatment of AD.  In general, PET 
radiotracers should not be administered as race-
mates because enantiomers may show possible 
differences in pharmacokinetics, metabolism, 
and binding to proteins, thereby adding to the 
challenge of the biomathematical analysis of 
PET data. This principle is nullified in the case of 
[11C]donepezil because its enantiomers intercon-
vert in  vivo and have unequally high affinity. 
Therefore, this radiotracer is used as the race-
mate. Successful quantification of [11C]donepezil 
binding in human brain has been reported.

Radiotracers have been developed to image 
the vesicular acetylcholine transporter (VAChT) 
with SPECT and PET, notably [123I]IBVM and 
[18F]FEOBV, respectfully (Table 3.1). Cholinergic 
neurotransmission is mediated by ionotropic nic-
otinic cholinergic and muscarinic cholinergic 
receptors. Various radiotracers have been devel-
oped for clinical imaging of certain nicotinic 
receptor subtypes. These include [123I]5-IA, 
[18F]2-FA, the enantiomers of [18F]flubatine, [18F]
AZAN, and [18F]XTRA for the α4β2 nicotinic 
subtype, and [18F]ASEM for the α7 subtype 
(Table 3.1). The very low density of α4β2 nico-
tinic receptors requires that the radiotracers have 
high affinity and that they be produced and used 
at very high molar activities. The exceptionally 
high affinity of [18F]XTRA (Kd, 0.06  nM) pro-
vides measurable PET signal in extra-thalamic 
regions unlike lower affinity radiotracers that are 
mainly useful for thalamic imaging.

 Radiotracers for Imaging TSPO

Neuroinflammation is a possible contributing 
factor in several brain disorders, including neuro-
degeneration. Translocator protein 18  kDa 
(TSPO) has steadily become a recognized bio-
marker of neuroinflammation. In brain, this pro-
tein is located at outer mitochondrial membranes, 
mainly on microglia but also on astrocytes. TSPO 
density increases in response to a wide range of 
acute and chronic neuroinflammatory insults. 
Therefore, PET imaging of TSPO has broad 
scope for the investigations of a wide range of 
neurodegenerative disorders.

Racemic [11C]PK11195 (Table  3.1) emerged 
in the 1980s as the prototypical radiotracer for 
the PET imaging of TSPO. This radiotracer has 
later been used as its somewhat higher affinity 
R-enantiomer but still provides low signal-to- 
noise and poor ability to detect subtle changes in 
TSPO density. These deficiencies have prompted 
strenuous efforts over many years to find 
improved radiotracers, culminating in several 
clinically more useful radiotracers, such as [11C]
PBR28, [11C]DPA-713, [18F]FEPPA, [18F]PBR06 
([18F]FBR), and [18F]DPA-714 (Table  3.1) [16, 
17]. However, these “second-generation” radio-
tracers turn out to be variously sensitive to a 
polymorphism (rs6971) in the TSPO gene having 
about 30% prevalence in Caucasians, 25% in 
Africans, and 4% in Japanese, and 2% of Han 
Chinese. Individuals with two copies of the minor 
allele (low affinity binders; LABs) bind these 
radiotracers with lower affinity than those with 
two copies of the major allele (high affinity bind-
ers; HABs). Heterozygotes (mixed affinity bind-
ers; MABs) equally express the high and low 
binding sites. Individuals with the same overall 
TSPO density but different genotypes will pro-
duce different size PET signals. Therefore, bur-
densome genotyping is required for correction of 
acquired binding potential data. For some radio-
tracers, such as [11C]PBR28, imaging of TSPO in 
LABs is not even possible. Despite its poor imag-
ing performance, (R)-[11C]PK11195 accounted 
for almost half (47%) of all TSPO radiotracer 
administrations to patients (3914) up to the year 
2020. [11C]PBR28 accounted for 24% of admin-
istrations in the same period.

Effort has been placed on developing “third 
generation” radiotracers that may reduce or avoid 
issues in earlier generation radiotracers. One 
such radiotracer is [11C]ER176 (Table 3.1). [11C]
ER176 is a less lipophilic structural congener of 
(R)-[11C]PK11195 because of the extra ring nitro-
gen in its structure. ER176 shows high TSPO 
affinity and low human genotype sensitivity 
in vitro. [11C]ER176 provides robust PET signal-
to-noise ratios in all human genotypes, but sub-
jects do still require genotyping. The  
cGMP-compliant production of [11C]ER176, like 
that of (R)-[11C]PK11195 itself, is based on meth-
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ylation of the secondary amide precursor with 
[11C]methyl iodide. This production has recently 
been described along with many details that are 
also relevant to the cGMP-compliant production 
of a wide range of radiotracers produced by 
11C-methylation reactions [23].

No 18F-labeled analog of ER176 has yet 
entered clinical evaluation, although encouraging 
preclinical evaluations have been reported. The 
18F-labeled TSPO radiotracer with most clinical 
use is [18F]FEPPA (in 11% of patients up to 
2020), followed by [18F]DPA714 (5%), and [18F]
PBR06. Each of these radiotracers is readily pre-
pared by automated and efficient single-step 
nucleophilic substitution reactions with [18F]
fluoride.

 Radiotracers for Imaging 
Cyclooxygenases

Cyclooxygenases (COXs) catalyze an early step 
in the biotransformation of arachidonic acid into 
various prostaglandins and thromboxanes that 
are recognized to be major inflammatory media-
tors. The constitutively expressed COX-1 iso-
form maintains the physiological integrity of 
major organs, such as stomach and kidney. 
Several studies now suggest that COX-1 may 
also play a pro-inflammatory role in various 
pathologic conditions, including neurodegenera-
tion. The inducible COX-2 isoform is associated 
with responses to external injury or stimuli, 
including inflammation and pain. These enzymes 
might therefore serve as surrogate markers for 
the progression of diseases with a neuroinflam-
matory component.

There is growing interest in developing PET 
radiotracers for brain COX-1 and COX-2 [20]. 
Recently, [11C]PS13 (Table 3.1) has been shown to 
image constitutively abundant COX-1  in healthy 
human brain. Much less abundant COX-2 has been 
detected in healthy human with low signal from the 
radiotracer [11C]MC1 (Table 3.1). Both [11C]PS13 
and [11C]MC1 are produced by 11C-methylation of 
phenol precursors by readily automated cGMP-
compliant procedures. 18F-Labeled radiotracers are 
not presently available for imaging COXs.

 Radiotracers for Imaging β-Amyloid

The most widely applied PET radiotracer for 
imaging the appearance of β-amyloid plaques in 
Alzheimer’s disease (AD) is [11C]PiB or [11C]
Pittsburg Compound B.  This radiotracer was 
developed from the pathologic stain, thioflavin-T, 
which was known to bind avidly to β-pleated 
sheet aggregates of amyloid-beta (Aβ) peptide 
in vitro. Key steps in this development were to 
remove the N-methyl group from the dye to ren-
der it structurally neutral and therefore to be 
more capable of crossing the blood–brain barrier 
and to improve affinity for β-amyloid aggregates 
by further modest structural changes. This gave a 
large range of benzothiazoleanilines (BTAs). 
Among these compounds, [11C]PiB ([11C]6-OH- 
BTA-1) (Table  3.1) appeared outstanding in 
showing about 200-fold higher binding affinity to 
Aβ plaques (Kd 1.4  nM in brain homogenates) 
than thioflavin-T, very low binding affinity to 
aggregated tau, and good entry into brain fol-
lowed by fast clearance as a result of desirably 
moderate lipophilicity. Radiolabeling was simply 
achieved by N-methylation of nor-precursor with 
[11C]methyl iodide [24]. The regional distribution 
of [11C]PiB in AD brain was found to be very 
similar to that of Aβ deposits observed postmor-
tem. PET imaging with [11C]PiB readily identi-
fied patients with high amyloid β-plaque 
deposition [25].

[11C]PiB is now regarded as the “gold stan-
dard” radiotracer for β-amyloid imaging and has 
been used for thousands of administrations. 
However, the short half-life limits its widespread 
use. Therefore, development of a β-amyloid 
tracer with a fluorine-18 label has been strenu-
ously pursued by various pharma companies. 
Three radiotracers with imaging performance 
similar to that of [11C]PiB have now been 
approved by the FDA for clinical use, namely 
[18F]flutemetamol (Vizamyl™), [18F]florbetapir 
(Amyvid™), and [18F]florbetaben (Neuraceq™) 
(Table 3.1). Binding of β-amyloid PET radiotrac-
ers to white matter can potentially hinder identi-
fication in early-onset AD. To address this issue, 
Astra Zeneca developed [18F]AZD4694, now 
called [18F]NAV4694 or Flutafuranol (Table 3.1). 
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In AD patients this radiotracer selectively labels 
Aβ-amyloid deposits in gray matter with only a 
low level of non-displaceable binding in plaque- 
devoid white matter. Another promising radio-
tracer is [18F]FIBT (Table 3.1) which shows high 
selectivity for Aβ-amyloid fibrils in  vitro and 
high imaging contrast in AD in vivo.

 Radiotracers for Imaging Tau

Tau is a phosphoprotein which normally func-
tions to stabilize brain microtubules. Six isoforms 
of tau exist with either three (3R) or four repeats 
(4R) of the microtubule-binding domain. 
Abnormal deposits of hyperphosphorylated tau 
generate neurofibrillary tangles (NFTs) and neu-
ropil threads that cluster around β-amyloid 
plaques in patients with AD.  Tau deposits also 
appear in several other neurodegenerative dis-
eases named tauopathies, such as sporadic corti-
cobasal degeneration, progressive supranuclear 
palsy, and Pick’s disease. Neurodegeneration and 
cognitive impairment have been found to be sig-
nificantly correlated when assessed by measuring 
NFT density postmortem. NFTs are not found 
appreciably in persons with nil to minimal cogni-
tive decline, in contrast to β-amyloid plaque 
deposition which can still be present.

Aggregated tau proteins are mainly located 
intracellularly. Candidate tau radiotracers target 
their β-sheet domains. Because other misfolded 
proteins have similar structures, high selectivity 
for aggregated tau is a prerequisite. Different 
ligands may bind to different loci on NFT struc-
tures. Moreover, tau aggregates exist at lower 
concentrations than Aβ plaques. Therefore, tau 
deposits are a very demanding target for PET 
radiotracer development with necessary selectiv-
ity being particularly challenging to achieve. For 
many tau radiotracers, lack of an adequate tau 
selectivity has only become clear following early 
clinical use.

The development of candidate tau radiotracers 
has been very actively pursued, based on various 
chemotypes [14, 15]. A phenylbutadienylbenzo-
thiazole, named [11C]PBB3 (Table 3.1), was one 
of the first to appear. However, this radiotracer 

was found to have major deficiencies, including 
off- target binding to MAO-B in basal ganglia and 
to unidentified sites in venous sinus and choroid 
plexus. Radiometabolites were also taken up by 
brain, compromising robust quantification. 
Moreover, the butadienyl substructure is easily 
photo-isomerized. Careful shielding of the radio-
tracer from light during production and use is 
therefore necessary.

Subsequent efforts have been mainly directed 
at producing 18F-labeled tau radiotracers [18F]
THK5351 (Table 3.1), a high affinity (Kd, 2.9 nM) 
radiotracer from an arylquinoline series, was 
taken into advanced clinical trials, but was found 
to bind to MAO-B in basal ganglia and to MAO-B 
and neuromelanin in mid-brain, thalamus, and 
hippocampus. This radiotracer is no longer con-
sidered useful. In 2020, a pyridoindole, [18F]flor-
taucipir ([18F]T807; [18F]AV1451; Tauvid™) 
(Table 3.1) became the first and so far only radio-
tracer to be approved for tau imaging by the 
FDA.  This radiotracer shows favorable kinetics 
and high affinity (Kd, 14.6 nM) for the 3R/4R tau 
isoform combination that is typically found in 
AD. However, this radiotracer also shows consid-
erable off-target binding, in this case to MAO-B 
in basal ganglia, neuromelanin in mid-brain, and 
unidentified sites in choroid plexus.

Many newer radiotracer candidates continue 
to emerge, such as the azaindole isoquinoline, 
[18F]MK-6240 (Table  3.1). Although the avail-
able data on this and other recent tau PET radio-
tracers are encouraging, their utilities still need to 
be demonstrated in large clinical trials.

 Imaging of O-GlcNAcase

The attachment of O-linked β-N- 
acetylglucosamine (O-GlcNAc)) at serine and 
threonine residues modifies the key hyperphos-
phorylated protein involved in tauopathies. Two 
enzymes, O-GlcNAc transferase and O-GlcNAc 
hydrolase (O-GlcNAcase; OGA), control this 
process by catalyzing the attachment and detach-
ment of O-GlcNAc, respectively. 
O-GlcNAcylation hinders abnormal phosphory-
lation and aggregation of tau, thus stabilizing the 
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microtubule-associated tau protein. Tau-specific 
O-GlcNAc appears decreased in AD brain. 
Moreover, in preclinical studies, upregulation of 
O-GlcNAcylation by OGA inhibitors reduces 
pathologic tau phosphorylation and aggregation 
and prevents neurodegeneration. These findings 
suggest that OGA inhibition can be a strategy for 
treating tauopathies. Recently, a radiotracer for 
O-GlcNAcase, namely [18F]LSN 3316612 
(Table  3.1), has been reported and evaluated in 
human [26]. This radiotracer has potential for 
assisting drug discovery and for studies in 
neurodegeneration.

 Radiotracers for Imaging Synaptic 
Density

Many neurodegenerative disorders are accompa-
nied by reduced synaptic densities, as shown 
postmortem. The brain synaptic vesicle glyco-
protein 2A is expressed throughout the brain and 
has been identified as the binding site for the anti- 
epileptic drug, levetiracetam. PET radiotracers 
that target SVA2 have been developed recently 
and have enabled the quantification of regional 
synaptic density in  vivo [19]. [11C]UCB-J 
(Table 3.1) has gained the most prominence for 
PET imaging of SV2A and has clear potential for 
assessing synaptic density decline in neurode-
generative disorders.

[11C]UCB-J was originally synthesized 
through palladium-mediated cross-coupling of 
an aryl trifluoroborate precursor with [11C]methyl 
iodide in THF-water [27]. However, attempts to 
establish this method in other laboratories for 
clinical use incurred considerable difficulties that 
have spurred the development of improved meth-
ods [28, 29]. It seems that the trifluoroborate pre-
cursor is not reactive and needs conversion to 
some of the more reactive arylboronic acid in 
situ. Deliberate inclusion of a few percent of the 
boronic acid in the tetrafluoroborate results in 
more reaction reproducibility. Finally, a stable 
and pure bromo precursor has become commer-
cially available and has been shown to react 
effectively in palladium-mediated coupling with 

[11C]methyl iodide to produce [11C]UCB-J in 
adequate yields for clinical studies (personal 
communication; Dr. Meixiang Yu; Southern 
Methodist University TX). The method can be 
rendered cGMP-compliant and has been adopted 
in at least two laboratories.

The labeling of UCB-J with fluorine-18 has 
been tested by different methods. However, only 
very low yields have been obtained. Nonetheless, 
the structurally related but less well-performing 
[18F]UCB-H (Table 3.1) has been produced regu-
larly and reliably in greater than 1 Curie activity 
yield for clinical studies. The radiosynthesis is 
based on single-step radiofluorination of a bench- 
stable aryl(pyridinyl)iodonium salt precursor 
[30].

 Final Remarks

A wide range of radiotracers for an increasing 
number of molecular targets is now available for 
studying, investigating and, in some cases, diag-
nosing neurodegeneration. Radiotracers labeled 
with no-carrier-added carbon-11 find utility in 
PET imaging near cyclotrons that are able to pro-
duce this radionuclide according to the 
14N(p,α)11C reaction. They are mostly labeled by 
relatively simple 11C-methylation procedures. 
These radiotracers have played important roles in 
“proof-of-concept” imaging studies. Where 
molecular imaging targets are of interest for 
study or evaluation in large numbers of subjects, 
fluorine-18 labeled radiotracers become desir-
able. In many cases, they can become accessible 
in high activities for broad distribution from 
cyclotron-produced [18F]fluoride. Major progress 
can be expected in the near future with regard to 
satisfying many unmet needs for robust imaging 
of new imaging targets associated with 
neurodegeneration.
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4FDG PET Imaging Evaluation 
of Neurodegenerative Dementias

Satoshi Minoshima, Tanyaluck Thientunyakit, 
Donna J. Cross, and Karina Mosci

 Introduction

Since the development of [F-18]fluorodeoxyglu-
cose (FDG) in the 1970s, FDG PET has been 
used extensively for research and clinical appli-
cations in dementia [1]. In the USA, FDG PET 
has been reimbursed for the differential diagnosis 
of Alzheimer’s disease (AD) versus frontotempo-
ral dementia (FTD). Although approval for reim-
bursement varies from country to country, FDG 
PET has become a critical tool for the clinical 
evaluation of dementing disorders. Owing to 
regional perfusion—metabolic coupling in neu-
rodegenerative disorders, perfusion SPECT can 
provide imaging features of dementing disorders 
similar to those seen on FDG PET and has been 
used routinely in clinical practice. However, the 

image quality of SPECT is typically limited in 
comparison to that of FDG PET due to differ-
ences in instrumentation.

 Brain FDG PET in Dementia: What 
Have We Learned?

Over the past four decades of FDG PET applica-
tions to dementia, FDG PET has unveiled key 
features of glucose metabolic changes in neuro-
degenerative dementias. The number of publica-
tions concerning FDG PET in dementia is 
currently the third largest in the literature 
(Fig. 4.1). General findings of FDG PET in neu-
rodegenerative dementia are briefly summarized 
in Table 4.1.
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Fig. 4.1 The number of publications concerning FDG PET, amyloid PET, tau PET, neuroinflammation PET, and perfu-
sion SPECT in dementia, from 2000 to 2020. (Search data from PUBMED https://pubmed.ncbi.nlm.nih.gov)

Table 4.1 Brain FDG PET in neurodegenerative dementias: what have we learned?

   • FDG PET findings represent not only local neuronal injuries, but also remote effects
   • Regional FDG PET abnormalities generally correlate with specific clinical symptoms
   • The metabolic changes seen in AD are distinct from those seen in normal aging
   • The spatial extent of FDG PET abnormalities provides differential diagnostic clues
   • Statistical mapping significantly improves the diagnostic accuracy of brain FDG PET
   • Medial temporal lobe is only mildly affected in AD despite atrophy
   • The posterior cingulate cortex and precuneus are often affected in early AD
   • What used to be called ‘subcortical dementia’ has cortical abnormalities
   • Younger patients tend to exhibit more prominent FDG PET abnormalities
   • The clinical subtypes of AD and FTLD exhibit unique FDG PET abnormalities
   • Amyloid deposition and FDG PET abnormalities have a minimal correlation in AD
   • Cortical tau deposition and FDG PET changes seem to have a good correlation in AD
   • The severity of FDG PET abnormalities provides a prognostic value
   • New neurodegenerative dementias with associated FDG PET findings
   • The significance of co-pathologies in elderly dementia patients

 Indications of FDG PET in Dementia 
Evaluation and Challenges

Owing to widespread use for cancer staging in 
Nuclear Medicine practice, FDG PET has 
become a commonly available and relatively 

inexpensive imaging test particularly when com-
pared to the recently developed proteomic imag-
ing techniques such as amyloid and tau PET 
imaging. The imaging protocol for brain FDG 
PET is well established and standardized [2]. 
The general indications for FDG PET in the 
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evaluation of dementia are summarized in 
Table 4.2.

One of the important applications of FDG 
PET in dementia has been to assist in the differ-
ential diagnosis of neurodegenerative disorders. 
Although the ability to differentiate dementing 
disorders is still an important clinical use of 
FDG PET, the field is evolving with new obser-
vations from more widespread applications of 
FDG PET to clinical patients, data available 
from clinicopathologic correlations, and evolv-
ing and new definitions of neurodegenerative 
diseases. Requirements for FDG PET interpreta-
tion in dementia patients are evolving as well. 
For example, cases referred from specialized 
cognitive disorder clinics are often complex, 
with discordance between imaging findings and 
even autopsy results. New pathologic markers 
have been identified, and previously published 
studies in the literature may or may not have 
employed an appropriate and modern panel of 
pathologic stains, which can limit the validity of 
imaging findings that have been reported with 
“autopsy” or “pathology” confirmation. 
“Textbook” cases capture only a portion of such 
diverse patients as we encounter in the clinic 
(Fig. 4.2), and there are many unknowns despite 
the increasing number of biomarkers, which are 
available for investigations and clinical evalua-
tions. Continuing efforts are needed to better 
characterize neurodegenerative dementing disor-
ders via clinico-imaging- pathologic correlation 
studies.

 Statistical Mapping of Brain FDG 
PET

Since our development of statistical mapping 
technology based on normal database for brain 
FDG PET [3], several statistical mapping tech-
nologies for FDG PET have become available on 
workstations in a clinical setting (Fig. 4.3). When 
used appropriately, image interpretation using 
statistical mapping of FDG PET can achieve a 
positive likelihood ratio of AD similar to that of 
amyloid PET [4]. It is important to note that the 
interpretation of brain FDG PET for dementia 
evaluation needs to rely on the spatial extent of 

Table 4.2 Value of FDG PET in dementia evaluation

Differential diagnosis of suspected neurodegenerative 
dementias
Detection of early neurodegenerative dementias
Detection of possible co-pathologies
Prognostic evaluation

Fig. 4.2 The relationship between the clinical symptoms, 
imaging and biomarker changes detected, and pathologic 
features examined. It is important to note that ‘textbook’ 
cases represent only a fraction of dementia cases we 
encounter in the clinic and in investigational studies. 
Imaging findings can be discordant with clinical features, 
and pathologic examinations may or may not detect all of 
the pathologic changes, particularly if new markers are 
not used. One or limited types of imaging or pathologic 
examinations do not exclude co-pathologies

4 FDG PET Imaging Evaluation of Neurodegenerative Dementias
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Fig. 4.3 Statistical Z-score mapping, 3D-SSP, to improve 
interpretation of FDG PET. The technique automatically 
transforms an individual FDG PET scan to a standard ste-
reotactic space, compares the transformed individual scan 
with a normal database in the stereotactic space using 

Z-score mapping, and produces a 3-dimensional map for 
interpretation [3]. This technique significantly enhances 
the consistent detection of metabolic changes on FDG 
PET (or other brain PET studies such as amyloid PET) 
and improves the diagnostic accuracy [4]

the changes in the FDG uptake, not just the 
regional values of the z-scores or the standard 
uptake value (SUV or SUVr). The use of scien-
tifically validated software and quality control for 
each case is equally critical for the reliable inter-
pretation of brain FDG PET.

 Pretest Probability and Referral Bias

The positive predictive value (PPV) indicates the 
probability that patients with an abnormal test 
result have the disease. The negative predictive 
value (NPV) indicates the probability that 
patients with a negative test result do not actually 
have the disease. These two descriptive statistics 
are useful when interpreting the significance of 
the test results. The PPV and NPV of imaging 
tests also depend on the prevalence of the disease 

in the test population [5]. When the pretest prob-
ably for the disease increases, the PPV increases 
while the NPV decreases. Therefore, an under-
standing of the prevalence of the disease in a test 
population referred from specific clinics or by 
providers becomes an important consideration 
when translating imaging findings to clinical 
value. For example, patients referred from cogni-
tive disorder clinics or by dementia specialists 
tend to have positive and often complex, pathol-
ogy, which can increase the PPV and decrease the 
NPV. In contrast, for patients referred from gen-
eral clinics or from a non-dementia specialist 
without a careful clinical evaluation, the pretest 
probability for the disease tends to be lower, and 
thus the PPV decreases, and the NPV increases. 
A pretest probability of disease that is around 
56%–58%, achieves the maximum diagnostic 
gain for brain FDG PET (Fig. 4.4) [6].

S. Minoshima et al.
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Fig. 4.4 Pretest probability/post-test probability and 
diagnostic gain by FDG PET in the detection of AD. FDG 
PET sensitivity and specificity to detect AD is assumed to 
be 90% and 80%, respectively, in this analysis. The maxi-
mum diagnostic gain by PET for the detection of AD is for 
a pretest probability of 56–58%. This suggests that FDG 

PET may not add a diagnostic value in the clinical assess-
ment if clinical suspicion for AD is very high (typical 
clinical presentation) or suspicion is too low (such as sub-
jective memory complaint, which cannot be confirmed by 
objective assessments)

 Differential Diagnosis of AD, FTD, 
and DLB: Standard of Imaging 
Practice

FDG PET can provide differential diagnostic 
clues for three major neurodegenerative demen-
tias, namely, AD, FTD, and dementia with Lewy 
bodies (DLB) (Table 4.3). The differential diag-
nosis of these disorders is often a critical clinical 
question since (1) most commonly prescribed 
cholinesterase inhibitors are effective for AD and 
DLB, but not necessarily for FTD; (2) neurolep-
tic/antipsychotic medications, which are often 
used to treat the behavioral and psychological 
symptoms in moderately advanced dementia 
patients, can cause a severe reaction in DLB; and 
(3) can result in changes in clinical management 
and prognosis [6]. FDG PET has been considered 
generally appropriate for the differentiation of 

these three diseases as well as for atypical demen-
tias such as suspected Creutzfeldt-Jakob Disease 
[7].

AD A typical feature of AD on FDG PET is 
decreased FDG uptake in the parietal and tempo-
ral association cortices, posterior cingulate cor-
tex and precuneus, as well as the frontal 
association cortex, which is in contrast to the 
relative preservation of FDG uptake in the pri-
mary sensorimotor cortex, primary visual cortex, 
basal ganglia, thalamus, brainstem, and cerebel-
lum (Fig.  4.5). Asymmetric involvement is not 
uncommon. Decreased FDG uptake in the poste-
rior cingulate cortex and precuneus can be more 
readily appreciated by statistical mapping analy-
sis. Early-onset patients (onset age younger than 
65  years old) tend to show more prominent 
reductions compared to late-onset patients.

4 FDG PET Imaging Evaluation of Neurodegenerative Dementias



62

Table 4.3 AD, DLB, FTLD/FTD, and newly recognized neurodegenerative disorders

   • Alzheimer’s disease (AD)
    – Posterior cortical atrophy (PCA)
    –  Behavioral variant AD, frontal variant AD (fvAD)
    – Logopenic-variant PPA (lvPPA)
   • Dementia with Lewy bodies (DLB)
   •  Frontotemporal lobar degeneration (FTLD)/frontotemporal dementia (FTD)
    –  Behavioral variant FTD (bvFTD)/Pick’s disease (PiD)
    – Primary progressive aphasia (PPA)
       Semantic dementia (SD)/semantic-variant primary progressive aphasia (svPPA)
       Nonfluent-variant primary progressive aphasia (nfvPPA)
       Logopenic-variant primary progressive aphasia (lvPPA)
    –  Movement disorders/atypical Parkinsonian syndrome
      Progressive supranuclear palsy (PSP)
      Corticobasal degeneration (CBD)
      Atypical multiple system atrophy (MSA)
   • Newly recognized neurodegenerative diseases
    –  Limbic-predominant age-related TDP-43 encephalopathy (LATE)
    – FTLD with fused in sarcoma (FUS)

Fig. 4.5 Alzheimer’s disease (AD). FDG PET transaxial images (top row) and 3D-SSP Z-score maps (bottom row)

DLB FDG PET findings for DLB is somewhat 
similar to those seen with AD, but DLB patients 
often show decreased FDG uptake in the primary 
visual cortex of the occipital lobe (Fig. 4.6). This 
finding is considered as a “supportive” biomarker 
for DLB [8]. It is important to note that decreased 
uptake in the visual association cortex can also be 
seen in AD, and it should not be taken as a DLB 
sign. Relatively preserved FDG uptake in the 
posterior cingulate cortex in DLB has been 
reported (“Cingulate Island” sign), though 
autopsy validation of this finding is limited. 
Dopamine transporter SPECT ([I-123]ioflupane 
SPECT) shows decreased striatal uptake equiva-

lent to the findings typically seen in idiopathic 
Parkinson’s disease (Fig. 4.6).

FTD Frontotemporal lobar degeneration 
(FTLD) encompasses various neurodegenerative 
diseases that primarily affect the frontal and tem-
poral lobes of the brain. FTD represents the clini-
cal manifestation of FTLD.  The classic FTD, 
Pick’s disease (PiD), is considered a behavioral 
variant of FTD (bvFTD) (Fig. 4.7). Clinical and 
pathologic categorization of FTLD and FTD are 
still evolving. PiD/bvFTD demonstrates 
decreased FDG uptake in the frontal as well as 
anterior temporal lobes. The frontal involvement 
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Fig. 4.6 Dementia with Lewy bodies (DLB). FDG PET transaxial images (top row) and 3D-SSP Z-score maps (middle 
row), and [I-123]ioflupane (DaTscan) SPECT (bottom row)

Fig. 4.7 Behavioral variant of frontotemporal dementia (bvFTD)/Pick’s disease (PiD). FDG PET transaxial images 
(top row) and 3D-SSP Z-score maps (bottom row)

is often sharply demarcated. The FDG uptake in 
the caudate nucleus is also often decreased. In 
contrast to AD, where the mid-to-posterior tem-
poral lobe is typically involved, the anterior tem-
poral lobe is involved in PiD/bvFTD. Similarly to 
AD, the FDG uptake in the primary sensorimotor 
and primary visual cortices is relatively pre-
served, and asymmetric hemispheric involve-
ment is common.

 Recognition of Subtypes of FTLD/
FTD and AD

There have been efforts to subcategorize FTLD/
FTD as well as AD, based on clinical symptoms 
and pathologic findings (Table 4.3). In particular, 
the subcategories of FTLD/FTD have evolved 
continuously over the past few decades. Each 
subcategory of FTLD/FTD is associated with 
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somewhat unique FDG PET findings, such as 
described for PiD/bvFTD above. It is becoming a 
prerequisite for Nuclear Medicine physicians and 
radiologists to recognize such patterns for FDG 
PET interpretation in dementia work up.

 Posterior Cortical Atrophy (PCA)

Patients with PCA present progressive impair-
ments in visuospatial and visuoperceptual func-
tions while vision itself is intact [9]. In the early 
stages of the disease, memory and language are 
relatively preserved. Onset of the disease before 
the age of 65 is common and the clinical diagno-
sis is not straightforward [10]. MRI often shows 
accentuated atrophy in the occipital lobe while 
other cortices such as parietal lobe are often 
involved. FDG PET shows decreased uptake in 
the medial and lateral occipital association corti-
ces, in addition to decreased uptake in other neo-
cortical areas such as the parietal and posterior 
temporal cortices, which are also often involved 
in AD (Fig. 4.8, PCA) [11]. Amyloid PET images 
are often positive. The most common underlying 

pathology is AD, and PCA is often considered a 
variant of AD.  The pattern of decreased FDG 
uptake as well as amyloid tracer uptake in the 
occipital lobe overlaps between PCA and DLB 
[12, 13], although the clinical features between 
PCA and DLB are often distinct.

 The Behavioral Variant of AD (bvAD)/
Frontal Variant of AD (fvAD)

The behavioral variant of AD (bvAD) (or frontal 
variant of AD, fvAD [14]) is characterized by 
early and predominant behavioral deficits caused 
by AD pathology [15]. Amyloid and tau patholo-
gies do not differ significantly between the bvAD 
and typical AD.  Significantly decreased FDG 
uptake in the frontal and anterior temporal lobes, 
in addition to varying degrees of decreased FDG 
uptake in the parietal and posterior temporal cor-
tices, typical of AD, are often seen in the bvAD 
as well (Fig. 4.8, bvAD). Differentiation between 
the bvAD, bvFTD, and mixed dementia/co- 
pathologies of AD + FTLD is often not straight-
forward on FDG PET.

Fig. 4.8 AD variants. Posterior cortical atrophy (PCA) and behavioral variant of AD (bvAD). Reference MRI images 
(top row), FDG PET transaxial images (middle row), and 3D-SSP Z-score maps (bottom row)
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 Primary Progressive Aphasia (PPA)

PPA is subcategorized into the following three 
subtypes, which have distinct clinical features, 
FDG PET findings (Fig.  4.9), and underlying 
pathologies.

Semantic Dementia (SD)/Semantic-Variant 
PPA (svPPA) SD or svPPA manifests with 
impaired semantic memory in verbal and non- 
verbal domains. FDG PET findings of SD/svPPA 
are fairly characteristic, involving the anterior 
temporal lobe bilaterally, but often the left tem-
poral lobe more severely than the right. The 
involvement of the temporal lobe is anterior com-
pared to the mid-to-posterior region as often seen 
in AD.

Nonfluent (Agrammatic)-Variant PPA 
(nfvPPA) nfvPPA manifests as increasing diffi-
culty in speaking, speech apraxia, and impaired 
comprehension of complex sentences, as well as 
difficulty in swallowing and other motor symp-
toms. Decreased FDG uptake is seen predomi-
nantly in the left lateral posterior frontal cortex, 
superior medial frontal cortex, and insula, which 
is distinct from the pattern seen in SD or svPPA 
above.

Logopenic-Variant PPA (lvPPA) lvPPA mani-
fests as impairments in naming and sentence rep-
etition, and patients progressively exhibit an 
inability to retain complex verbal information. 
lvPPA more often manifests with cognitive and 
behavioral symptoms as compared to other PPAs. 

Fig. 4.9 FDG PET 
3D-SSP Z-score maps of 
subtypes of 
frontotemporal lobar 
degeneration (FTLD)/
frontotemporal dementia 
(FTD)
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FDG PET shows decreased uptake in the lateral 
temporal cortex and inferior parietal lobule, with 
patterns somewhat similar to those seen in 
Alzheimer’s disease, and often the left hemi-
sphere is more severely affected than the right.

 Movement Disorder/Atypical 
Parkinsonian Syndrome

Some movement disorders and atypical Parkinson 
syndromes affect the frontal and temporal lobes 
and are considered within the spectrum of FTLD/
FTD.

Progressive Supranuclear Palsy (PSP) PSP 
manifests with abnormalities in movement, 
gate, vision, speech, and swallowing, as well as 
in mood and behavior. The clinical differential 
diagnosis of AD, PSP, PD, vs. other FTLD/FTD 
is often not straightforward. FDG PET shows 
focally decreased FDG uptake in the midbrain 
as well as more diffuse decreases in the medial 
frontal and anterior cingulate cortices. 
Decreased uptake in the midbrain in PSP is 
often seen before MRI or structural imaging 
shows atrophy of midbrain tegmentum, i.e., the 
“Hummingbird sign.”

Corticobasal Degeneration (CBD) CBD is 
another rare neurodegeneration characterized 
by motor abnormalities (such as “alien limb 
syndrome”). Decreased FDG uptake is seen in 
the frontoparietal regions without sparing of the 
sensorimotor cortex, basal ganglia, and thala-
mus (as often spared in AD). FDG PET findings 
are often asymmetric relative to the clinical 
symptoms.

PSP and CBD as well as MSA are atypical 
Parkinsonian syndromes in which dopamine 

transporter SPECT imaging shows decreased 
striatal uptake. However, while dopamine trans-
porter SPECT alone cannot differentiate PSP, 
CBD, and MSA, the spatial patterns of altered 
FDG uptake can provide a clue for the differen-
tial diagnosis among these disorders.

 FTLD Subtypes: Underlying 
Proteinopathies

One important reason for the clinical subclas-
sification in FTLD is to determine the differ-
ent underlying pathologies and proteinopathies 
responsible for the clinical symptoms. 
Predominant types of abnormal protein aggre-
gates have been identified for FTLD subtypes 
(Table 4.4). When new treatments specific for 
proteinopathies are developed, it will be 
important to differentiate such FTLD subcate-
gories. One challenge for FTLD subcategori-
zation is that there is limited one-to-one 
correspondence between the underlying 
pathology, clinical symptoms, imaging find-
ings, and clinically defined subtypes of 
FTLD.  This is in part due to the operational 
definitions of the FTLD subtypes, but also 
attests to the heterogeneous and complex clin-
icopathologic features of FTLD.

Table 4.4 Major abnormal protein aggregates found in 
FTLD

Aggregates Clinical features
Amyloid lvPPA
Tau bvFTD/PiD, PSP, CBD, nfvPPA, svPPA/

AD
TDP-43 svPPA/SD, lvPPA
FUS bvFTD, CBD

TDP-43 transactive response DNA binding protein of 
43 kDa, FUS fused in sarcoma
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Fig. 4.10 Patient with mild cognitive impairment (MCI). 
It is difficult to detect, visually, decreased FDG uptake on 
the transaxial images (black and while images on the top 
rows). 3D-SSP Z-score maps (bottom row), however, 
show decreased FDG uptake in the precuneus/posterior 
cingulate cortex as well as lateral parietal association cor-

tex bilaterally that can be confirmed retrospectively on the 
transaxial images. Statistical mapping improves accuracy 
and consistency of FDG PET interpretation especially 
when clinical symptoms are mild or a very early stage of 
diseases is suspected

 Mild Cognitive Impairment (MCI) 
and Early Diagnosis

FDG PET has been used for patients who are suf-
fering from mild cognitive impairment (MCI) 
[16] or mild dementia. FDG PET can (1) detect 
patterns of regional metabolic changes that indi-
cate the presence of neurodegenerative disorders 
and (2) provide prognostic implications (such as 
conversion from MCI to AD or normal to MCI) 
[17–21]. These cited studies also indicated the 
value of combining FDG PET and ApoE geno-
types as well as cerebrospinal fluid biomarkers 
such as amyloid and tau for the prediction of cog-
nitive decline.

When applying FDG PET to patients with 
MCI or mild dementia, regional metabolic 
changes can be subtle. Statistical mapping greatly 
helps detect such subtle changes more consis-
tently (Fig. 4.10) [22].

 Newly Recognized 
Neurodegenerative Dementing 
Disorders

New forms of neurodegeneration have been 
recently recognized owing to advancements in 
proteomic research, longitudinal cohort studies, 
and clinicopathologic correlations. When inter-
preting brain FDG PET, the recognition of such 
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diseases has become critical, since some of them 
are particularly prevalent among elderly patients, 
and there is limited evidence regarding effective-
ness of conventional and new treatments with 
these disorders.

Limbic-Predominant Age-Related TDP-43 
Encephalopathy (LATE) The high prevalence 
of neurodegenerative dementia characterized by 
transactive response DNA binding protein of 
43 kDa (TDP-43) proteinopathy has been recently 
recognized as a new disease entity [23]. 
Phosphorylated TDP-43 was initially identified 
in FTLD and amyotrophic lateral sclerosis 
(ALS), and subsequently identified in patients 
with AD and hippocampal sclerosis particularly 
among elderly patients (age above 80 years). Its 
public health impact is estimated to be as signifi-
cant as AD. MRI findings of LATE can include 
profound atrophy in the hippocampus, often 
more significant than that seen in AD. Clinically, 
LATE is difficult to differentiate from AD. FDG 
PET findings often show (1) significantly 
decreased FDG uptake in the medial temporal 

lobe including hippocampus (hippocampal FDG 
uptake in AD is mildly decreased) and (2) addi-
tional decreased FDG uptake in the orbital frontal 
and prefrontal cortices (Figs.  4.11 and 4.12, 
LATE). However, the specificity of these findings 
to LATE has not been established. Currently, 
there is no imaging biomarker specific for 
TDP-43.

FTLD with Fused in Sarcoma (FUS), A New 
Subtype of FTLD FUS is a ubiquitously 
expressed protein, and mutations of FUS gene on 
chromosome 16 have been linked to ALS and 
FTD.  FUS has structural and functional 
 similarities with TDP-43. FUS might define the 
majority of tau/TDP-43-negative FTLD cases 
[24, 25]. Reports of FDG PET findings are still 
limited, but based on our experience with autopsy 
confirmation, FTLD with FUS demonstrates 
decreased FDG uptake in the lateral and medial 
frontal cortex, orbital frontal cortex, and anterior 
temporal lobe (Fig.  4.12, FUS). These findings 
are consistent with those seen with the FTLD 
spectrum.

Fig. 4.11 Limbic-predominant age-related TDP-43 encephalopathy (LATE). FDG PET transaxial images (top row) 
and 3D-SSP Z-score maps (bottom row)
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Fig. 4.12 FDG PET 3D-SSP Z-score maps of various 
neurodegenerative dementias, AD, DLB, bvFTD, LATE, 
and FUS.  LATE shows distinct hypometabolism in the 
medial temporal lobe (white arrows). Decreased FDG 

uptake is more prominent in the posterior part of the brain 
among AD and DLB, while decreased FDG uptake is 
more prominent in the anterior part of the brain among 
bvFTD, LATE, and FUS (FTLD spectrum)

 Recognition of Mixed Dementia 
and Co-pathologies

It is well known that AD and Vascular Dementia 
(VaD), two common dementing disorders, often 
co-exist and are termed “mixed dementia.” The 
presence of one disease does not exclude the pres-
ence of other causes of dementia. Co-pathologies 
are common across neurodegenerative diseases, 
particularly in elderly patients, owing to advance-
ments in proteinomics, molecular imaging, and 
clinicopathologic correlation (Fig. 4.13). A recent 

autopsy investigation demonstrated that a large 
fraction of elderly patients with cognitive impair-
ment showed up to four co- existing pathologies 
[26]. There is an increasing number of autopsy 
studies reporting various co- pathologies and 
mixed dementia (Table  4.5). When FDG PET 
demonstrates atypical findings or when the multi-
modal imaging results are incongruent, mixed 
dementia or multiple co- pathologies should be 
suspected. FDG PET may be able to confirm the 
clinically relevant cause of dementia, even with 
the presence of co- pathologies [27].
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Fig. 4.13 Neurodegenerative dementias and overlapping 
proteinopathies—amyloid, tau, a-synuclein, TDP-43, and 
FUS. Emerging proteinopathies such as fused in sarcoma 
(FUS), EWS, TAF15 in the FET family of proteins have 
been identified in FTLD. Recent clinicopathologic inves-
tigations have revealed a frequent occurrence of co- 
pathologies involving multiple proteinopathies in elderly 
patients. A traditional ‘dichotomous’ differential diagno-
sis does not capture the complex nature of neurodegenera-
tion, clinical symptoms, imaging findings, and underlying 
pathologies

Table 4.5 Examples of co-pathologies in dementing 
disorders

AD and TDP-43, cerebral amyloid angiopathy
AD and tauopathy, TDP-43

AD and DLB with TDP-43, tau, α-synuclein 
pathologies
AD and corticobasal syndrome, FTLD-TDP, Lewy 
body disease
AD and CBD
DLB and AD pathology
FTLD-tau and AD and vascular co-pathologies
PiD and AD
PiD and AD, cerebral amyloid angiopathy, Lewy body 
disease
PiD and PSP
PSP and AD
PSP and AD and PD
PSP and AD, AGD, CBD, Lewy body disease

Table modified from [1]

 Clinical Interpretation of FDG PET 
for Dementia Evaluation

FDG PET can detect early metabolic changes 
associated with neurodegenerative diseases prior 
to the structural changes seen on CT or 

MRI. More recently, the differential diagnosis of 
neurodegenerative dementias can be comple-
mented by the detection of specific proteinopa-
thies using imaging biomarkers such as amyloid 
PET, tau PET, or dopamine transporter 
SPECT.  FDG PET is relatively inexpensive, 
widely available, and can differentiate multiple 
neurodegenerative disorders in a single test when 
images are interpreted accurately by trained cli-
nicians using validated statistical mapping 
technology.

The categorical or dichotomous distinction 
between AD, DLB, and FTD by FDG PET is no 
longer sufficient or possible, given the recogni-
tion of overlapping co-pathologies particularly in 
elderly patients. Also, the presence of amyloid 
deposition confirmed by amyloid PET or fluid 
biomarkers does not exclude presence of signifi-
cant co-pathologies. We still do not have reliable 
or available imaging or fluid biomarkers for 
alpha-Synuclein, TDP-43, or emerging pro-
teinopathies such as FUS, and FDG PET may be 
able to identify new diseases such as LATE, 
based on the features and patterns of altered FDG 
uptake.

For the clinical interpretation of FDG PET, it 
becomes less relevant to fit FDG PET findings 
into a single category of neurodegeneration when 
the findings are not “typical” for known neurode-
generative patterns. Instead, it is important to rec-
ognize potential co-pathologies and describe 
findings that are responsible for clinical symp-
toms and relevant for possible treatment/manage-
ment approaches. Complex or atypical clinical 
presentations are often referred for advanced 
imaging by dementia specialists.

There have been extensive efforts to develop 
effective anti-amyloid treatments for AD. When 
such treatments become widespread, the detec-
tion of significant co-pathologies in patients 
with amyloid positive PET may become critical, 
since anti-amyloid monotherapy in such situa-
tions is likely to have limited efficacy. The use 
of imaging as well as non-imaging biomarkers 
will provide insight into the underlying causes 
of the clinical presentation, and identify concur-
rent neurodegenerative disorders, thus helping 
to guide the use of disease specific 
therapeutics.
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5Amyloid PET Imaging

Alexander Drzezga and Kathrin Giehl

 Introduction

Today, direct and noninvasive detection of amy-
loid plaque pathology in the brain is possible by 
means of PET imaging using commercially avail-
able and approved PET tracers [1, 2]. The 
employment of these imaging biomarkers may 
allow to overcome several limitations currently 
hampering clinical/neuropsychological assess-
ment of neurodegenerative disorders such as 
Alzheimer’s disease. Of these limitations, reli-
able etiological classification of the underlying 
pathology is particularly relevant [3–6]. It is 
commonly accepted today that the clinical/symp-
tomatic appearance of neurodegenerative disor-

ders not necessarily reflects a specific 
neuropathology, but rather the topography of 
neuronal dysfunction and damage. Thus, reliable 
differential diagnosis between different etiologi-
cal forms of neurodegeneration is hardly possible 
on the basis of clinical assessment, only. Also, 
clinical assessment does not warrant reliable 
early diagnosis of disease, since accumulation of 
disease pathology in the brain begins many years 
before the first clinically detectable symptoms 
appear [7, 8]. Therefore, recently developed diag-
nostic criteria, e.g., from the National Institute on 
Aging and the Alzheimer’s Association, divide 
Alzheimer’s disease—the most common form of 
neurodegenerative dementia—into different 
stages, i.e., a preclinical, prodromal, and dement-
ing phase [9–11]. Finally, symptom-oriented 
diagnosis limits follow-up and therapy control, 
due to the usually slow and fluctuating symptom-
atic progression and its variable correlation to the 
quantity of pathological features in the brain.

These shortcomings have led to increased 
efforts with the aim of introducing suitable diag-
nostic biomarkers to optimize diagnostic workup. 
With regard to Alzheimer’s disease, this has 
resulted in the introduction of the so-called A/T/N 
classification. This framework distinguishes three 
main categories of pathologies and corresponding 
biomarkers: Markers of amyloid pathology (A), 
markers of tau pathology (T), and markers of neu-
ronal injury (N). Among these factors, interstitial 
deposition of ß-amyloid peptides in the form of 
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the so-called amyloid plaques in the brain repre-
sent one of the core neuropathological features of 
Alzheimer’s disease, required for a definite diag-
nosis [12]. Previously, this was only possible by 
means of histopathological post- mortem detec-
tion in brain tissue but, obviously, amyloid imag-
ing now offers an optimal method to directly asses 
the “A” status in the living brain (Fig. 5.1).

Several tracers for amyloid imaging have been 
approved and are commercially available today. 
Their function and utility have been documented 
in extensive studies, including large-scale prospec-
tive trials such as “IDEAS” (imaging dementia, 
evidence for amyloid scanning) [13]. The practical 

need for reliable in  vivo biomarkers of amyloid 
pathology has further increased with the develop-
ment of therapeutic trials directly aiming at amy-
loid deposition as a central therapeutic target. 
Many of these studies were initially unsuccessful 
[5], which may have in part been due to the inclu-
sion of patients without definite evidence of the 
target pathology [5, 14]. However, some success-
ful results have been reported for some representa-
tives of the newer generation of monoclonal 
antibodies [15] and in 2021 with aducanumab 
(Aduhelm™), the first amyloid-targeting antibody 
therapy receiving FDA-approval in the USA. Thus, 
it can be expected that molecular imaging will 
play an increasingly important role with regard to 
patient selection suitable for modern therapeutic 
approaches and therapy response assessment.

In this chapter, we aim to summarize the cur-
rent status of amyloid imaging with regard to 
indications, application, and interpretation.

 Theoretical Background 
on the Clinical Value of Amyloid 
Imaging

 Reliable Diagnosis and Differential 
Diagnosis of Alzheimer’s Disease

As mentioned above, clinical-symptomatic 
appearance of neurodegenerative disorders does 
not correspond reliably with underlying neuropa-
thology. Reliable diagnosis of Alzheimer’s dis-
ease has particular practical relevance with regard 
to (A) detection of atypical forms of Alzheimer’s 
disease as well as (B) identification of cases clini-
cally appearing like Alzheimer’s disease on the 
basis of a different pathology (Fig. 5.2):

A: With regard to the first group, several atypi-
cal subtypes of Alzheimer’s disease have been 
described, clinically not fulfilling the typical fea-
tures of the disease while exhibiting characteris-
tic AD-neuropathology [16]. Clinical appearance 
and patterns of neuronal dysfunction (e.g., mea-
sured with [18F]FDG-PET) of these subtypes dif-
fer considerably. However, reliable assignment of 
these subtypes to the category of Alzheimer’s 
disease has relevant consequences regarding 

a b

Fig. 5.1 Amyloid-PET (18F-Florbetaben) findings in (a) 
amyloid-negative subject and (b) an amyloid-positive 
patient with Alzheimer’s disease. Top row: cortical tracer 
distribution pattern. No specific cortical tracer uptake is 
present in (a), only white matter uptake can be detected. 
In (b), specific cortical tracer accumulation is observed, 
resulting in blurred/missing contrast between white and 
gray matter. Bottom row: imaging results on the level of 
the cerebellum. Both in (a) and (b) non-specific white 
matter uptake is observed in the cerebellar crus, whereas 
no specific tracer uptake is found in the cerebellar hemi-
spheres neither in (a) nor (b)
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Fig. 5.2 Typically amyloid-positive and amyloid-nega-
tive symptomatic disease entities. Left column: Syndromes 
that usually present amyloid-positive. Right column: 
Syndromes that usually present amyloid-negative. Middle 

column: Syndromes in which both amyloid-positive and 
negative cases can be observed in relevant frequency. 
Importantly, clinical appearance does not allow reliable 
conclusions on amyloid status

treatment, further diagnostic workup and therapy 
approaches. Three dominant subtypes have been 
described:

 1. Posterior Cortical Atrophy
These patients often present with relatively 

isolated problems in their visual functions, 
while memory and other cognitive functions 
may initially remain preserved [17, 18]. 
Particularly in later stages of disease, a 
 pronounced cortical atrophy has been 
described in posterior parietal and occipital 
regions, which eventually coined the designa-
tion of this disease as “posterior cortical atro-
phy.” It has been demonstrated that a large 
proportion of patients exhibiting this syn-
drome are suffering from Alzheimer’s disease, 
when assessed by histopathology [19]. 
However, clinical evaluation alone is not suf-
ficient to reach an etiological diagnosis, as 
other disorders such as corticobasal degenera-
tion, Lewy body disease and even prion dis-
eases may mimic the symptomatic 

phenomenon of posterior cortical atrophy 
[20]. Consequently, verification of amyloid 
deposition by means of amyloid PET imaging 
may be of great clinical value [19, 21].

 2. Logopenic/Aphasic Atypical Variant of AD
The logopenic variant of primary progres-

sive aphasia is characterized by language defi-
cits, especially concerning word-finding 
difficulties. The syndrome has usually been 
assigned to the primary progressive aphasias 
and, thus, to the complex of frontotemporal 
lobar degeneration (FTLD). However, by 
means of neuropathological assessment as 
well as by in  vivo amyloid imaging, it has 
been demonstrated that in even up to 50% of 
patients with logopenic aphasia amyloid 
plaque pathology can be identified as an 
underlying neuropathological feature [3, 16, 
22–24]. However, also amyloid negative cases 
occur, which may show other pathologies 
such as TDP43 or tau aggregates [25]. With 
regard to the high-frequency of amyloid- 
positive cases, these are today considered a 
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logopenic/aphasic variant of Alzheimer’s 
disease.

 3. Frontal/Executive Atypical Variant of AD
The fronal/executive variant of Alzheimer’s 

disease is clinically characterized by symp-
toms usually associated with FTLD subtypes 
such as the behavioral variant of frontotempo-
ral dementia (bvFTD). These symptoms 
include disturbed executive functions such as 
abstract reasoning, structured planning as 
well as behavioral abnormalities [26]. 
Amyloid imaging can be helpful to distin-
guish these cases by proving evidence for the 
presence of amyloid in the cases of atypical 
AD and/or by demonstrating amyloid negativ-
ity in cases of bvFTD (which are usually not 
associated with relevant amyloid plaque 
pathology) [3, 26–28].

Apart from these three well-described entities 
of atypical AD, it has been demonstrated that 
amyloid pathology can also occur in the symp-
tomatic appearance of other typical neurodegen-
erative diseases, such, e.g., the corticobasal 
syndrome but also in other subtypes of FTLD [3, 
29, 30]. Again, amyloid imaging may play an 
essential role in detecting these cases [31].

B: Apart from cases of atypical AD, a second 
group of cases can be challenging regarding dif-
ferential diagnosis. This refers to conditions 
symptomatically resembling Alzheimer’s dis-
ease, while being caused by other underlying 
neuropathologies. Again amyloid imaging can be 
of relevant value also for these cases.

It is well-accepted today that neurodegenera-
tive disorders based on other pathologies than 
those characteristic for Alzheimer’s disease, nev-
ertheless may appear in a symptomatic pattern 
mimicking typical Alzheimer’s disease [5]. A 
large prospective trial in the USA, the so-called 
IDEAS trial provided further evidence support-
ing this notion. In more than 11,000 patients the 
clinical value of amyloid imaging has been stud-
ied. In approximately 60% of the patients, a 
change in clinical management resulted. The 
most frequent reason for change being that 
Alzheimer’s disease has ultimately been excluded 

(although clinically suspected) by means of amy-
loid PET [13].

In summary, amyloid PET imaging may be of 
great value with regard to detecting amyloid 
pathology in patients clinically not fulfilling the 
typical pattern of Alzheimer’s disease symptoms. 
Also, a value can be found to exclude patients 
with “pseudo”-Alzheimer’s disease, i.e., resem-
bling the disorder clinically but not exhibiting the 
corresponding neuropathology. This may be 
valuable in differential diagnostic workup, i.e., to 
distinguish between Alzheimer’s disease and 
other forms of neurodegeneration such as the 
FTLD disorders and atypical Parkinson’s syn-
dromes on the basis of direct assessment of intra-
cerebral pathology rather than clinical signs only.

However, some limitations apply to the value 
of amyloid imaging in differential diagnosis. For 
example, amyloid deposition may represent co- 
pathology, not necessarily driving the symptom-
atic disease. Particularly with increasing age, it 
has been demonstrated that amyloid deposition 
can occur simultaneously with other cerebrovas-
cular or neurodegenerative diseases. Also, it has 
been shown that amyloid positivity increases 
with age even in cognitively healthy individuals 
[29, 32]. In consequence, the presence of amy-
loid deposition as a co-pathology or the possibil-
ity of an interaction of multiple pathologies must 
be considered in elderly patients. In this context, 
special consideration must be given to dementia 
with Lewy bodies (DLB). DLB is characterized 
by fluctuating cognitive deficits accompanied by 
Parkinson’s disease-like symptomatology and 
often also visual hallucinations [33]. In DLB, the 
eponymous synuclein/Lewy body pathology 
seems to be accompanied rather regularly by 
amyloid copathology in many patients [34, 35]. 
However, although frequent, amyloid deposition 
is not found in all patients, differentiation 
between amyloid- positive and amyloid-negative 
cases may potentially be of value with regard to 
prognosis or novel treatment approaches in the 
future. At present, however, it must be noted that 
a reliable differential diagnosis between DLB 
and AD is not possible by means of amyloid 
imaging.
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 Early Diagnosis of Ongoing 
Alzheimer’s Disease

In a clinical setting, reliable diagnosis of patients 
in the prodromal and dementing phase will repre-
sent the dominant issue This, however, may 
potentially shift toward earlier stages in the 
future, with the potential introduction of thera-
pies targeting earlier, even asymptomatic stages 
of disease. As of now, the value for routine appli-
cation of amyloid PET imaging in asymptomatic 
individuals is uncertain. There is evidence that 
amyloid deposition can be identified in a relevant 
percentage of elderly cognitively healthy sub-
jects [32, 36–38] . Although it has been discussed 
that this finding may represent early, preclinical 
Alzheimer’s disease [39–41], many questions, 
e.g., about the possible onset of dementia and the 
time to onset of symptomatic disease remain 
unresolved. For this reason, practical conse-
quences of a positive amyloid scan in an other-
wise healthy subject remain unclear. 
Consequently, the amyloid imaging is only rec-
ommended in the context of studies in this group 
(also see appropriate use criteria below). 
Potentially, a more tangible prognostic value may 
be found in subjects without objective deficits in 
neuropsychological tests, but complaining about 
a subjective cognitive decline (SCD). This ques-
tion is currently also the matter of ongoing trials 
(e.g., AMYPAD: the Amyloid imaging for the 
Prevention of Alzheimer Disease trial) [42]. The 
clinical value of amyloid-PET in patients with 
objective mild cognitive impairment (MCI) is 
more obvious. In these patients, the measurable 
cognitive deficits are not yet sufficient for the 
diagnosis of dementia, but conversion to manifest 
dementia is frequently observed within the near 
future (2–3 years) in some (but not all) of these 
patients. Studies on amyloid-PET in MCI were 
able to demonstrate amyloid-positive findings in 
approximately half of all cases, already resem-
bling the findings typically observed in AD [43, 
44]. The notion that these findings may corre-
spond to early ongoing Alzheimer’s disease is 
supported by longitudinal follow-up studies, 
demonstrating a higher risk of conversion to 

manifest Alzheimer’s disease dementia in 
amyloid- positive MCI patients in a relatively 
short period of time [43, 45–48]. A prognostic 
value can also be found in the opposite situation, 
i.e., in presence of an amyloid negative finding 
which corresponds to a low risk of conversion to 
clinical AD.

 Value of Amyloid Imaging 
in Therapy Control and Follow-Up

Amyloid imaging represents an important bio-
marker for appropriate selection of suitable 
patients for therapy trials, particularly with regard 
to novel therapies directed against amyloid depo-
sition. Whereas some trials in the past may have 
suffered from inclusion of patients without reli-
able evidence of intracerebral amyloid pathology, 
more recent anti-amyloid trials regularly employ 
amyloid imaging as an inclusion criterion to war-
rant presence of the therapeutic target.

Amyloid imaging is not ideally suited to mea-
sure clinical disease progression or advancement 
of neurodegenerative processes in the brain. 
Initially, an increase of amyloid deposition can 
be observed via imaging from healthy amyloid- 
positive individuals through MCI to mild AD 
[42]. However, from the stage of manifest AD, 
studies show a plateau or only a small increase in 
amyloid deposition [49, 50] despite further 
increasing symptomatology and neurodegenera-
tion. Consequently, no linear correlation is found 
between amyloid load and cognitive decline in 
this stage [51].

There may be a greater value of amyloid-PET 
imaging with regard to therapy monitoring, i.e., 
demonstrating removal of existing amyloid 
pathology/reduction of new build-up. In fact, 
amyloid imaging has successfully been used to 
document treatment effects [52, 53]. The first 
approval of a monoclonal antibody therapy 
directed against amyloid deposits (Aduhelm™) 
in 2021 was largely based on results from PET 
imaging [54]. Some issues with regard to appro-
priate quantification of therapy effects do arise, 
however (see below).
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 Combination with/Comparison 
to Other Biomarkers

Amyloid imaging can be combined with other 
imaging biomarkers to allow a comprehensive 
classification according to the A/T/N scheme. For 
measuring T, i.e., tau pathology, novel tau PET 
tracers have become available recently. N 
 representing neuronal injury can be assessed 
using structural imaging (MRI) and [18F]FDG-
PET. In addition to imaging also fluid biomarkers 
are available, including CSF biomarkers (requir-
ing lumbar puncture) as well as more recently 
introduced plasma biomarkers (for more details 
see [55, 56]). The latter, in particular, are being 
evaluated with great interest as they could repre-
sent a low-invasive and possibly low-cost option. 
However, the information provided by these tests 
regarding cerebral amyloid pathology are not 
easily comparable to amyloid PET imaging.

In general, the fluid biomarkers provide an 
indirect snapshot of ongoing pathological aggre-
gation processes and do not provide information 
on current localization or extent of pathology. 
Neither do they allow to quantify changes over 
time, e.g., in consequence to therapeutic proce-
dures. While being less invasive, the plasma 
markers of amyloid pathology show only very 
small effect sizes as compared to CSF-markers 
and may also be more sensitive to sample han-
dling errors [56, 57]. Nevertheless, particularly 
the plasma markers may offer a very promising 
option for screening of candidates for subsequent 
biomarker examinations. Ideally, in a combina-
tion of both types of tests, subjects screening 
positive on relatively cheap and broadly available 
plasma markers could be selected for subsequent 
imaging tests.

 Translation of the Theoretical 
Background into Practical 
Guidelines

The considerations on the value of amyloid imag-
ing from the existing literature have been trans-
lated into corresponding appropriate use criteria 
for amyloid imaging (AUC) by the Society for 

Nuclear Medicine and Molecular Imaging and 
the Alzheimer’s Association [58].

The guideline generally considers amyloid 
PET imaging appropriate in the following situa-
tions (for details see [58]):

• Patients with persistent or progressive unex-
plained mild cognitive impairment.

• Patients fulfilling clinical criteria only for pos-
sible (not probable!) Alzheimer’s disease 
because of unclear clinical presentation, either 
atypical clinical course or etiologically mixed 
presentation.

• Patients with progressive dementia and atypi-
cally early age of onset (usually defined as 
65 years or less in age).

In these cases, a positive amyloid scan may 
indicate ongoing Alzheimer’s disease, whereas a 
negative amyloid scan makes this very unlikely. 
Amyloid PET imaging is not considered appro-
priate according to the AUC in the following situ-
ations/for the following indications:

• Patients with core clinical criteria for probable 
Alzheimer’s disease with typical age of onset.

• To determine dementia severity.
• Solely based on a positive family history of 

dementia or presence of APOE4.
• Patients with a cognitive complaint that is 

unconfirmed on clinical examination.
• In lieu of genotyping for suspected autosomal 

mutation carriers.
• In asymptomatic individuals.
• Non-medical usage (e.g., legal, insurance cov-

erage, or employment screening).

The AUC also define some general require-
ments for amyloid PET imaging. These include 
that Alzheimer’s disease represents a possible 
differential diagnostic option, that cognitive 
impairment is objectively documented and that 
knowledge about the presence of amyloid pathol-
ogy is likely to increase diagnostic confidence 
and may alter management. To verify these crite-
ria, it is recommended that a dementia expert 
always sees the affected patients and decides 
whether amyloid PET is indicated.
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The AUC criteria are generally helpful for 
everyday clinical practice. There is some contro-
versy surrounding some of the positions which 
may need to be updated in the future. This con-
cerns, e.g., the explicit exclusion of patients with 
clinically typical Alzheimer’s disease from 
 amyloid PET diagnostics. This point raises ques-
tions, since it could be shown that patients with 
clinically typical symptom patterns in quite a few 
cases do not have pathology typical for 
Alzheimer’s disease. Especially prior to thera-
peutic decisions, amyloid imaging may therefore 
considered to be useful in these cases as well. 
Also, in earlier stages such as SCD, a prognostic 
benefit of amyloid PET could become apparent 
in the future [5, 13].

 Practical Performance 
and Interpretation of Amyloid PET 
Imaging

 Commercially Available 
and Approved Radiotracers 
for Amyloid Imaging

Today, three 18F-labeled tracers are commercially 
available. These include 18F-florbetapir 
(Amyvid™) from Lilly Pharma AG/Avid 
Radiopharmaceuticals, 18F-flutemetamol 
(Vizamyl™) from GE Healthcare, and 
18F-florbetaben (NeuraCeq™) from Life 
Molecular Imaging. These tracers obtained FDA/
EMA approval only after extensive validation 
demonstrating a correlation between histopatho-
logical assessment of the extent of amyloid 
pathology in the brain post-mortem and prior 
in vivo amyloid tracer uptake [59, 60]. Also, the 
tracers have been evaluated in numerous clinical 
trials [61–63]. With regard to properties, routine 
application and interpretation some minor differ-
ences apply, however, in general the three tracers 
compare well with each other. With regard to 
qualitative (visual) and (semi-)quantitative 
assessment, comparable results have been 
reported [63–65].

 Basic Principles of Interpreting 
Amyloid PET Findings

In short, interpretation is based on visual distinc-
tion between an amyloid-positive or amyloid- 
negative scan (Fig.  5.1). Specific training is 
required for interpretation of all three commer-
cially available amyloid tracers (which can be 
completed online or in dedicated training ses-
sions). The general principle of interpretation is 
based on the assessment of tracer uptake in the 
gray matter of the brain as compared to non- 
specific white matter uptake.

A scan is considered to be negative if distinctly 
less tracer accumulation is observed in the cortex 
than in the white matter, i.e., a clear contrast 
between gray and white matter is evident. The cer-
ebellum can also serve as a reference in this con-
text, as usually no major amyloid pathology, i.e., 
no specific uptake is expected in the cerebellar 
cortex, even in patients with Alzheimer’s disease. 
Thus, contrast between white and gray matter is 
usually preserved. In contrast, a scan is considered 
amyloid-positive if the contrast between gray and 
white matter is noticeably reduced as a conse-
quence of increased specific tracer uptake in corti-
cal brain regions. In patients with amyloid plaque 
pathology, increased cortical amyloid tracer accu-
mulation is often found predominantly in the fron-
tal and temporoparietal cortex, the posterior 
cingulate cortex, and the precuneus [61, 62].

Minor differences apply with regard to the offi-
cial interpretation guidelines for the different trac-
ers, as issued by the manufacturers. This refers to 
suggested reference regions for intensity normal-
ization/scaling, the color scale or the number of 
affected regions required for definition of a positive 
scan. However, a systematic comparison was able 
to show that the impact of these differences on the 
assessment can be regarded as small, at least for 
experienced readers [65]. Interpretation can be 
hampered by movement artifacts and also by major 
atrophy (resulting in thinning of the cortex). It has 
been suggested that comparison with morphologi-
cal information as derived from CT or MRI scans 
(if available) can be very helpful in the latter case.
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Commercial vendors also offer solutions for 
standardized automated observer-independent 
analysis of amyloid PET results. Similar to rou-
tines established for FDG-PET imaging, these 
software solutions are based on stereotactical spa-
tial normalization of the image data followed by 
voxel-based statistical comparison with a healthy 
control dataset. As a result, statistically significant 
deviations can be displayed. Issues such as the 
high subcortical tracer uptake of amyloid PET 
imaging data and selection of appropriate spatial 
templates (different uptake patterns in amyloid-
positive and amyloid-negative subjects) need to 
be considered.

In addition to the basic distinction between 
amyloid-positive and amyloid-negative scans, 
semiquantitative assessment of regional uptake is 
also possible (e.g., by means of measuring 
regional standardized uptake value ratios 
(SUVR), again using the cerebellum as a refer-
ence region for quantitative normalization of the 
data). SUVR-values can even be “converted” 
between the different tracers using the so-called 
centiloid-scale [63, 64]. Semiquantitive assess-
ment is not usually required with regard to diag-
nostic purposes, but quantification may gain 
interest with regard to very early prognosis and 
also with regard to monitoring of therapeutic 
effects. It has been discussed that SUVR-values 
may not represent the ideal tool for this purpose, 
as perfusion effects asymmetrically affecting tar-
get and reference regions may lead to deviations 
over time [66]. Potentially the acquisition of an 
early perfusion phase in addition to the specific 
late phase may be of value for improved quantita-
tive assessment. The perfusion phase may hold 
additional value as a surrogate for FDG-PET, 
thus adding the “N”-information to the “A” infor-
mation as provided by the amyloid scan in a sin-
gle examination [42, 67].

 Reporting

Amyloid imaging provides information about the 
presence or absence of a specific neuropathology 
and is therefore not in itself a sufficient test for 
defining a specific diagnosis. Results of the imag-

ing test need to be considered in the context of 
other clinical and biomarker information. This 
also needs to be considered for appropriate report-
ing of amyloid imaging findings. Reports should 
conclude if the scan is considered positive/nega-
tive, i.e., consistent with presence/absence of 
ß-amyloid pathology. A negative scan represents 
lacking or low density of ß-amyloid plaque 
pathology and, thus, does not support the diagno-
sis of Alzheimer’s disease in a patient with clini-
cally manifest dementia. In patients with objective 
mild cognitive impairment and a negative amy-
loid scan, progression to Alzheimer’s disease 
within the near future can also be considered to be 
unlikely. However, other, amyloid- negative forms 
of neurodegeneration cannot be excluded.

An amyloid-positive scan is consistent with 
ongoing Alzheimer’s pathology but does not suf-
fice to make the diagnosis of dementia with 
Alzheimer’s disease (which requires clinical and 
other biomarker confirmation), also because amy-
loid pathology may occur as a co-pathology of 
other disorders (as explained above). However, in 
patients with manifest dementia, a positive amy-
loid scan is well compatible with the diagnosis of 
Alzheimer’s disease. In patients with MCI a posi-
tive scan may indicate ongoing AD-pathology and 
signify a higher risk of conversion to dementia of 
the Alzheimer type over time [45–47].
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6Traits and Trammels of Tau Tracer 
Imaging

Victor L. Villemagne, Brian J. Lopresti, 
Vincent Doré, Davneet Minhas, Alexandra Gogola, 
Neelesh Nadkarni, N. Scott Mason, 
Pierrick Bourgeat, Oscar Lopez, 
Milos D. Ikonomovic, and Ann D. Cohen

 Introduction

Tauopathies is the term to define a spectrum of 
neurodegenerative conditions characterized by 
the pathological accumulation of tau aggregates 
in the brain. While Alzheimer’s disease (AD) is 
the most common tauopathy, other neurodegen-
erative conditions such as chronic traumatic 
encephalopathy (CTE), corticobasal degenera-
tion (CBD), progressive supranuclear palsy 
(PSP), and some variants of frontotemporal lobar 

degeneration (FTLD), are also characterized by 
the accumulation of tau aggregates [1–4]. While 
tau lesions do share some immunohistochemical 
similarities across different tauopathies, they 
have clear histopathological, biochemical, and 
ultrastructural distinctions [1], and these differ-
ences are associated with distinct clinical pheno-
types [1–3] (Fig. 6.1).

Tau is an axonal phosphoprotein that stabi-
lizes microtubules, critical for maintaining the 
neuron cytoskeleton and axonal transport which 
are impaired in AD and other neurodegenerative 
diseases [5]. Some studies propose that Aβ or 
other stressor promotes tau uber phosphorylation 
which impairs microtubule binding [6] and leads 
to missorting of tau by retrograde flow and accu-
mulation from the axonal into the somatoden-
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Fig. 6.1 Morphological, ultrastructural conformation, 
and fibrillar folding of tau isoforms across Primary and 
Secondary Tauopathies. 3R three repeats, 4R four repeats 
(where R denotes the number of microtubule binding 
domain repeats), PHF paired helical filaments, SF straight 
filaments, TF twisted filaments, PSP Progressive 

Supranuclear Palsy, CBD corticobasal degeneration, AGD 
argyrophilic grain disease, PiD Pick’s disease, AD 
Alzheimer’s disease, CTE chronic traumatic encephalopa-
thy, Cryo-EM cryo-electron microscopy. (Adapted from 
Villemagne et al., Lancet Neurol, 2015; Shi et al., Nature, 
2021)

dritic compartment [7]. In humans, six tau 
isoforms have been described, with distinct 
N-terminal projection and C-terminus microtu-
bule binding domains [8]. The repeats of the 
microtubule binding domain have been used to 
classify the six tau isoforms into two different 
groups of isoforms, either those with three (3R) 
or four repeats (4R), respectively [8]. The preva-
lence of a certain isoform, or their combination is 
intrinsically associated with their ultrastructural 
conformation and with specific phenotypes, 
which can also be classified as primary and sec-
ondary tauopathies [4]. Primary tauopathies are 
characterized by the prevalence of aggregates of 
a single tau isoform, either 4R, like in PSP, or 3R 
like in Pick’s disease (PiD), while secondary 
tauopathies are usually characterized by tau 
aggregates formed by a combination of both 3R 
and 4R tau isoforms as observed in AD and CTE 
(for review see [9]).

Tau aggregation into AD tangles is a complex 
pathobiological process that involves dynamic 
post-translational modifications in its structure, 
conformational, and phosphorylation states [10, 

11]. As with Aβ, tau fibrils are detectable histo-
logically in hallmark neuropathological lesions 
of AD, however, prefibrillar forms of soluble 
oligomeric tau have been considered an early 
pathological change that is toxic to neurons and 
their synapses [12, 13]. There is a conformational 
switch in some parts of the sequence of the 
unfolded tau protein, leading to a structural trans-
formation from mostly random coil to a fibrillar 
β-sheet structure, and this transition leads to tau 
aggregation in the form of filamentous inclusions 
[14, 15]. Furthermore, newly synthesized tau 
leads to the breakdown of dendritic microtubules, 
mitochondria mislocalization, and depletion of 
dendritic spines [16, 17]. While the mechanisms 
leading to tau hyperphosphorylation, misfolding, 
and aggregation have not been fully elucidated, 
tau pathology tends to evolve in a stereotypical 
spatiotemporal manner which results in a predict-
able neuroanatomical distribution in the brain, 
reflected in the Braak & Braak and Delacourte 
stages [18–20]. This sequential strereotypical 
pattern of tau lesions’ regional onset and progres-
sion has been interpreted recently as a pathogenic 
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propagation of tau [21]. The seeding forms of 
tau—either normal or abnormal—which initiate 
and promote pathological tau “transmission” in 
animal models, the mechanism/s driving the 
hypothetical release of tau forms into the syn-
apses, and potential roles of exosomes, ecto-
somes, and tunnelling nanotubes [22] remain to 
be determined. Relevant to tau imaging, others 
have proposed that amplification may be more 
important than propagation of tau [23].

Recent studies using cryo-electron micros-
copy (CryoEM) characterized the folding pat-
terns of tau aggregates in different tauopathies 
(for review see [24]) (Fig. 6.1). Combined with 
molecular dynamics and docking studies, as well 
as calculations of quantum mechanical fragmen-
tation [25], these studies seek to elucidate spe-
cific locations for tau tracers binding on different 
fibrillar tau aggregates, aiding in the design and 
development of new and potentially more selec-
tive tracers for different tauopathies [25–27].

Besides their pathophysiological significance, 
the conformation or folding of tau aggregates 
have important biomarker implications [4, 24]. 
Moreover, the conformation adopted by these tau 
fibrils allows phosphorylation of certain epitopes, 
contributing to the evolution of tau lesions and 
affecting the degree of seeding, which may be 
related to different ages of onset and different 
rates of disease progression [28].

Understanding the mechanisms of tau forma-
tion, aggregation, and spreading is important for 
biomarker development as well as the design of 
effective anti-tau therapy [29]. Most neurodegen-
erative conditions are associated with a folded or 
misfolded aggregated protein. The challenge 
from a clinical point of view is that a single clini-
cal phenotype can be caused by different aggre-
gated proteins or a single aggregated protein can 
be the underlying cause of several different clini-
cal phenotypes. Further complicating the issue is 
that an abnormal protein like tau, undergoes mul-
tiple post-translational modifications and can 
adopt various conformations. Thus, it is impera-
tive to identify pathognomonic tau forms respon-
sible for distinct clinical presentations, in order to 
design highly disease-specific biomarkers and 
implement, when available, an appropriate 

disease- modifying therapy that, in the particular 
case of progressive neurodegenerative condi-
tions, needs to be implement early, before irre-
versible neuronal loss occurs.

 Selective Tau Imaging Tracers

Tau PET has been the most recent addition to the 
arsenal of tools for the non-invasive imaging 
assessment of neurodegenerative proteinopa-
thies. Until recently, postmortem examination of 
the brain was the only definite way to ascertain 
the presence and extent of specific pathologies in 
the brain [30]. Despite the idiosyncratic charac-
teristics of tau pathophysiology which compli-
cate the design of tau imaging ligands 
(intracellular location, different isoforms, multi-
ple post-translational modifications, heteroge-
neous ultrastructural conformations, in the case 
of AD much lower concentrations than co- 
localized Aβ aggregates (for review see [9])), 
there has been a tremendous amount of progress 
in the last few years, with several selective tau 
tracers being extensively applied to research 
studies, furthering our understanding of tauopa-
thies as well as the relationship of tau with Aβ 
and its role in neurodegeneration and cognitive 
decline in AD [31–38].

Among early-generation selective tau tracers, 
18F-flortaucipir (FTP) (a.k.a. Tauvid®, AV1451 or 
T807) [31, 39] (Fig. 6.2) is approved by the Food 
and Drug Administration (FDA) for clinical use 
and has been applied most widely in human 
research studies. Also among early-generation 
tau tracers we find the THK tracer series, namely 
18F-THK523, 18F-THK5105, 18F-THK5317, and 
18F-THK5351 [40–43] (Fig. 6.2), and 11C-PBB3 
[32] (Fig. 6.2). This early-generation series was 
characterized by somewhat low signal-to-noise 
contrast and noticeable “off-target” binding. 
Clinical studies with second-generation tracers 
such as 18F-RO948, 18F-GTP1 (Fig.  6.2) have 
shown less noticeable “off-target” binding to 
choroid plexus [35], while others such as 18F- 
MK6240 or 18F-PI2620 (Fig. 6.2) have shown a 
different pattern of “off-target” binding to menin-
ges or longitudinal sinuses, respectively [33, 38].
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Fig. 6.2 Tau tracers. Chemical structure of several selective tau ligands

The development of selective tau tracers was 
preceded by many early unsuccessful efforts like 
those of, for example, Okamura and colleagues 
[44]. This was followed by the synthesis and 
characterization of 18F-FDDNP, a radiofluori-
nated tracer binding non-selectively to both 
extracellular Aβ plaques and intracellular NFT 
[45, 46], which, despite its lack of selectivity and 
limited dynamic range, has been used in the 
assessment of several neurodegenerative condi-
tions from AD to PSP, from Down syndrome to 
CTE [47–50].

As confirmed from preclinical in vitro studies, 
most selective tau tracers were designed to bind 
the most prevalent isoforms found in AD (3R/4R 
combination) [51, 52] and have lower of null 
affinity for the 3R and/or 4R tau isoforms preva-
lent in primary tauopathies and in marmosets. 
The combination of lower affinity, a much lower 
density of tau deposits and a different conforma-
tion/folding of the tau fibrils all contribute to the 
inability of most of these 3R/4R tracers to bind 
the 4R and 3R tau deposits found in primary 

tauopathies like PSP or PiD. A tracer specifically 
designed to bind 4R tau, 18F-CBD2115 (Fig. 6.2), 
was not able to cross the blood–brain barrier [53]. 
On the other hand, there is preclinical and clini-
cal evidence that 18F-PI2620 [54, 55] and 18F-PM- 
PBB3 [56] bind to 4R tau deposits.

 The THK Series: 18F-THK523, 18F- 
THK5105, 18F-THK5117, 
and 18F-THK5351

Since 2002, researchers at Tohoku University in 
Japan have been developing and screening small 
β-sheet binding molecules targeting misfolded 
proteins. Several derivatives were identified as 
potential tau imaging candidates [57, 58]. The 
first of these derivatives, 18F-THK523, showed 
low nanomolar affinity to tau fibrils, a 12-fold 
selectivity for tau over Aβ, and significant in vivo 
tracer retention in a tau transgenic mouse model, 
while failing to bind to non-AD tau lesions, or to 
α-synuclein deposits [59–61]. First-in-human 

V. L. Villemagne et al.



89

PET studies showed that while there was a signifi-
cant higher neocortical 18F-THK523 retention in 
AD patients than cognitively normal controls, in 
both groups the non-specific white matter reten-
tion was significantly higher than in gray matter, 
precluding visual inspection of the images [42]. 
Three novel derivatives, 18F-THK5105, 18F- 
THK5117, and 18F-THK5351, were developed 
[58]. Both 18F-THK5105 and 18F-THK5117 
showed higher binding affinity than 18F-THK523 
to uber phosphorylated tau-rich AD brain homog-
enates [58]. First-in-human 18F-THK5105 and 
18F-THK5117 (and its S enantiomer, 18F- 
THK5317) PET studies showed a robust visual 
and quantitative separation between AD patients 
and healthy control subjects in those brain areas 
known to have high burden of tau pathology in 
AD brains [43]. Furthermore, tracer retention was 
correlated with dementia severity and brain atro-
phy [43]. As described for 18F-AV-1451, the tau 
tracers of the THK series also show “off- target” 
unexplained high tracer retention in the striatum, 
even in cognitively unimpaired subjects, while 
THK5105 and THK5117 also have very high non-
specific retention in the midbrain, pons and cere-

bellar white matter. While the latest addition to 
the series, 18F-THK-5351 presented a much better 
kinetic profile, low metabolism, much lower 
white matter retention and higher signal-to-noise 
ratios than 18F-THK5105 and 18F- THK- 5117 [43], 
it mainly bound MAO-B, not tau. Recently, this 
group have developed a new highly selective tau 
tracer, 18F-SNFT-1, with very high affinity for 
tau aggregates [62, 63].

 18F-Flortaucipir (a.k.a. 18F-Tauvid®, 

18F-AV1451, 18F-T807)

A benzimidazole-pyrimidines derivative, 18F- 
T807 [64] (Fig. 6.3) with nanomolar affinity and 
more than a 25-fold selectivity for PHF-tau over 
Aβ, was identified by Kolb and colleagues [31, 
64, 66]. Initial human 18F-T807 PET studies 
showed cortical retention that followed the 
known distribution of PHF-tau in the AD brain 
(Fig. 6.3) low white matter retention, and a strong 
association with disease severity [31]. Acquired 
by Avid Radiophamaceuticals, it was rebranded 
AV1451, and later flortaucipir. Under the name of 

Fig. 6.3 Tau imaging in Alzheimer’s disease. 
Representative sagittal, transaxial, and coronal PET 
images in healthy elderly controls (HC) and Alzheimer’s 
disease (AD) patients obtained with different tau imaging 
radiotracers. From left to right, PET images were obtained 
with 18F-FTP (top left), 18F-MK6240 (top center), 18F- 

PI2620 (top right), 18F-RO948 (bottom left), 18F-PM- 
PBB3 (bottom center), and 18F-GTP1 (bottom right). In 
AD patients, there is marked cortical retention in mesial 
temporal, temporoparietal and posterior cingulate regions, 
sometimes extending to the frontal cortex. (Adapted from 
Doré et al. [65])
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Tauvid®, it is the only tau tracer approved by the 
FDA for clinical use.

Flortaucipir (FTP) is the most widely used tau 
tracer. Most of this chapter will address studies 
performed with FTP, from the initial clinical PET 
studies assessing tau (FTP) and Aβ (PiB) in healthy 
controls, MCI and AD patients [39, 40, 67] to the 
pre-mortem PET post-mortem correlation studies 
[68] that led to the approval by the FDA.

 11C-PBB3 and 18F-PM-PBB3

The 11C labeled tau tracer, 11C-PBB3, (Fig.  6.2) 
was developed by CHIBA which underwent a 
thorough preclinical evaluation [32, 69]. Although 
metabolite analysis revealed that only 2% of the 
parent compound remained at 5 min after injec-
tion, 70% of unchanged 11C-PBB3 was found in 
mice brain homogenates [69]. Clinical studies in 
cognitively unimpaired participants assessed with 
both 11C-PBB3 and 11C-PiB showed a different 
pattern of brain retention between the two tracers 
suggesting that at high specific activities 11C-
PBB3 selectively binds to tau [32]. A 11C-PBB3-
PET study in a patient diagnosed with CBD 
showed tracer retention in the basal ganglia, sug-
gesting 11C-PBB3 might bind other non- AD tau 
conformations. The problem is that 11C-PBB3 has 
a lipohillic radiolabeled metabolite that enters the 
brain [70]. Eventually the tracer was abandoned 
and a F-18 version was developed [71]. 18F-PM-
PBB3 presents a much better dynamic range, 
much better signal to background contrast 
although with increased off-target retention in 
choroid plexus [71] (Fig. 6.3). These PBB3 trac-
ers need to be handled with care because they 
undergo photoisomerization when exposed to 
light [69]. PBB3 and 18F-PI2620 are currently the 
only tau tracers that have also shown binding in 
primary 4R tauopathies like PSP and CBD.

 18F-PI2620

Initially developed by AC Immune and licensed to 
Life Molecular Imaging [54], 18F-PI2620 showed 
high cortical tracer retention in AD patients [72–

74]. (Fig. 6.3) As described for PBB3, 18F-PI2620 
also binds to 4R tauopathies [75] but requires 
dynamic imaging acquisition and imaging quanti-
fication to allow visualizing of the distinct regional 
distribution of 4R tau in PSP and CBD [55, 76] 
(Fig. 6.4). 18F-PI2620 has been used to show that 
potentially tau spreads throughout the brain fol-
lowing functional networks [77], and its binding 
kinetics allow to distinguish between primary and 
secondary tauopathies [78].

 18F-RO948

Developed by Roche it was initially tested by 
Wong and colleagues showing high cortical tracer 
retention in AD patients compared to cognitively 
normal controls [79], following the known distri-
bution of tau pathology in AD brains (Fig. 6.3) and 
reaching apparent steady state 3–4 h after injection 
[80]. 18F-RO948 was adopted by the Biofinder 
study in Sweden [81]. 18F- RO948 has a similar 
chemical scaffold as FTP, and in a head-to-head 
study, 18F-RO948 showed less off-target binding in 
basal ganglia and choroid plexus, although higher 
in the scalp [82]. Like FTP, 18F-RO948 has been 
shown to have high accuracy to distinguish AD 
from non-AD neurodegeneration [83].

 18F-GTP1/18F-T808

Like 18F-T807 (FTP), 18F-T808 was also devel-
oped by Kolb and colleagues [66]. While initial 
human PET studies showed that 18F-T808 pre-
sented with faster tracer kinetics than 18F-T807, 
reaching steady state during the scanning period, 
substantial defluorination was observed [66]. A 
PET-autopsy correlation case report in an AD 
patient who died 5 months after the 18F-T808 PET 
scan showed high agreement between the in vivo 
18F-T808 cortical retention and post- mortem fluo-
rescent PHF-tau staining [84]. Unfortunately, this 
tracer was abandoned due to defluorination. A 
deuterized version to prevent defluorination—
18F-GTP1—was developed by Genentech and 
tested in clinical studies [85] (Fig. 6.3). One par-
ticularity of this tracer is that it is probably the 
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Fig. 6.4 Tau imaging in AD and non-AD tauopathies. 
Representative sagittal, transaxial, and coronal DVR PET 
images in a healthy elderly controls (HC, top row) 
Progressive Supranuclear Palsy (PSP, second row) patient, 
a Corticobasal syndrome (CBS, third row) patient, and an 
Alzheimer’s disease (AD, bottom row) patient obtained 

with 18F-PI2620. There is typical cortical and subcortical 
tracer retention in PSP and CBS 4R tauopathies, which is 
also much lower that the retention observed in a 3R/4R 
tauopathy such as AD. (Images courtesy of Dr Matthias 
Brendel, University Hospital of Munich, LMU Munich, 
Munich, Germany)

only tau tracer that reaches apparent steady state 
within 90 min after injection in those with high 
density of tau pathology in the brain [85]. It has 
been shown that the degree of 18F-GTP1 retention 
in the brain is with level of cognitive function, and 
that it can also predict cognitive decline [86, 87].

 18F-MK6240

A recently introduced selective high-affinity 
3R/4R tau tracer, 18F-MK6240 [33, 88, 89], has 
shown high contrast images with low non- specific 
binding and negligible off-target binding in cho-
roid plexus and basal ganglia [88–93].

18F-MK6240 provides high contrast images 
with a large dynamic range of SUVR (Fig. 6.3). 
From a semiquantitative point of view, it has been 
previously shown that SUVR has a high correla-
tion with BPND and distribution volume ratio 
(DVR) [88, 89] and a test-retest variability <7% 
[94]. While off-target retention in meninges was 
observed in 8–10% of the cases, there was no off- 
target binding in choroid plexus and striatum as 
observed with FTP and PM-PBB3 and, to a lesser 
degree, with 18F-GTP-1 [85] and 18F-RO948 [95]. 
The absence of off-target binding in the choroid 
plexus is important because it allows the examina-
tion of MTL structures including the hippocam-
pus without having to account for the potential 
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spill-over from the choroid plexus or, in order to 
avoid performing complex corrections, discard 
from the analysis this region that plays a critical 
role in memory function and is affected early in 
AD. On the other hand, there are some cases with 
focal “off-target” accumulation of the tracer in the 
region of the clivus that might affect assessment 
of the parahippocampus [89]. As with most tau 
imaging tracers, there was also off- target reten-
tion in anterior midbrain, likely reflecting specific 
(saturable) binding to melanin [51]. In a head-to-
head study with FTP, 18F- MK6240 showed a 
larger dynamic range and higher contrast, and 
while there was no off-target binding in basal gan-
glia and choroid plexus, there was off-target bind-
ing to meninges and clivus [89].

18F-MK6240 can detect lower tau levels than 
earlier tau tracers, crucial for early detection of 
tau deposition and tracking small tau changes 
over time. Identification of regional cortical tau 
deposition has critical diagnostic and prognostic 
implications and should become a standard tool 
to identify individuals at risk, and outcome mea-
sure, in both anti-Aβ and anti-tau trials.

 18F-JNJ-067

Kolb and colleagues developed the most recent 
entry to the list of selective tau tracers, 
18F-JNJ- 064326067 (18F-JNJ-067) [96]. Initial 
clinical studies showed that it can distinguish AD 
from controls, but presented off-target binding in 
basal ganglia, midbrain, superior cerebellar gray, 
and white matter [97, 98]. Initial studies also 
observed that while it can differentiate AD patients 
from healthy older controls, that was not the case 
with MCI or PSP patients suggesting 18F-JNJ-067 
may not bind to low levels of AD-related tau 
pathology or 4R tau aggregates in PSP [98].

 Off-Target, Missed Target, 
and Unclear Binding

With the exception of FTP, current tau tracers 
have not yet been validated against neuropathol-
ogy and several case reports have highlighted the 

discrepancies between the preclinical in  vitro 
profile of, for example, FTP, the in vivo human 
PET studies [51, 99], as well as some ante- 
mortem/post-mortem inconsistencies [100, 101]. 
As these case reports show, these inconsistencies 
do not apply to 3R/4R tau paired helical filaments 
(PHF) found in AD, but mainly to the straight 4R 
tau filaments found in PSP and CBS. When PET 
studies in PSP patients are compared at a group 
level to controls, they show a distinct pattern of 
tracer retention in the pallidum, midbrain, and 
dentate nuclei of the cerebellum [102–104], but 
post-mortem case report studies on some of these 
patients failed to show binding of the tracer to 
these structures despite presenting the typical tau 
lesions [100, 101]. This may be due to a low 
binding affinity that cannot survive the series of 
washes required for the in vitro autoradiographic 
studies.

Another issue to consider is the degree of non- 
specific binding. For example, in a study by 
Baker and colleagues [105], it was established 
that ~60% of the FTP binding in low Aβ controls 
was non-specific, suggesting that it would be 
more difficult to detect small levels of early tau 
accumulation.

There is no tau tracer devoid of off-target 
binding. Choroid plexus are prominently 
observed with FTP, PM-PBB3, and GTP-1, tracer 
retention in basal ganglia is observed in studies 
with FTP, the longitudinal sinuses are very prom-
inent with PI2620, as skull/meninges with 
RO948, and retention in the meninges and clivus 
are frequently observed with MK6240. All tau 
tracers have some degree of binding to the ante-
rior midbrain that actually seems to be specific 
(saturable) binding to melanin [51].

Much more problematic is when these tracers 
bind to a different target as in the case of 
THK5351. In other words, what we call “off- 
target” might just be an “alternative” target. In 
this particular case, it has been shown that an 
hour after a single oral dose of 5 mg of selegiline 
there was about a 35% and 50% reduction in the 
cortical and basal ganglia THK5351 signal, 
respectively [62], and when a 5  mg selegiline 
regimen twice daily for 5  days was followed, 
more than 80% of the signal was lost [106]. This 
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suggests that THK5351 is mainly binding to 
monoamine oxidase B (MAO-B), clearly indicat-
ing that THK5351 is not suitable for selective tau 
imaging studies.

Another issue is the low hippocampal signal 
observed with some of these tracers, compounded 
by the erratic binding to choroid plexus adjacent 
to the hippocampus. While some have proposed 
that in the choroid plexus these tracers bind to 
β-sheet aggregated tau deposits [107] previously 
described in aged and AD brains as Biondi “ring” 
tangles [108] or to another β-sheet aggregated 
protein such as transthyretin, pigments such as 
lipofuscin, or calcifications [99, 108, 109], 
in vitro autoradiographic studies failed to detect 
tracer binding in choroid plexus or striatum [51, 
101]. The low signal in the hippocampus in rela-
tion to the entorhinal cortex might actually reflect 
different concentrations of PHF-tau in the two 
regions, where the reported concentration of 
PHF-tau in the entorhinal cortex is almost twice 
the one observed in the hippocampus [110].

 Tau Quantification and Sampling

Tau tracers differ in their molecular structures 
which is reflected in different tau binding affini-
ties, in vivo kinetics, degree of non-specific bind-
ing, different regional patterns of “off-target” 
binding, leading to disparity in PET-derived mea-
surements across tracers. Furthermore, variations 
in scanning protocols and quantification pipe-
lines even when using the same tau tracer, further 
increases inconsistencies, decreasing reproduc-
ibility. It is important to remember that most of 
these tau tracers do not reach apparent steady 
state during the scanning period, and while the 
use of tissue ratios was adopted early in the 
implementation of these tracers, kinetic charac-
terization should lead to optimization of scanning 
protocols [80, 85, 111, 112]. Moreover, the avail-
ability of different tau tracers in use by different 
centers is a challenge for the comparison of the 
results across sites, which is also a problem when 
implementing an international multicenter thera-
peutic trial. In a similar way this problem was 
addressed with the different Aβ tracers that were 

linearly transformed into a universal scale, the 
Centiloids (CL). We are implementing a similar 
approach toward a universal tau mask and scale 
through a multinational collaborative project for 
the six most commonly used tau radiotracers: 
FTP, MK6240, PI2620, PM-PBB3, RO948, and 
GTP-1 (Fig. 6.3). The first step was to construct a 
universal cortical mask based on the intersection 
of the subtraction of the signal in Aβ  +  AD 
patients and Aβ− controls. This global mask also 
avoids sampling the different off-target regions 
idiosyncratic for each tracer [65]. This was fol-
lowed by the creation of four regional masks—
mesial temporal, metatemporal, temporoparietal, 
and frontal—that were limited to the areas com-
mon to all six tau tracers. Then we developed a 
universal scale—the CenTauR—[113] to be 
applied both regionally and globally, either 
adopting a z-score—CenTauRZ—or a linear 
transformation—CenTauRES—while ensuring a 
same abnormality threshold value across tracers 
[114]. Adopting a similar approach, but using 
Gaussian mixed modeling, we constructed a uni-
versal cerebellar cortex refence region that avoids 
common off-target binding regions like the head 
of the vermis and the meninges. Head-to-head 
studies across tracers, and only a few were con-
ducted to date [82, 115], will also help under-
stand and address the differences across tracers.

Another aspect that impacts clinical interpreta-
tion is how and what regions of the brain to sam-
ple, and what should be considered “high” or 
clinically meaningful tau signal [116]. Given the 
low spatial resolution of PET, its counterproduc-
tive to impose a neuropathological piecemeal 
Braak and Braak staging [19], not even a better 
defined ten stages of Delacourte [18] to the sam-
pling of tau imaging studies [67, 93]. Given the 
variability of the staging, neuropathologists them-
selves reduce them to three stages (0–I–II, III–IV, 
and V–VI). On the other hand, several authors 
have shown that data driven approaches [77, 117, 
118, 119] are better suited to capture the tau distri-
bution, tau levels and tau progression in tau PET 
studies. Sampling of Braak I, II, and even III will 
make the partial volume effects more critical. 
Atypical presentations of tau deposits, and how 
they relate to the clinical phenotype [120, 121], are 
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missed by the incrementally sequential Braak and 
Braak staging. Several cognitive domains inti-
mately related to tau deposition do not match the 
Braak and Braak staging either [122]. Applying 
the Braak and Braak or Delacourte staging [18, 
19] is further complicated by the different neuro-
pathological subtypes of tau deposition [123]. 
From the pathological subtypes only the typical 
(reported to be between 55 and 75% in different 
series) [124–126] fulfills the required sequential 
Braak and Braak stages. Several reports have 
shown that a metatemporal region [127] or a tem-
poroparietal (and post- cingulate) AD-signature 
region [128, 129] outperform the Braak and Braak 
staging for the early detection of cortical tau, to 
establish the differential diagnosis of AD vs. non-
AD neurodegenerative conditions [130], as well as 
to capture the longitudinal changes in cortical tau 
[119, 131]. These regions seems to perform reli-
ably across different centers and using different 
tracers, and despite these tracers presenting differ-
ent dynamic ranges, they yielded the same cut-off 
for abnormality in different cohorts [132]. While 
the use of tau imaging for disease staging is 
strongly recommended [133] the use of neuro-
pathological staging should be applied carefully, 
not as an a priori condition, but as the result of the 
actual observed pattern of tau deposition on the 
PET images.

Furthermore, it has been shown that tau imag-
ing, at least with FTP [68], can reliably detect a 
B3 stage (equivalent to Braak V–VI), so trying to 
use this tracer for detection of lower Braak stages 
(I–III) would yield less reliable results.

 The AT(N) Research Framework

Neuroimaging studies have shown that about 
25% of cognitively unimpaired individuals 
exhibit evidence of “AD-like” neurodegeneration 
in the absence of Aβ deposition [134, 135], cor-
roborating the notion that neurodegenerative 
changes such as hippocampal atrophy, while 
almost always present in AD, are non-specific of 
AD, and can be found in other non-AD neurode-
generative conditions such as limbic- predominant 
age-related TDP-43 encephalopathy (LATE) 

with hippocampal sclerosis [136, 137] or in pri-
mary age-related tauopathy (PART) [138].

About a decade ago, biochemical and imaging 
biomarkers were proposed as part of the new 
diagnostic criteria for Alzheimer’s disease [139–
141], MCI [142], and preclinical Alzheimer’s 
disease [143].

Along these precise lines, and in a similar way 
as is routinely applied in oncology [144], it has 
been proposed to refine the assessment of elderly 
individuals using biomarkers, ascertaining not 
only the presence or absence of Aβ pathology 
with either PET imaging, plasma or CSF, neuro-
degeneration with cortical or hippocampal atro-
phy as measured by MRI [145], glucose 
hypometabolism as measured by FDG PET 
[146], plasma or CSF Neurofilament Light (NfL) 
[147]. but also incorporating tau status based on 
tau imaging or CSF or plasma p-tau [148]. Thus, 
as the criteria for AD evolves, and is defined by 
its biology, imaging of protein aggregates of Aβ 
and tau is likely to play an increasingly crucial 
role as these techniques are affordably translated 
into clinical practice [149].

 Tau Imaging in Alzheimer’s Disease

In AD, a wealth of genetic, cellular and biochem-
ical evidence points at Aβ as being an essential 
part of a cascade of events preceding and poten-
tially leading to tau deposition, neurodegenera-
tion and dementia [150, 151]. While this supports 
the value of Aβ as an early biomarker of AD, 
post-mortem and Aβ imaging studies with PET 
have clearly demonstrated that Aβ plaque density 
is poorly associated with cognitive impairment in 
AD [152, 153]. In contrast, the density of neuro-
fibrillary tangles (NFT) is strongly associated 
with cognitive impairment and neurodegenera-
tion [152, 154–156]. These patterns could be 
described by different trajectories of Aβ and tau 
deposition, with Aβ deposits advancing and 
reaching a plateau earlier in the disease process 
than tau pathology which keeps continuously 
accumulating across clinical disease stages. 
Furthermore, studies reported that Aβ oligomers 
are toxic to synapses [157–159] and that Aβ asso-
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ciation with cognitive decline in AD is mediated 
by tau [160–162]. Furthermore, there is a 25–35% 
prevalence of Aβ deposits in cognitively unim-
paired individuals [163–165]. Put together, these 
studies suggest that Aβ is an early and necessary, 
though clearly not sufficient, cause for cognitive 
decline in AD [166], indicating that other mecha-
nisms, such as neuroinflammation, either trig-
gered or not by Aβ, contribute to synaptic failure 
and eventually neuronal loss.

Initial tau PET imaging studies of AD demon-
strated that the regional pattern of tau tracer reten-
tion in the brain corresponded to the known 
distribution of aggregated tau pathology in autopsy 
brain tissue [18, 19] (Fig. 6.3). PET alterations in 
tau are intimately associated with cognitive perfor-
mance [87], and that high tau PET signal in 
Aβ + individuals can predict cognitive decline in 
the short term [86, 167, 168], much better than Aβ 
PET signal alone [169]. Tau tracer retention has a 
close global and regional relationship with imag-
ing markers of neurodegeneration such as MRI 
measures of cortical gray matter atrophy or 18F-
FDG PET [170–172] while also being highly pre-
dictive of changes in gray matter atrophy and 
glucose metabolism in the short term [173, 174]. 
Some studies have shown that tau imaging is 
highly specific and has exquisite differential diag-
nostic accuracy against other neurodegenerative 
conditions at the advanced stages of AD dementia, 
although it is much less accurate at the prodromal 
(MCI) stage of AD [95, 130]. Tau imaging has 
even been proposed as a “one-stop shop” for the 
evaluation of dementing neurodegenerative condi-
tions [175]. To date, all tau PET tracers have pres-
ent drawbacks such as “off-target” retention areas 
in the choroid plexus, basal ganglia, longitudinal 
sinuses or meninges [99] and some show strong 
binding to monoamine oxidase B (MAO-B) 
instead of tau [62]. Moreover, some of these trac-
ers’ high non- specific binding likely precludes 
detection of low levels of tau deposition [105]. 
This might explain why 18F-FTP has very high 
accuracy in severe AD cases with Braak stages V–
VI [68] while it might be much less accurate at 
detecting earlier stages of tau pathology.

In contrast to CSF or plasma biomarkers, tau 
imaging provides insight into the regional distri-

bution of tau pathology in the brain (Fig.  6.3). 
Given the close relationship between tau pathol-
ogy, cognitive impairment, and neuronal injury, 
the ability of tau PET to assess both density, 
extent and regional distribution of tau pathology 
in the brain can be used for disease staging and to 
predict clinical progression. While Aβ PET imag-
ing studies have shown that the actual global 
amount of Aβ in the brain is more relevant than 
the regional Aβ distribution as an early driver of 
cognitive decline, post-mortem and initial imag-
ing studies of tau indicate that not only the 
amount of tau deposition, but also—or mainly—
their topographical distribution in the brain [18, 
176] might be more relevant and more tightly 
associated with neurodegeneration and cognitive 
decline. While most of the research and clinical 
applications of tau PET imaging are identical to 
those of Aβ PET imaging (Table  6.1), some 
potential applications, like disease staging, track-
ing disease progression, or as surrogate or out-
come marker for an anti-Aβ or anti-tau therapeutic 
trial are better served by assessing tau 
pathophysiology.

Several groups have reported a robust differ-
ence in tau tracer retention between cognitively 
normal elderly controls and Aβ  +  AD patients 
[39, 40, 67, 177–179], as well as in atypical 

Table 6.1 Applications of tau imaging

•  Accurate and early diagnosis of the underlying 
pathology

•  Assessment of the spatial and temporal pattern of 
abnormal tau deposition and its relation to age, 
cognitive performance, disease progression, 
genotype, and other disease biomarkers

•  Validation of new imaging, genetic, cognitive, and 
fluid biomarkers

   – Disease staging and prognosis
   –  Identification of at-risk individuals allows early 

disease-specific interventions
• Disease-specific trials
   – Patient selection
   –  Establish target floor (and ceiling) values for 

inclusion criteria
   – Proof of target engagement
   –  Identification of optimal time window for 

intervention
   –  Monitor effectiveness/surrogate marker/outcome 

measure
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Alzheimer’s disease presentations where tau 
tracer regional retention—not Aβ as assessed by 
PiB—matched the clinical phenotype [180–182]. 
Furthermore, 18F-FTP retention, especially in the 
temporal lobe, correlated with CSF tau levels 
[183, 184]. Tau PET imaging is helping elucidate 
the relationship between tau pathology and cog-
nition, where increasing cortical tau levels in 
Aβ + individuals were associated with increasing 
impairment in several cognitive domains [67, 
184, 185].

Interestingly, most PET imaging studies of 
AD are showing that while mesial temporal tau 
signal is high irrespective of neocortical Aβ lev-
els, high tau signal in neocortical regions is in 
more than 95% of the cases associated with high 
neocortical Aβ load, suggesting detectable (i.e., 
above PET threshold level) neocortical Aβ pre-
cedes detectable cortical tau. Moreover, the asso-
ciation between tau levels and age increases in 
the presence of Aβ [67]. Tau PET imaging studies 
are showing not only that tau tracer retention fol-
lows the known regional evolution of aggregated 
tau pathology in the brain [19, 186], but also its 
close relationship with markers of neuronal met-
abolic and degenerative changes such as FDG 
PET or cortical gray matter atrophy [172, 173, 
187].

In contrast with cortical tau PET signal, post- 
mortem reports from the early 70s [188] reported 
the presence of tau pathology in the mesial tem-
poral cortex in both demented and non-demented 
individuals. Similar findings were later reported 
by Price and Morris [163] and by Delacourte and 
colleagues [18], the latter stating that “tauopathy 
of the hippocampal formation in humans is age- 
related but not an age-dependent process, also 
independent of AD, but amplified by APP dys-
functions” [186]. Amidst some controversy, this 
almost 50-year old observation [188] has been 
recently rebranded as PART [138, 189–191]. It is 
believed that this age-related tau accumulation in 
the mesial temporal cortex might have mild albeit 
significant Aβ-independent effects on cognition 
[192] as well as hippocampal atrophy [191, 193, 
194]. If we also consider cortical Aβ, it has been 
observed that high mesial temporal tau and high 

diffuse cortical Aβ are both present in some cog-
nitively unimpaired elderly individuals suggest-
ing that these “early” pathologies might not be 
sufficient to cause significant cognitive impair-
ment, impairment that is only manifest when tau 
deposits accumulate more substantially in the 
mesial temporal lobe and also involve cortical 
polymodal and unimodal association areas of the 
brain, the point when neocortical Aβ plaque load 
has already reached high levels [42]. Longitudinal 
selective tau imaging in combination with Aβ 
imaging studies are assessing if, how and how 
much Aβ accelerates and/or triggers the growth 
of tau deposits outside the mesial temporal cor-
tex, and if this initial dissemination into cortical 
association areas is manifested as insidious and 
incipient objective cognitive impairment known 
as MCI [163, 186]. Post-mortem data suggest 
that further evolution of tau pathology in the 
remaining cortical areas is usually observed in 
individuals with severe cognitive deterioration 
and dementia [163, 186]. There is emerging evi-
dence of this “neuropathological sequence” of 
events that will need to be verified by assessing 
pre-mortem and post-mortem studies, as it is one 
of the crucial issues being addressed by combin-
ing Aβ and tau imaging studies [151].

While the vast majority of AD patients present 
with both high Aβ and high tau PET levels [39, 
67, 181], about 15–20% of subjects diagnosed as 
probable AD and with high neocortical Aβ in the 
brain, have subthreshold levels of neocortical tau 
tracer retention. This might be related to differen-
tial regional onset of Aβ (neocortex) and tau 
(entorhinal cortex/hippocampus) pathologies, as 
defined by Thal phases [195] and Braak stages 
[196] respectively. Additionally, it might either 
reflect a limitation of the currently available trac-
ers (f.e. binding affinity, isoform selectivity, 
tracer kinetics, and/or metabolism, etc.), differ-
ences in the conformation of tau aggregates, as 
has been observed in some cases of Aβ imaging, 
low concentration of binding sites or low affinity 
for pretangle pathology, especially observed at 
the early stages of cortical tau deposition, con-
centrations that can be below the threshold of 
detectability by current PET scanners (which 
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depends on the regional density of binding sites 
that, compounded with partial volume effects in 
small or atrophic brain areas, might not be able to 
yield accurate readout of low-level tau pathology 
in the brain), or a problem derived from the 
thresholds used to determine high and low tau 
(although some of the cases have almost no 
detectable tau tracer retention). Or a combination 
or interaction between some or all of the above. 
Another possible confounder is misdiagnosis, 
where high Aβ in the brain and an amnestic pre-
sentation, which certainly indicates that these 
patients are on the AD pathway, might not yet be 
in the dementia stage, stage usually associated 
with widespread cortical tau deposits. 
Longitudinal studies of the cognitive trajectories 
are being conducted in order to elucidate the sig-
nificance of this phenomenon.

 Tau Imaging in Neurodegenerative 
Dementias and Non-AD 
Tauopathies

Although most tau these tracers were designed 
for binding 3R/4R paired helical filaments—the 
most prevalent tau isoform and conformation in 
AD—tau imaging is permitting assessment of 
other neurodegenerative conditions such as DLB 
where tau tracer retention follows a similar brain 
distribution than in AD but to a lower degree and 
a lower prevalence [197, 198]. Tau imaging has 
also been used to asses participants with Down 
Syndrome, where the pattern of brain tau tracer 
retention was very similar to the one observed in 
AD [199, 200]. Conversely, the brain pattern of 
tau tracer retention was different in participants 
with Niemann Pick type C disease [201].

While most of tau tracers do not bind to 3R 
tau, tau imaging has been somewhat helpful in 
cases of frontotemporal lobar degeneration with 
MAPT mutations [202–204], the high tracer 
retention in cases of the semantic variant of 
FTLD, which is characterized by the transloca-
tion and aggregation of TDP-43 not tau, remains 
unexplained [205]. Initial studies in primary 
tauopathies showed little or no binding to 4R 

aggregated tau, and a slight difference at a group 
level, where the typical regional distribution of 
tau deposits aided in the differential diagnosis of 
these disorders that might initially present as 
either aphasia or Parkinsonism [103, 104]. While 
the search for a selective 3R and/or a 4R tau 
tracer continues, the introduction of newly devel-
oped tau tracers—namely PI-2620 and 
PM-PBB3—allow imaging and quantification of 
4R tau in primary tauopathies. Such as PSP and 
CBD [55, 76, 206, 207] (Fig. 6.4).

Chronic traumatic encephalopathy (CTE) is, 
according to neuropathological diagnostic crite-
ria, a neurodegenerative 3R/4R tauopathy associ-
ated with a history of repetitive head trauma. 
Despite being a 3R/4R tauopathy, the folding of 
the tau fibrils as assessed by Cryo-EM are slightly 
different from the folding of the tau fibrils in AD 
[26]. The pattern of tau tracer retention in symp-
tomatic retired football players with a history of 
repetitive head trauma [208, 209] matches the 
known distribution of tau aggregates at Stages 3 
and 4 of the McKee classification of CTE [210, 
211], with high tau in superior frontal and mesial 
temporal regions, in stark contrast to the predom-
inantly posterior tau deposition observed in 
patients with AD dementia [185].

When tau pathology accumulates in the mesial 
temporal lobe in the absence of detectable Aβ 
pathology, it is usually referred to as primary age- 
related tauopathy (PART) [138]. Given that there 
is a high prevalence of some degree of tau pathol-
ogy in the mesial temporal lobe in individuals 
cognitively performing within normal limits [67, 
212], PART is often regarded as a feature of the 
aging process [138]. PART is part of the reason 
why tau tracer retention exclusively in the mesial 
temporal lobe should not be used to categorize a 
patient as T+. On the other hand, PART might not 
be as benign as commonly thought, where Aβ− 
individuals with high mesial temporal tau, while 
performing within the normal limits for their age, 
presented with significant worse cognitive per-
formance that their age-matched Aβ− individuals 
with low mesial temporal tau [192]. Furthermore, 
high mesial temporal lobe tau could also be a har-
binger of cortical tau [192].

6 Traits and Trammels of Tau Tracer Imaging
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 Relationship with Tau Biofluid 
Biomarkers

While most uber phosphorylated tau will accu-
mulate retrogradely into the somatodendritic 
compartment leading to intracellular (“classic”) 
neurofibrillary tangle formation, soluble tau is 
also released into the intrasynaptic/interstitial 
space. There have been tremendous recent 
advances in the development and implementation 
of biofluid biomarkers, especially those measured 
in plasma [213, 214] to the point that appropriate 
criteria for their use has been recommended [215]. 
Several plasma p-tau markers has been proposed: 
p-tau181 [216], p-tau217 [217], and p-tau231 
[218] and while they correlate well with tau PET, 
they tend to correlate even better with Aβ imag-
ing. This is likely related to the progressive con-
formational changes of tau as it folds and 
aggregates where different phosphorylated epit-
opes are exposed in relation to these conforma-
tional changes, making different sites accessible 
to kinases at the different stages of tau aggrega-
tion. Further phosphorylation and post- 
translational modifications lead to further 
conformational changes making other tau epit-
opes accessible to kinases. The order of early and 
late phosphorylation sites is likely the result of 
conformational changes which are, in turn, influ-
enced by phosphorylation and other post-transla-
tional modifications of tau. To better understand 
these relationships, we need to consider there are 
at least three major types of AD-relevant tau 
pathologies: tau aggregates abundant in dystro-
phic neurites (DN) surrounding neuritic Aβ 
plaques [219], neurofibrillary tangles (NFTs), and 
neuropil threads (NTs) [220]. These distinct tau 
pathologies might have different temporal onsets 
and functional consequences on neural activity 
and behavior. Early consolidation of Aβ in plaques 
leads to DN formation around them, but not all 
DN have NP tau (especially at the very early 
stages) [221, 222]. Therefore, it is reasonable to 
speculate that these early plasma p-tau biomark-
ers reflect the “neuritization” of plaques. 1 That 

1 As postulated by Zetterberg, H; Hansson, O; and 
Villemagne, VL.

would explain why early plasma markers such as 
p-tau217 and p-tau231 are better related to aggre-
gated Aβ than to aggregated tau as assessed by tau 
PET.

This will also help explain the discordancy 
with or time lag between soluble tau in plasma/
CSF and imaging insoluble tau becoming abnor-
mal, because, as we observed with Aβ, given the 
sensitivity of the respective assessing techniques, 
soluble pools of the protein become detectable 
earlier than insoluble pools assessed by imaging. 
Furthermore, the current tau tracers tend not to 
bind to early stages of tangle formation (pretan-
gle) [99], added to the very low levels of p-tau 
aggregates in these cells at this stage, and PET 
requiring a certain density of tau (binding sites) 
to generate a detectable signal.

 Tau Imaging in Therapeutic Trials

Tau imaging has started to be used in therapeutic 
trials, both as inclusion criteria as well as out-
come measure. A small number of participants 
underwent tau imaging in trials with aducanumab, 
an Aβ-targeting monoclonal antibody [223]. 
Despite the small sample size of those who 
underwent tau imaging, results show a clear sig-
nificant reduction in the tau signal after adu-
canumab treatment [224]. It is difficult to explain 
why insoluble tau decreases, after administration 
of a drug intended to clear (reduce) brain Aβ lev-
els. If Aβ promotes neocortical tau aggregation, 
we would expect that the anti Aβ treatment can 
result in slowing or blunting of tau accumulation 
in the brain. Considering that the PET signal cor-
responds to post-mortem total tau burden, includ-
ing tau neurites (threads) and tangles [225], one 
possible explanation is that part of the tau PET 
signal also comes from the dystrophic neurites 
around the plaques and the inflammatory reaction 
that is triggered by aducanumab—that also leads 
to amyloid-related imaging abnormalities 
(ARIA)—may remove dystrophic tau neurites 
around plaques, therefore leading to a reduction 
in the tau imaging signal. Post-mortem analyses 
of brain tissue after aducanumab treatment are 
required to shed light on this conundrum.
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The best designed anti-Aβ trial to date 
included tau imaging in the participant selection 
[226]. Donanemab, like aducanumab [224], gan-
tenerumab [227], and lecanemab [228], lead to 
robust and significant reductions of insoluble Aβ 
in the brain. It also leads to a modest cognitive 
response. What made the donanemab trial differ-
ent is the inclusion of tau imaging where partici-
pants were selected only when they presented 
moderate levels of cortical tau [226]. The ideal 
inclusion criteria and/or the optimal window for 
an anti-Aβ therapy suggests the amount of Aβ in 
the brain to be between 15 and 50 CL, when there 
is no or little cortical tau [229]. Certifying that 
cortical tau is present, even at moderate levels, 
will likely blunt any cognitive effect of the Aβ 
reducing therapy. The best design or outcome 
from an imaging point of view would be to show 
that the placebo group develops and accumulates 
cortical tau pathology—and subsequent cogni-
tive decline [167, 168]—while the treated group 
does not. In a way, this is already illustrated in the 
donanemab trial [226]. While there were no sig-
nificant differences in global tau, the figures of 
regional tau accumulation in Supplementary 
Materials show a significant effect in reducing or 
slowing tau accumulation, greatest in the frontal 
lobe which is one the last regions in the brain that 
starts accumulating tau. Furthermore, when 
grouping the participants based on their baseline 
tau burden, those with the lowest tau burden 
showed the most significant cognitive response, 
while those with the highest tau burden in the 
brain showed none. 2 These findings suggest that, 
in an anti-Aβ trial, very little or no cortical tau at 
inclusion will likely translate into a strong cogni-
tive effect.

 Concluding Remarks

The neurodegenerative process usually begins 
decades before clinical symptoms are evident, 
making early clinical identification difficult. In 
the absence of sensitive biomarkers, this pre-

2 https://www.alzforum.org/news/conference-coverage/
donanemab-confirms-clearing-plaques-slows-decline-bit.

cluded early intervention with, when available, 
disease-modifying medications during the pre- 
symptomatic period, which by preventing neuro-
nal loss would likely achieve the maximum 
benefits of those therapies [166]. Therefore, a 
change in the diagnostic paradigm is already hap-
pening, with diagnosis moving away from identi-
fication of signs and symptoms of neuronal 
failure—evidence that central compensatory 
mechanisms have been exhausted and extensive 
synaptic and neuronal damage is already pres-
ent—to the non-invasive detection of specific 
biomarkers for particular traits underlying the 
pathological process [139, 230, 231] and, as in 
neuropathology, defining the disease in biologi-
cal terms [148], where biochemical and neuroim-
aging biomarkers are ideal for the identification 
of at-risk individuals before the development of 
the typical phenotype as well as predictors of 
cognitive decline. This principle is also guiding 
the approach to disease-specific therapeutic tri-
als, where the use of biomarkers is allowing 
shorter trials with a smaller sample size by its use 
for adequate patient selection, proof of target 
engagement, as well as outcome measures. It also 
seems to be a growing consensus that to be effec-
tive not only disease-specific therapy needs to be 
given early in the course of the disease, even 
before symptoms appear [232], but that down-
stream mechanisms, co-morbidities as well as 
lifestyle factors also need to be addressed to suc-
cessfully prevent the development of AD.  We 
also need to understand that while biomarkers 
allow to confirm target engagement and efficacy 
in removing or stopping accumulation of patho-
logical protein aggregates, they cannot replace 
cognitive or standards of daily living measures. 
The addition of tau imaging to the biomarker 
panel for AD allows for more accurate disease 
staging and prognosis, and will determine if Aβ 
and/or tau have an independent and/or synergistic 
effect on cognition, if this effect is sequential or 
parallel, and if, and at what stage of the disease, 
one of them becomes—or stops being—the 
driver of cognitive decline. This knowledge is 
playing a crucial role In the design of anti-Aβ 
and/or anti-tau therapeutic trials, allowing the 
determination of a personalized optimal window 
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for therapeutic intervention. As has been shown 
in cancer and AIDS therapeutics, it is unlikely 
that a single disease-modifying agent will be 
effective in arresting or delay cognitive decline. 
Therefore, in order to implement a successful 
therapeutic strategy, it might be necessary to 
combine disease-specific agents with non- 
disease- specific therapeutics (e.g., anti- 
inflammatories, cholinesterase inhibitors, 
anti-hypertensives, etc.) and lifestyle interven-
tions (focused on diet, exercise, sleep, etc.), while 
simultaneously addressing co-morbidities (dia-
betes, cardiovascular disease, etc.).

In vivo imaging of tau allows a deeper insight 
into the spatial and temporal evolution of AD 
pathology, facilitating research into the patho-
physiology, diagnosis and treatment of those neu-
rodegenerative conditions where tau plays a role.

Tau imaging with PET has come of age. 
Further studies will continue to define, revise, 
and refine the role of tau in neurodegenerative 
conditions.
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7Dopaminergic Nerve Terminal 
Imaging Across the Spectrum 
of Aging, Idiopathic Rapid Eye 
Movement (REM) Sleep Behavior 
Disorder, Parkinsonism 
and Dementia

Yoshiaki Ota, Prabesh Kanel, Jaimie Barr, 
C. Chauncey Spears, and Nico Bohnen

 Introduction

Recently, various neuroimaging techniques such 
as structural MRI, functional neuroimaging using 
DTI and fMRI, and metabolic neuroimaging 
using PET and SPECT have been widely used for 
visualizing the brain’s regional pathologic fea-
tures, assessing disease progression, and moni-

toring treatment effects for movement disorders, 
such as Parkinson’s disease (PD), atypical 
Parkinsonian syndromes (APS), and other neuro-
degenerative diseases [1]. This chapter will sum-
marize the key mechanisms of each neuroimaging 
technique with a particular emphasis on presyn-
aptic nerve terminal dopaminergic molecular 
imaging, and the clinical application of these 
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imaging techniques across the spectrum of aging, 
parkinsonism, and dementia.

 Dopaminergic (DA) Targets/
Ligands: DAT, DA Synthesis, VMAT2, 
DA Receptors

Dopamine (DA) is an important neurotransmitter 
responsible for control of movement. Axonal 
projections from the substantia nigra dopaminer-
gic neurons give rise to an extensive network of 
axonal processes that innervate the basal ganglia. 
Lower nigrostriatal availability of DA is a hall-
mark of neurodegenerative parkinsonism. 
Dopaminergic projections from the ventral teg-
mental area (VTA) innervate the anteroventral 
striatum (nucleus accumbens) and the mesolim-
bic and mesofrontal cortices. In this section, we 
will review dopaminergic targets and ligands of 
molecular imaging.

 Dopamine Transporter (DAT)

DAT is a transmembrane sodium chloride depen-
dent protein that is expressed in presynaptic 
dopaminergic cells. Reduction of DAT is caused 
by loss of the nigral neuron cell bodies, axons, or 
nerve terminals, which is characteristic in PD [2, 
3]. DAT is responsible for DA reuptake from the 
synaptic cleft and has a critical role in the spatial 
and temporal buffering of DA levels in the synap-
tic cleft [4]. [123I]-FP-CIT [123I]-ioflupane is the 
most commonly used radiotracer of the DAT 
ligand in clinical settings and can show signifi-
cantly reduced striatal uptake of the radiotracer in 
specific posterior-to-anterior and asymmetric 
striatal denervation patters in PD. Early reduction 
of uptake progresses from the dorsal and poste-
rior putamen correlates with disease severity and 
duration in PD [5]. There are other DAT ligands 
of SPECT such as [99m]Tc-TRODAT [6], [123I]-β- 
CIT [7], and [123I]-IPT [8], and [18F]-FP-CIT [9], 
which may have different kinetic and more 
advantageous imaging properties [10]. DAT- 

SPECT and PET allows us to reveal the integrity 
of the nigrostriatal and ventral tegmental dopami-
nergic pathways and provide robust biomarkers 
of dopaminergic neuronal degeneration in PD 
[11].

 Dopamine (DA) Synthesis

DA is a neurotransmitter produced by dopami-
nergic neurons and is synthesized from the amino 
acid tyrosine [12]. Tyrosine hydroxylase enzymes 
transform tyrosine ammino acids into L-DOPA, 
the precursor of the neurotransmitter dopamine 
[12]. The degree of accumulation of the L-6-[18F] 
fluoro-3,4-dihydroxyphenylalanine ([18F]-DOPA) 
PET ligand, which is an analog of L-DOPA, can 
measure the functional integrity of presynaptic 
dopaminergic synthesis and visualize the activity 
of aromatic amino acid decarboxylase (AADC), 
which converts [18F]-DOPA to [18F]-dopamine 
[13].

 Vesicular Monoamine Transporter 
Type 2 (VMAT2)

After DA synthesis, VMAT2, which is an integral 
protein located in the presynaptic vesicular mem-
brane, translocates DA from the cytoplasm into 
vesicles that then release DA into the synaptic 
cleft [12]. [11C]-dihydrotetrabenazine 
([11C]-DTBZ) and [18F]-FP-DTBZ PET ligands 
both have high affinity toward VMAT2 and allow 
for the assessment of the integrity of the presyn-
aptic dopaminergic in the nigra, VTA or at the 
level of the striatum [14].

 Dopamine (DA) Receptors

After release into the synaptic cleft, DA binds to 
and activates both presynaptic and postsynaptic 
DA receptors. DA binding to D1-like receptors in 
the postsynaptic terminal can potentiate α-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic acid 
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Fig. 7.1 A scheme of dopamine synthesis pathway and 
radiotracers for dopaminergic molecular imaging. 
Tyrosine hydroxylase (TH) converts tyrosine to L-DOPA, 
which is then converted to dopamine (DA) by aromatic 
L-amino acid decarboxylase (AAAD). Dopamine is 
stored in vesicles and its release is triggered by action 
potentials. Dopamine transmits signals from the pre- to 
the postsynaptic neuron by binding to postsynaptic recep-
tors (D2 and D3) and activating a cascade of events in the 
postsynaptic neuron. Dopamine reuptake is performed by 
dopamine transporters (DAT) into the presynaptic neuron, 

and then dopamine is transported back into the vesicle by 
vesicular monoamine transporter type 2 (VMAT2). The 
available tracers for each domain are listed in the scheme. 
11C-DTBZ 11C-dihydrotetrabenazine, 18F-DTBZ 
11C-dihydrotetrabenazine, 18F-DOPA 
18F-fluorodeoxyphenylalanine, 123I-FP-CIT 123I-ioflupane, 
123I-β-CIT 123I-2β-carbomethoxy-3 beta-(4-iodophenyl) 
tropane, 99mTc-TRODAT-1 99mTc-tropane for imaging 
dopamine transporter, 11C-D-TMP 11C-trimethoprim, 
123I-IBZM 123I-iodobenzamide, 11C-PHNO 
11C-4-propyl-9-hydroxynaphthoxazine

(AMDA) and N-methyl-D-aspartate (NMDA) 
currents, while DA binding to D2-like receptors 
in the postsynaptic terminal can reduce these cur-
rents. These opposite mechanisms modulate the 
synaptic plasticity [12]. Figure 7.1 demonstrates 
dopamine synthesis pathway and available radio-
tracers for imaging of the dopaminergic 
systems.

 Normal Aging and Age-Accelerated 
Striatal Dopaminergic 
Degeneration (AASDD)

Dopaminergic nigrostriatal losses shown using 
DAT and VMAT2 ligands have been associated 
with normal aging (Fig. 7.2) [15, 16]. DAT losses 
between 5 and 8% per decade of life since young 
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a b

Fig. 7.2 DAT PET ([11]C-βCFT) and normal aging: Age- 
Accelerated Striatal Dopaminergic Degeneration 
(AASDD) and motor effects in non-PD persons. Age- 
accelerated striatal DA losses and presence of mild clini-
cal parkinsonism in non-PD older adults (modified from 
reference (15)). (a) Scatter plot showing striatal DAT 
binding for normal aging and age-associated striatal dopa-
minergic degeneration. (b) Vesicular monoamine trans-

porter type 2 [11C] dihydrotetrabenazine (DTBZ) 
parametric PET scans of the basal ganglia showing stria-
tum DTBZ binding for AASDD (lower case) versus no- 
AASDD (upper case) patients. The AASDD patients show 
lower diffuse striatal DTBZ binding compared to those 
with no AASSD. Note the absence of a specific posterior- 
to- anterior and/or asymmetric denervation gradient in 
AASDD

adulthood may manifest as minimally symptom-
atic parkinsonism in older adults in the absence 
of a typical posterior-to-anterior striatal denerva-
tion gradient [15]. A recent study showed that 
white matter vascular lesions in the presence of 
age-associated nigrostriatal losses may result in 
more symptomatic parkinsonism, and this may 
be one of the potential mechanisms of VaP [17]. 
There is substantial heterogeneity of age- 
associated nigrostriatal losses in older adults that 
corresponds to the severity of parkinsonian motor 
ratings [15]. It is unclear whether this reflects 
non-resilience of DA nerve terminals due to 
genetic, systemic medical comorbidities or the 
prodromal presence of an α-synucleinopathy, 
such as DLB. Interestingly, DAT-SPECT studies 
have shown evidence of lower putaminal DAT 
binding in older non-PD diabetics compared to 
non-diabetics [18]. Furthermore, the presence of 
diabetes mellitus in non-PD older adults has also 
been associated higher CSF tau and 
α-synucleinopathy levels compared to non- 
diabetic controls [18]. Interestingly, FDOPA PET 
studies have not shown conclusive evidence of 
age-associated striatal losses [19–21]. This may 

be due to possible differential vulnerability of the 
distal nerve terminal (DAT, VMAT2) versus the 
soma of the dopaminergic neurons. Alternatively, 
early upregulation of AADC as a possible com-
pensatory mechanism in aging may also play a 
role. Although striatal FDOPA synthesis may not 
decline with age per se, there is also evidence of 
substantially increased washout across the brain 
reflecting impaired vesicular storage capacity 
and resulting in enhanced exposure of cytosolic 
FDOPA to monoamine oxidase [20].

 Idiopathic Rapid Eye Movement 
(REM) Behavior Disorder (iRBD)

Idiopathic rapid eye movement (REM) behavior 
disorder (iRBD) is classified as a REM sleep 
parasomnia and is characterized by the loss of 
muscular atonia present during REM sleep, which 
results in patients acting out their dreams with 
vigorous and often violent behaviors [22–24]. 
Isolated (idiopathic) RBD is defined when it 
occurs in the absence of any other medical condi-
tions and is considered one of the more robust 
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prodromal clinical markers of α-synucleinopathies: 
PD, DLB, and MSA [22, 25–27]. Early recogni-
tion of α-synucleinopathy could contribute to 
early treatment induction at a phase when thera-
pies might be most effective. Recently, novel neu-
roimaging techniques have been developed to 
investigate iRBD pathological processes and to 
provide diagnostic and prognostic markers. DAT-
SPECT as dopaminergic imaging is the most 
investigated functional neuroimaging technique 
and is a well-established method for the assess-
ment of iRBD that can provide a semiquantitative 
assessment of altered nigrostriatal dopaminergic 
nerve terminal functions. In semiquantitative 
assessments, a region of interest is placed in the 
striatum, the caudate, and the anterior and poste-
rior putamen, as well as in the occipital cortex or 
the cerebellar hemisphere, which shows non-spe-
cific radiotracer uptake. Uptake ratios of radio-
tracer in striatal regions of interest can be 
quantified relative to the non-specific uptake in 
the occipital cortex or cerebellar hemisphere, both 
of which are areas with minimal or no specific 
dopaminergic binding [28, 29].

Studies using DAT-SPECT have shown 
reduced uptake in the nigrostriatal system in 
approximately 50% of iRBD patients [26, 30]. 
Reduced uptake in DAT-SPECT as observed in 
iRBD is generally less severe than that seen in 
established PD [31, 32]. A recent study has 
shown that a cut-off of 48% uptake reduction of 
DAT specific binding ratios (SBR) within the 
putamen at baseline can predict phenoconversion 
to PD after a mean of 4.8 years follow-up [33]. 
Additionally, a greater 25% uptake reduction of 
putamen DAT SBR compared to that of the 
occipital cortex at baseline can predict 
α-synucleinopathy phenoconversion after 3 years 
follow-up with a likelihood ratio of 1.54 [34].

There is a wide variety of semiquantitative 
definitions of nigrostriatal dopaminergic losses to 
define DAT scan abnormalcy for being used as a 
predictor for phenoconversion in iRBD patients. 
Examples of these varying abnormalcy definition 
may include requiring the presence of a 
 putamen- to- caudate nucleus denervation gradi-
ent versus absolute quantification cut-offs of 
global striatal, putamen or caudate nucleus ligand 

binding, preferably based on age and gender 
adjusted Z-score changes using a normative data-
base [30, 35]. It is plausible that early striatal DA 
losses may be (more) global before developing a 
denervation gradient. However, a reverse dener-
vation gradient with vulnerability of the caudate 
nucleus has also been used as a DAT scan abnor-
malcy definition being used as DAT biomarkers 
to predict phenoconversion in iRBD.

 Parkinson’s Disease (PD)

PD is the second most common age-related neuro-
degenerative disease and has an increasing preva-
lence with age [36]. PD is characterized by 
progressive degeneration of the dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc), 
typically observed in the ventrolateral tier. 
Decreased dopaminergic input to striatum along 
the nigrostriatal pathway is responsible for most of 
the classical motor manifestations in PD (Fig. 7.3) 
[37]. Presynaptic DA nerve terminal studies, such 
as DAT-SPECT or PET, VMAT2 or FDOPA PET, 
are used for assessing PD severity and progression. 
Nigrostriatal losses are often asymmetric in PD, 
especially during early disease phase at the level of 
the dorsal and posterior putamen. More symmetric 
and progressive losses in the putamen and subse-
quent reductions in the caudate nuclei are seen with 
disease progression when end-stage disease resid-
ual uptake can be seen mainly in the anteroventral 
striatum (nucleus accumbens region; Fig.  7.4), 
which is innervated mostly by DA projections orig-
inating in the VTA. The clinical relevance of the 
VTA versus nigral DA losses remains poorly stud-
ied to this date but may play an early role in 
AD. DAT PET studies have also shown DA losses 
in the thalamus that may contribute to the clinical 
phenotype in PD [38]. A three-ligand presynaptic 
dopaminergic (FDOPA, DAT, VMAT2) PET study 
showed greatest striatal reduction for DAT, inter-
mediate ranges for VMATA2 and the lowest reduc-
tions for FDOPA [39]. These observations suggest 
that the activity of aromatic L-amino acid decar-
boxylase (AADC) is up-regulated, whereas the 
plasma membrane DA transporter is down- 
regulated in the striatum of patients with PD.
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Fig. 7.4 Vesicular 
monoamine transporter 
type 2 [11C]
dihydrotetrabenazine 
(DTBZ) parametric PET 
scans of the basal 
ganglia showing 
striatum DTBZ binding 
in three patients with PD 
of varying severity. With 
disease progression, 
greater losses of striatal 
uptake are seen in 
moderate and severe PD 
patients which affect 
both sides of the 
striatum. End-stage PD 
shows mild residual 
uptake seen mainly in 
the nucleus accumbens 
regions (anteroventral 
striatum)

a

Nigrastriatal DA losses in PD result from both normal aging and PD-specific losses

b

Fig. 7.3 Cumulative nigrostriatal DA losses in PD result 
from both normal aging and PD-specific losses. PD and 
age-associated losses (a) charting the course of expected 
nigrostriatal dopamine losses in healthy aging and intrinsic 
losses seen in Parkinson’s disease. (b) Vesicular mono-

amine transporter type 2 [11C]dihydrotetrabenazine 
(DTBZ) parametric PET scans of the basal ganglia show-
ing striatum DTBZ binding in a normal aging patient and a 
PD patient, with the PD patient showing dopamine losses 
in the typical posterior-to-anterior denervation gradient

 Atypical Parkinsonian Syndromes 
(APS)

While DAT-SPECT has been widely accepted for 
its clinical utility in detecting a presynaptic dopa-
minergic deficit, its use has largely served to 
separate conditions such as PD and the atypical 
parkinsonian syndromes (APS) from the likes of 
essential tremor, vascular parkinsonism (VaP), 

and drug-induced parkinsonism (DIP) [3]. 
However, investigations into the use of presynap-
tic nerve terminal dopaminergic imaging to dif-
ferentiate between PD and APS (PSP, MSA or 
corticobasal syndrome, CBS) has been equivo-
cal, at least when based on traditional visual scan 
interpretation. Some findings have sound theo-
retical reasoning, such as attempting to match 
clinical phenotype to imaging characteristics. To 
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this extent, several studies have found a general 
trend toward asymmetry of the dopamine deficit 
in PD when compared to the more symmetric 
deficits found in MSA and PSP. However, when 
comparing PD to MSA at autopsy the opposite 
was also found to be true [40, 41]. Other studies 
have taken to parcellating the striatum into 
smaller subregions for analysis, leading to find-
ings of preferential dopamine transporter loss in 
the anterior caudate and ventral putamen subre-
gions in MSA and PSP when compared to PD, 
however, attempts at using this technique to fur-
ther discriminate between MSA and PSP have 
failed to do so [42–44]. Most consistent in dif-
ferentiating MSA-P (MSA-parkinsonian type) 
and PSP from PD has been the use of postsynap-
tic D2 receptor imaging, such as 
[123I]-123iodobenzamide IBZM SPECT]. These 
methods have shown reduced uptake in MSA-P 
and PD when compared to drug-naïve PD sub-
jects, but this too comes with caveats as such 
inconsistencies seen in imaging findings of medi-
cated subjects [45–49]. As of recently, imaging of 
striatal D2/3 receptors is no longer recommended 
for the differential diagnosis of parkinsonian dis-
orders in clinical practice [50].

CBS is a more rare APS that has proved to be a 
challenge to effectively apply the tool of dopami-
nergic imaging to, with speculation that this is 
largely due to the conditions underlying pathologic 
heterogeneity. While most cases do demonstrate a 
dopamine deficit, at times more than that seen in 
PD, there are also recorded instances of normal 
scans [51–53]. [18F]-Fluorodeoxyglucose (FDG) 
PET imaging may have clinical utility for the diag-
nosis and differential diagnosis of CBS [49].

A comprehensive review on dopaminergic 
imaging in parkinsonian diseases by Nicastro and 
colleagues eloquently reviews much of the above 
and beyond [54].

 Dopaminergic Imaging in Vascular 
Parkinsonism (VaP)

Most studies have found the use of presynaptic 
dopaminergic imaging, such as DAT-SPECT, 
helpful in the differentiation of PD from VaP, as 

those with VaP can generally be expected to have 
normal or near-normal imaging [55]. Inquiries 
into whether those who have a dopamine deficit 
on a scan have a higher likelihood of response to 
levodopa or dopamine replacement therapies 
have failed to show consistent response. Focal 
areas of signal loss in those with VaP can some-
times be misleading, thus correlation with CT or 
MRI is preferred. It should be noted that vascular 
gray or white matter changes commonly accom-
pany nigrostriatal losses in patients with neurode-
generative parkinsonism. More recently, a 
diagnostic approach toward a subtyping defini-
tion of VaP has been proposed that allows for 
identification of mixed and more pure subtypes 
of VaP based on nigrostriatal nerve terminal and 
cardiac sympathetic innervation radionuclide 
imaging techniques [56].

 Dementia with Lewy Bodies (DLB)

DLB is behind only AD as the leading cause of 
neurodegenerative dementia [57]. It is defined as 
a syndrome with progressive cognitive impair-
ment accompanied by at least two out of four core 
clinical features (visual hallucination, cognitive 
fluctuation, REM sleep behavior disorder, sponta-
neous parkinsonism) [57]. Intracellular inclusions 
of Lewy bodies are present in areas such as the 
olfactory bulb, brainstem, limbic, and cortex [58]. 
The spread of these proteins made predominately 
of alpha-synuclein is thought to play a central role 
in progressive cognitive impairment due to neuro-
nal cell death in the cortex and subcortex [59]. In 
the latest diagnostic consensus criteria [57], 
reduced striatal dopamine transporter and abnor-
mal [123I]-MIBG cardiac scintigraphy were added 
as supportive biomarkers to help differentiate 
DLB from prototypical AD.  Using molecular 
imaging SPECT or PET, previous studies have 
observed reduced presynaptic dopamine uptake 
[44, 54, 60–63] and preserved postsynaptic D2 
receptors uptake in DLB [64]. A recent study has 
found decreased striatal dopamine in DLB associ-
ated with glucose hypometabolism in the occipi-
tal, lateral parietal, and lateral frontal cortices that 
contribute to the cognitive impairment syndrome 
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in DLB [65]. Another study found striatal dopa-
mine depletion with hypermetabolic activities in 
the basal ganglia and limbic system at an early 
stage of dopamine depletion [66]. The study also 
found a significant correlation between putamen 
dopamine depletion and bilateral striatal hyper-
metabolism compared to healthy controls. This 
finding suggests a compensatory response to the 
decreasing signal input in the dopamine-depleted 
basal ganglia with increased striatal and limbic 
glucose metabolism at an early stage of disease 
[66]. As the disease progresses, the nigrostriatal 
dopaminergic degeneration advances with 
decreased metabolic connectivity between the 
basal ganglia and the limbic system, and switch 
from hyper- to hypometabolism in the associated 
areas [66]. In a study that looked at the relation-
ship between β-amyloid load and striatal dopa-
mine depletion in autopsy confirmed DLB, the 
presence of elevated neocortical β-amyloid depo-
sitions, as shown in amyloid imaging with the 
[11C]-Pittsburgh compound B, also had decreased 
DAT concentration in DAT imaging using [11C] 
Altropane PET [67]. Another study found that 
amyloid-positive DLB subjects, when compared 
with amyloid-negative DLB subjects, had a higher 
amyloid load in the cortex and the striatum with 
lower DAT activity in the anterior putamen and 
ventral striatum [68]. Amyloid-positive DLB sub-
jects were of younger age at diagnosis, had greater 
cognitive deficit, and higher neuropsychiatric bur-
den with reduced ventral striatum DAT activity. 
This might explain neurobehavioral changes, 
such as anxiety in DLB [68]. The finding is con-
sistent with observations in PD patients at risk of 
cognitive decline, where striatal β-amyloid depo-
sition closely relates with their apathy scores [69]. 
Possible interactive effects between regional 
β-amyloid deposition, intra- striatal dopaminergic 
losses, and glucose  metabolism in striatal and 
extra-striatal regions deserve further study.

 Alzheimer’s Disease (AD)

AD is a progressive neurodegenerative disorder 
characterized by complex etiology. Multiple fac-
tors are known to cause damage to the brain in 

AD, including the presence of extracellular 
β-amyloid protein in senile plaques and intracel-
lular neurofibrillary tangles. These factors are 
responsible for progressive neuronal cell dys-
function, degeneration, and impaired neuro-
transmission. An early post-mortem study of 
confirmed patients with AD found a decrease in 
[3H]-spiroperidol DA2 receptor binding in the 
caudate nucleus [70]. Subsequent pathological 
studies found alternations in the substantia nigra 
[71–75], the ventral tegmental area (VTA) [72] 
and their pre- [76–79] and postsynaptic [74, 80–
82] dopaminergic targets. Belbin et al. suggested 
that the AD pathophysiology progression might 
be associated with a dopamine β-hydroxylase 
(DBH) polymorphism [83]. However, dopamine 
loss occurs during the neurological aging pro-
cess, and it is not clear whether the dopamine 
loss in AD patients is the cause or the effect of 
aging or disease [84, 85]. Previous in vivo and 
post- mortem studies focused on dopaminergic 
projection arising from ventral VTA dopaminer-
gic neurons to the cerebral cortex, nucleus 
accumbent, and hippocampus found evidence of 
dopaminergic neuron loss and dopaminergic 
degeneration in the VTA well before the “pre- 
plaque” stage in the hippocampus [71, 76, 86, 
87]. A recent study by Sala et al. [88] confirms 
those findings using [123I]-FP-CIT-SPECT. They 
found reduced binding of [123I]-FP-CIT in both 
amyloid-positive mild cognitive impairment due 
to AD (AD-MCI) and patients with probable AD 
(AD-D) when compared with neurologically 
intact older adults in the areas associated with 
the targets of ventrotegmental-mesocorticolim-
bic pathways, namely the hippocampus and the 
ventral striatum. A similar reduction was found 
in the cingulate gyrus but only in the AD-D 
group. Reduced dorsal caudate nucleus [123I] 
FP-CIT binding was observed in both AD-MCI 
and AD-D groups in nigrostriatal pathways. A 
previous post-mortem study found that unlike 
PD ventral portion of SNpc involvement, pre-
synaptic dopaminergic functions were seen 
mainly in the dorsal tier of the SNpc in AD [71]. 
This finding could explain why the caudate 
nuclei that receives the dopamine input from the 
dorsomedial portion of the SNpc showed 
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Fig. 7.5 A summary of dopamine vulnerability in pro-
dromal AD (modified from reference [88]). The rendered 
figure showing prodromal AD having a decreased DAT 
activity in dopaminergic target (blue color), loss of con-
nectivity (brown color), or both (purple color). dCaud 

dorsal caudate nucleus, dPUT dorsal putamen, vStr ven-
tral striatum, SN substantia nigra, VTA ventral tegmental 
area, ACC anterior cingulate cortex, MCC middle cingu-
late cortex, AMY amygdala, HIP hippocampus

decreased [123]FP-CIT binding in AD. Although, 
the finding suggests evidence of nigrostriatal 
pathways vulnerability in AD, the degree and 
topography are quite different than that seen in 
PD [88]. In the same study, a molecular connec-
tivity assessment using multivariate analysis 
found widespread dopaminergic loss in cortical 
and subcortical targets of the mesocorticolimbic 
pathways, but no alteration found in caudate and 
putamen inter-connections within the nigrostria-
tal pathways in both AD-MCI and AD-D groups. 
The overall finding from the Sala et al. study is 
described in Fig.  7.5. These findings may sug-
gest differential vulnerability of the VTA vs. SN 
projections in AD and may also have relevance 
for DLB. VTA vulnerability has also been linked 
to impairments in a neural network resembling 
the default mode network.

 MRI Sequences: Free Water/
DA-Dependent Neural Networks

Diffusion imaging is a MRI technique sensitive 
to the mean displacement of water molecules 
along a specified direction [89]. The most com-
monly used method for estimating tissue macro-
scopic geometry from water displacement is 
diffusion tensor imaging (DTI) [90]. DTI is a 
non-invasive imaging technique for characteriz-
ing the structural integrity of anatomical connec-

tions and provides a quantitative assessment of 
the brain’s white matter microstructure by detect-
ing the amount and direction of myelin water 
movement in extracellular and intracellular white 
matter spaces [91, 92]. Free water is defined as 
water molecules found in cerebrospinal fluid 
(CSF) spaces, such as the ventricles and around 
the brain parenchyma, and may also accumulate 
within the brain parenchyma in the extracellular 
space due to processes such as tumors, brain 
trauma, or inflammation that cause a breach the 
blood–brain barrier [93–95]. DTI can identify 
and assess free water based on its isotropic diffu-
sion, which is almost four times higher than the 
brain parenchyma [96]. The DTI indices may be 
regarded as tissue-specific as long as image vox-
els contain a single type of tissue. However, 
edema and CSF can cause partial volume of dif-
ferent diffusion compartments, which degrades 
markers derived from DTI as non-specific. In 
order to minimize the effect of contamination 
from edema and CSF, Pierpaoli and Jones pro-
posed a bi-tensor model [89, 97, 98], which 
assumes two compartments: a free water com-
partment characterized by isotropic tensor with 
diffusivity of free water, and a tissue compart-
ment modeled by a diffusion tensor. Recently, 
DTI technique using a bi-tensor model have been 
used for evaluating neurodegenerative diseases 
such as PD and assessing its disease progression 
[99–102].
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Previous studies have found that free water is 
elevated in the posterior SN (pSN) in PD patients 
compared to healthy controls [102]. This sug-
gests that free water can provide an indirect mea-
sure of dopaminergic degeneration within the 
SN.  Furthermore, longitudinal studies have 
shown that free water in the pSN in PD patients 
increase over a 1-year period of time and that free 
water in pSN continues to increase over 4 years 
in PD [99, 100].

In extracellular spaces, fluid diffuses between 
fibers, while in intracellular spaces, fluid diffuses 
in the axoplasm [92]. DTI can detect the amount 
and direction of myelin water movement in these 
extracellular and intracellular components, which 
allows for evaluation of the brain’s white matter 
microstructure and neural network’s structural 
integrity. DTI is sensitive for detecting white 
matter’s linear structures, principally composed 
of axons. Disruption of white matter microstruc-
ture detectable with DTI can reflect the break-
down of myelin, certain constituents of the 
cytoskeleton, and axon density [92]. Fractional 
anisotropy (FA), mean diffusivity (MD), axial 
diffusivity (AD), and radial diffusivity (RD) are 
all commonly used to detect alteration of micro-
scopic changes in white matter tissue integrity. 
Decreases in FA and AD and increases in MD 
and RD are interpreted as an alteration in white 
matter microstructure integrity. DTI has been uti-
lized in Alzheimer’s disease (AD) [103–105] and 
PD [106, 107]. For example, studies in AD 
patients have shown that there is a reduction of 
FA and an increase of MD in corpus callosum, 
medial and lateral temporal lobes, as well as in 
the fornix, cingulate gyrus, pre- cuneus, and pre-
frontal lobe white matter [105]. Gray matter atro-
phy was most pronounced in medial and lateral 
temporal lobe as well as parietal and prefrontal 
association cortex [105]. In PD, FA, and MD 
within the corpus callosum, the cingulate and the 
temporal cortices are reported to be lower than in 
normal controls, while these values are reported 
to be invertedly increased in the corticospinal 

tracts when compared to normal controls [106]. 
A more recent and emerging technique is 
neuromelanin- sensitive MRI to detect nigral sig-
nal changes in PD [50].

 Approaches to Augment 
the Research and Clinical Utility 
of DA Nerve Terminal Molecular 
Imaging Ligands: Correlational 
Tractography, Radiomics, 
and Machine Vector Learning

There is an increasing interest in taking advan-
tage of the complementary information captured 
not only in DAT or SPECT DA scans but also 
from MRI sequences. Correlational tractography 
is an example of one such multimodal imaging 
analysis technique that has been applied in 
PD. For example, we recently published a study 
where we defined the nigrostriatal pathways 
using MRI tractography and then incorporated 
information from DA (VMAT2) PET scans 
resulting in greater DA-specific definition of this 
pathway (Fig. 7.6) [108, 109].

Fig. 7.6 Example of nigrostriatal tract visualization 
using [11C]-DTBZ-PET and MRI correlational tractogra-
phy (sagittal)

Y. Ota et al.



119

Similarly, deep learning architectures have 
recently gained popularity due to their tremen-
dous potential in image segmentation, recon-
struction, recognition, and classification. With 
the development of machine learning algorithms 
and deep learning architecture, the field of 
radiomics and their use in extracting features 
from medical images for quantitative image anal-
ysis and then converting them to medical imag-
ing information for clinical and biological 
endpoints is gaining popularity. A recent study 
used a 3D convolution neural network to learn to 
distinguish features (like deep learning guided 
binding ratio) from DAT PET images ([11C]-CFT 
PET). The neural network was able to distinguish 
idiopathic PD, MSA, and PSP and improved the 
previous conventional volume-of-interest method 
of using putamen and caudate binding ratio that 
failed to distinguish iPD from MSA [110]. 
Multiple studies have used radiomics on DAT- 
SPECT to detect PD and have tried to understand 
the progression of the disease [111–113]. Adams 
et  al. improved on the previous method to by 
including non-imaging clinical measures to pre-
dict UPDRS-III motor scores at year 4 [114]. The 
radiomics method has enormous potential in clin-
ical image analysis and decision-making. A nec-
essary future step is the construction of 
generalized prognostic and predictive models 
using a careful selection of features, which could 
be achieved through the standardization of meth-
ods and made available to the clinical community 
as a valuable tool.

 Fluid and Skin Biomarkers

In both PD and atypical parkinsonian syn-
dromes there has long been a need for improved 
biomarkers for any number of purposes: pre-

dictive, susceptibility risk, diagnostic, moni-
toring or prognostic [115]. Considerable effort 
has already taken place in surveying imaging 
(some of which reviewed herein), blood, CSF, 
and additional nuanced measures (e.g., auto-
nomic testing). While partly encouraging, 
these have fallen flat in finding the biomarker 
that is needed. In both serum and CSF, various 
forms of the proteins α-synuclein (total, oligo-
meric, and phosphorylated), tau (total, iso-
forms, phosphorylated), and neurofilament 
light chain have been studied (Fig. 7.7). There 
has been some evidence that the independent 
presence, ratio or combination of such proteins 
can have importance in differentiating between 
such conditions as PD and PSP, however, none 
have become validated biomarkers for moni-
toring in clinical trials yet. Brain biopsy have 
been honored as the most definitive source of 
biomarkers, however, for obvious reasons it is 
of course relegated as a post-mortem evalua-
tion. Newer approaches that have garnered 
interest and investigation include biopsy of 
more accessible tissues including skin, secre-
tory tissues, salivary glands or nerves. Skin 
biopsy has shown the most promise for speci-
ficity in antemortem differentiation of the 
α-synucleinopathies (PD, DLB, MSA) from 
other neurodegenerative conditions, including 
real-time quaking-induced conversion 
(RT-QuIC) and protein misfolding cyclic 
amplification (PMCA) assays, however, recent 
results from the Systemic Synuclein Sampling 
Study showcase its low sensitivity [116, 117]. 
While an independent and readily accessible 
biomarker remains a goal of the [near] future, 
current evidence directs toward utilization of a 
combination of biomarkers and/or correlation 
with dopaminergic imaging studies as best 
practice.
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Fig. 7.7 A figure showing biomarkers under investiga-
tion for parkinsonian disorders. Blood biomarker, 
α-synuclein, tau neurofilament light chain; CSF bio-

marker, α-synuclein, tau neurofilament light chain, skin, 
peripheral nerves, salivary gland, secretory glands (colon), 
α-synuclein

 Future Directions: Novel Alpha- 
Synuclein Ligands

Although molecular imaging of dopaminergic 
systems has been used for early detection of neu-
rodegenerative diseases causing movement disor-
ders with synucleinopathy, such as PD, MSA, 
and PSP, and the monitoring of the effects of 
investigational disease-modifying treatments, 
degeneration of dopaminergic neurons is a down-
stream effect of α-synuclein deposition, which 
has been thought to be initiate α-synucleinopathy. 
This can currently only be detected by the histo-
logical examination of post-mortem brain tissue. 
There is great interest in imaging α-synuclein 
deposition for detecting very early stage of neu-
rodegenerative diseases and monitoring disease 
progression accurately. PET is a non-invasive 

in vivo imaging technique that can quantify target 
expression with high-resolution images, espe-
cially when combined with MRI and novel 
α-synuclein PET tracers and are thus highly 
sought. However, the development of α-synuclein 
PET tracers face several challenges. First, the low 
abundance of α-synuclein within the brain tissue 
necessitates the development of a high-affinity 
ligand. Second, α-synuclein depositions occur 
predominantly intracellularly, which limits the 
tracer accessibility. Lastly, there is the issue of 
ligand selectivity over structurally similar amy-
loids such as beta-amyloid or tau, which are often 
co-localized with α-synuclein pathology. Imaging 
of α-synuclein deposition could be a game- 
changer [118] and could facilitate the develop-
ment of effective treatments [118]. Recently, 
[11C]-MODAG-001, a PET tracer targeting 
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α-synuclein aggregates, has shown a high- affinity 
and selectivity in α-synuclein aggregates with 
suitable pharmacokinetics and biodistribution 
properties, which can be utilized as a lead struc-
ture for future compound development [119]. 
Availability of tissue or fluid biomarkers for 
α-synuclein may become a first-line screening 
test for α-synucleinopathy in clinical practice but 
it may require a brain α-synuclein molecular 
imaging scan for confirmation and/or treatment 
response assessments.

 Discussion/Summary

Movement disorders are caused by Lewy body 
parkinsonism, such as PD or DLB, or atypical 
parkinsonian syndromes including MSA, PSP, 
VaP. These disorders can also be accompanied by 
AD β-amyloid or tau pathology to variable 
degrees. Idiopathic RBD may predate or accom-
pany PD, DLB or MSA. Molecular DA imaging 
techniques have played a large role in studying 
the underlying pathophysiology of these disor-
ders at a neurotransmitter level and are being 
used for differential diagnostic purposes in the 
clinical setting. Furthermore, DAT imaging may 
play a role in prediction phenoconversion in 
patient with iRBD. There is increasing recogni-
tion of the effects of age-accelerated nigrostriatal 
dopaminergic losses that may in part reflect the 
presence of medical comorbidities, such as dia-
betes, or perhaps prodromal DLB or PD in the 
absence of iRBD.  Elucidation of underlying 
mechanisms may hold therapeutic promise for 
patients with altered nigrostriatal nerve terminals 
across the spectrum of aging, parkinsonism and 
dementia. Differential vulnerability of VTA 
dopaminergic projections in AD may shine a new 
light on the phenotypic presentation of this 
dementia and its overlap with DLB.  Diffusion 
tensor “free water” MRI is a promising tool with 
not only clinically diagnostic capabilities but it 
may also provide valuable prognostic informa-
tion. Integrated PET/SPECT and MRI analyses, 
such as radiomics, correlation tractography and 
data-driven approaches (e.g., machine vector 
learning) may augment not only research but also 

the clinical utility of DA nerve terminal imaging 
in patients across the spectrum of aging, age- 
accelerated striatal dopaminergic loss, parkin-
sonism, and dementia. Development of 
α-synuclein PET or SPECT imaging has proven 
to be challenging but recent candidate ligands 
show promise for the near future.
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8Cholinergic Imaging and Dementia

Niels Okkels, Jacob Horsager, Nicola Pavese, 
David J. Brooks, and Per Borghammer

Key Points
• Cholinergic molecular imaging can detect 

abnormalities in early disease stages of 
dementia and follow progression over time.

• The cholinergic system is implicated in a myr-
iad of functions of the central and peripheral 
nervous systems, several of which are affected 
in dementia.

• In Alzheimer’s disease and a significant pro-
portion of patients Lewy body disease, early 
changes may occur in cholinergic axons or 
cell bodies of the basal forebrain.

• In another group of patients with Lewy body 
disease, the earliest changes most likely occur 
in cholinergic parasympathetic neurons inner-
vating internal organs.

Cholinergic neurons, so called because they 
release the neurotransmitter acetylcholine, are 
found in several locations of the human body. 
Somatic motor neurons in the spinal cord and 
brainstem transmit acetylcholine to activate stri-
ated muscle tissue. Parasympathetic neurons in 
the brain stem and spinal cord release acetylcho-
line to smooth muscles in glands and organs. The 
interneurons of the striatum and preganglionic 
sympathetic neurons also transmit acetylcholine, 
as do the enteric neurons of the gastrointestinal 
tract. From a dementia research point of view, 
perhaps the most interesting group of cholinergic 
neurons are located in the poorly defined nuclei 
of the upper brainstem and basal forebrain. From 
here, the cholinergic neurons project their axons 
to almost all areas of the brain.

N. Okkels (*) 
Department of Nuclear Medicine and PET, Aarhus 
University Hospital, Aarhus, Denmark 

Department of Clinical Medicine, Aarhus University, 
Aarhus, Denmark 

Department of Neurology, Aarhus University 
Hospital, Aarhus, Denmark
e-mail: niels.okkels@clin.au.dk 

J. Horsager 
Department of Nuclear Medicine and PET, Aarhus 
University Hospital, Aarhus, Denmark 

Department of Clinical Medicine, Aarhus University, 
Aarhus, Denmark
e-mail: jacobhorsager@clin.au.dk 

N. Pavese 
Department of Nuclear Medicine and PET, Aarhus 
University Hospital, Aarhus, Denmark 

Clinical Ageing Research Unit, Newcastle University, 
Newcastle upon Tyne, UK
e-mail: npavese@clin.au.dk 

D. J. Brooks 
Department of Nuclear Medicine and PET, Aarhus 
University Hospital, Aarhus, Denmark 

Positron Emission Tomography Centre, Newcastle 
University, Newcastle upon Tyne, UK
e-mail: dbrooks@clin.au.dk 

P. Borghammer 
Department of Nuclear Medicine and PET, Aarhus 
University Hospital, Aarhus, Denmark
e-mail: borghammer@clin.au.dk

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
D. J. Cross et al. (eds.), Molecular Imaging of Neurodegenerative Disorders, 
https://doi.org/10.1007/978-3-031-35098-6_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35098-6_8&domain=pdf
mailto:niels.okkels@clin.au.dk
mailto:jacobhorsager@clin.au.dk
mailto:npavese@clin.au.dk
mailto:dbrooks@clin.au.dk
mailto:borghammer@clin.au.dk
https://doi.org/10.1007/978-3-031-35098-6_8


128

For decades, the cholinergic system has been a 
cornerstone in dementia research. There are at 
least three plausible reasons. First, important 
cognitive functions are heavily dependent on a 
well-functioning cholinergic system [1, 2]. 
Second, the cortical cholinergic activity is 
decreased in manifest dementia, particularly in 
Alzheimer’s disease dementia, Parkinson’s dis-
ease dementia, and dementia with Lewy bodies 
[3–6]. This has been demonstrated consistently in 
both post-mortem and in vivo studies. Third, cog-
nitive symptoms of dementia improve when 
treated with inhibitors of acetylcholinesterase 
(AChE), the enzyme responsible for the break- 
down of acetylcholine.

Today, acetylcholine is acknowledged to be 
involved in many functions other than cognition. 
Correspondingly, it is increasingly acknowledged 
that neurodegenerative disorders affect multiple 
functions. For example, cholinergic dysfunction 
in Parkinson’s disease is implicated in falls and 
freezing of gait, abnormal movements during 

REM sleep, hyposmia, depression, visual hallu-
cinations, autonomic dysfunction, and psychosis 
[7, 8].

The cholinergic system can be visualized with 
both single-photon emission computed tomogra-
phy (SPECT) and positron emission tomography 
(PET) using radiotracers engaging various 
molecular targets involved in the synthesis, stor-
age, reception, and hydrolysis of acetylcholine. 
Cholinergic molecular imaging in dementia has 
proved to have multiple interesting applications 
(Fig. 8.1).

One example is proof of mechanism of drugs. 
A study used PET to measure the cerebral activ-
ity of AChE in patients with mild cognitive 
impairment due to Alzheimer’s disease. The 
authors found that the efficacy of an AChE- 
inhibitor depended on the activity of AChE [9]. 
At clinically tolerated doses, it emerged only 
around 25% of AChE sites were being occupied 
by the inhibitor donepezil.

Fig. 8.1 Cholinergic 
imaging in dementia 
research. A graphic 
illustration of the many 
applications of 
cholinergic molecular 
imaging in dementia 
research
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Another application of cholinergic imaging 
focuses on understanding the neuropathological 
basis of symptoms and signs. For example, studies 
have looked at the role of cholinergic dysfunction 
in visual hallucinations, hyposmia, gait distur-
bances, and of course; cognition [7]. The contribu-
tion of cholinergic dysfunction to symptoms and 
signs, however, can be difficult to disentangle, as 
the processes occur on a background of pathology 
involving multiple transmitter systems and cell 
types.

A third example on how cholinergic imaging 
is used in research is to understand cholinergic 
changes in relation to other pathological markers 
such as metabolic activity [10], inflammation 
[11], amyloid [12], and structural atrophy [13]. 
Unfortunately, there is not yet a tracer that spe-
cifically binds to aggregated alpha-synuclein, the 
pathological substrate of Lewy body diseases. So 
far, cholinergic imaging is not routinely used in 
the clinic to diagnose or differentiate disorders. 
This chapter will focus on cholinergic imaging in 
dementia research [14].

In the first part of this chapter, we will intro-
duce the cholinergic neuron. To understand 
PET- images, it is crucial to know where the dif-
ferent PET-tracers bind and the function of 
these target- molecules. Then we present the 
organization of the cholinergic system on a 
macroscopic level. The second part of the chap-
ter will focus on the role of cholinergic imaging 
in identifying preclinical or prodromal disease 
stages of Alzheimer’s disease dementia, 
Parkinson’s disease dementia, and dementia 
with Lewy bodies [15]. From a clinical per-
spective, patients at very early stages represent 
optimal candidates for evaluating disease modi-
fying therapies and possibly curative treatments 
while the disease remains rather localized. 
From a basic scientific perspective, studying 
early disease stages can shed light on funda-
mental questions about when and where the 
pathology begins and how it spreads. 
Cholinergic imaging may be a very important 
tool for exploring these questions.

 Cholinergic Neurons and Tracer 
Molecules

Acetylcholine is synthesized in the nerve termi-
nal by choline acetyltransferase (ChAT) and 
loaded into vesicles by the vesicular acetylcho-
line transporter (VAChT) (Fig. 8.2). Even small 
decreases of VAChT may have large effects on 
the release of acetylcholine by reducing the 
amount of acetylcholine release by vesicles [16]. 
[18F]FEOBV is a PET-tracer for VAChT and a 
very specific marker of cholinergic terminals 
(Fig. 8.3) [12, 17, 18]. [123I]IBVM is the corre-
sponding tracer for SPECT.

In the synaptic cleft, acetylcholine is hydro-
lyzed by acetylcholinesterase (AChE). PET- tracers 
targeting AChE are among the most used in 
dementia research. The activity of AChE can be 
measured by substrate-tracers that are metabolized 
by AChE, such as [11C]MP4A and [11C]MP4P 
([11C]PMP). These are lipophilic and pass the 
blood–brain barrier but become hydrophilic when 
metabolized and trapped inside the brain [19]. 
Another group of radioligands for AChE act as 
ligands that bind to AChE, such as [11C]donepezil. 
In the CNS, AChE is expressed by cholinergic as 
well as cholinoceptive non-cholinergic neurons.

Upon release from the cholinergic neuron, 
acetylcholine can bind to metabotropic musca-
rinic receptors or ionotropic nicotinic receptors 
[20, 21]. These receptors comprise several sub-
types that are located on dendrites, cell bodies, 
and axons, on pre-terminal and post-terminal 
membranes of cholinergic and non-cholinergic 
cells. In general, presynaptic and preterminal 
nicotinic receptors enhance release of neu-
rotransmitter, whereas post-synaptic and non-
synaptic nicotinic receptors mediate excitation. 
The PET- tracers [18F]flubatine and [18F]FA have 
been implemented in clinical research and bind 
the alpha 4 beta 2 nicotinic acetylcholine recep-
tor [22, 23]. The PET-tracer [11C]nicotine is a 
non- selective agonist to nicotinic receptor sub-
types [24]. [11C]NMBP binds to all muscarinic 
receptor subtypes [25].
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Fig. 8.2 Acetylcholine metabolism in cholinergic nerve 
terminals and relevant positron emission tomography 
(PET) tracers. Acetylcholine is synthesized from acetyl 
coenzyme A and choline by choline acetyl transferase in 
the cholinergic terminal. The vesicular acetylcholine 
transporter loads acetylcholine into pre-synaptic vesicles. 

Upon release, acetylcholine can engage its receptors. 
Acetylcholine esterase hydrolyses acetylcholine into ace-
tic acid and choline. Tracers marked by an asterisk are 
used in single photon emission computed tomography 
(SPECT)
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Fig. 8.3 [18F]fluroetoxybenzovesamicol (FEOBV) posi-
tron emission tomography (PET) of healthy control and 
patient with dementia with Lewy bodies. A 75-year-old 
man with DLB (right side) and lower uptake of [18F]
FEOBV, a PET-ligand for the vesicular acetylcholine 
transporter, compared to a non-demented age- and sex- 

matched control (left). The images are sliced axially on 
the AC-PC line and present an [18F]FEOBV-PET superim-
posed on a T1-MRI scan. The colorbar is scaled to a stan-
dard uptake value ratio (SUVR) of 0 to 4 where red colors 
indicate high uptake of tracer, and blue colors low uptake. 
SUVR standard uptake value ratio

In summary, the cholinergic molecules and 
their corresponding tracers are markers of differ-
ent aspects of the cholinergic system.

 Cholinergic Neurons in the Human 
Organism

Cholinergic neurons in the basal forebrain pro-
vide the principal source of acetylcholine to the 
cortex and limbic structures (Fig. 8.4). They can 
be divided into four overlapping groups of cell 
bodies [26]. The cholinergic neurons located on 

the medial septum and horizontal band project to 
the hippocampus and hypothalamus. The neurons 
associated with the diagonal band project to the 
olfactory tubercle. The largest group of choliner-
gic cell bodies is associated with the nucleus 
basalis of Meynert (NBM) and project to the cor-
tex and amygdala [27]. From the NBM the fiber 
tracts bundle in a lateral and a medial pathway 
before they fan out to the cortex [28]. The long 
and unmyelinated axons pass close to the lateral 
ventricles and reach the cortex through the under-
lying white matter. Interestingly, recent studies 
have documented that periventricular white mat-
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Fig. 8.4 Main cholinergic projecting neurons of the cen-
tral nervous system. The basal forebrain is composed of 
four overlapping cell groups and provide the principal 
source of acetylcholine to the cortex and limbic structures. 
The pedunculopontine nucleus and laterodorsal tegmental 
nucleus provide the main cholinergic innervation of the 
thalamus. The cholinergic projecting neurons of the 
medial habenula and parabigeminal nucleus are not pre-
sented on this figure. Neither are the cholinergic interneu-
rons of the striatum or the motor neurons of the 
brainstem

ter lesions correlate with decreased cognition and 
decreased cortical cholinergic activity. Thus, 
periventricular white matter lesions may disrupt 
the cholinergic projections from the NBM to the 
cortex [29].

When reaching the cortex, the projecting neu-
rons from the NBM arborize extensively and 
each cover an area of about 1–1.5 mm2. Along the 
thin axons there are multiple varicosities. These 
represent sites for transmitter release, and some 
make direct contact with other neurons to form a 
synapse. Other varicosities release their transmit-
ter molecules into the extracellular space to sig-
nal multiple cells simultaneously. The NBM 
innervates the entire cortex, but only limbic areas 
project back to the NBM.  These limbic areas 
assign relevance to sensory stimuli and thereby 
modulate the response by the NBM [27]. If stim-
uli have high salience, acetylcholine is released 
to augment or amplify the signal in relevant 
 cortical areas. For example, acetylcholine 
increases the responsiveness of neurons in the 
visual cortex to inputs from the lateral geniculate 
nucleus [2].

There is another significant group of choliner-
gic neurons on the junction of the pons and mes-
encephalon. The neurons are dispersed around 
the pedunculopontine and laterodorsal tegmental 
nuclei (PPN/LDT), and project their axons 
mainly to the thalamus.

 Alzheimer’s Disease and Lewy Body 
Disease

Alzheimer’s disease (AD) is characterized by the 
accumulation of beta amyloid and tau tangles. 
The aggregation of these misfolded proteins is 
closely linked with neuronal dysfunction and 
degeneration. Over years, AD pathology can lead 
to Alzheimer’s disease dementia (ADD), the 
most common cause of dementia worldwide. The 
second most common cause of neurodegenera-
tive dementia is Lewy body disease. Lewy bodies 
are pathological aggregates that are formed in 
neurons and defined by their content of phos-
phorylated alpha synuclein. Lewy body disease 
can lead to several clinical syndromes including 
Parkinson’s disease (PD), Parkinson’s disease 
dementia (PDD), dementia with Lewy bodies 
(DLB), pure autonomic failure, and REM sleep 
behavior disorder (RBD), a sleep disorder char-
acterized by abnormal movements during REM 
sleep. These are collectively referred to as Lewy 
body disorders (LBD). The related disorder mul-
tiple system atrophy is also caused by aggregated 
alpha synuclein, but these aggregates do not form 
Lewy bodies and the patients rarely become 
demented, so this disease will not be dealt with in 
this chapter. Up to 95% of patients with isolated 
RBD (iRBD) will eventually develop either PD 
or DLB, and more than 80% of patients with PD 
will eventually develop PDD [30, 31]. Thus, the 
end-stages of Lewy body diseases converge on 
dementia. Therefore, in this chapter, we will con-
sider LBD in general, and not only the manifest 
dementia stages.

The natural history of AD and LBD can be 
illustrated on a timeline (Fig. 8.5). In the begin-
ning, there is no pathology. An individual’s risk 
of dementia is defined by genetic predisposition 
and environmental exposure. Some genetic traits 
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Disease
phase

Risk
phase

Accumulation of protein

Dysfunctional cholinergic axons

Loss of cholinergic terminals

Atrophy of basal forebrain

Preclinical
phase

iLBD
RBD, MCI-LB,

delirium-onset,
psychiatric-onset,

dysautonomia

DLB
PD/PDD

MCI-AD ADD

Manifest
disease

Prodromal
phase

Lewy body
disease

Alzheimer’s
disease

Fig. 8.5 Timeline of early disease stages of Alzheimer’s 
disease dementia and Lewy body disorders. The stages in 
Alzheimer’s disease and Lewy body disorders depicted on 
a timeline. The figure should be read from left to right. In 
the beginning (left), there is no pathology. The balance of 
genetic traits and environmental factors determine the 

likelihood of developing neurodegenerative disease (risk 
phase). In the preclinical phase pathology has developed, 
but there are not yet any signs or symptoms. Then follows 
the prodromal phase with emergence of signs and symp-
toms, and finally manifest dementia when cognitive diffi-
culties begin to interfere with daily life functions

and environmental factors increase the risk of 
disease, others protect against disease. This stage 
can be referred to as the risk phase. Then follows 
the preclinical phase where pathology is present, 
at least at a cellular level, but there are not yet any 
symptoms or detectable signs. These incidental 
cases are asymptomatic with signs of pathology 
on post-mortem examination or PET scans. 
During the prodromal stage the pathological pro-
cesses evolve to a degree where symptoms and 
signs develop. An example is mild cognitive 
impairment (MCI) where subjects have cognitive 
difficulties that are not yet severe enough to cause 
loss of independence. Another example is iRBD 
which is considered a prodromal stage of PD and 
DLB. The final step to manifest dementia occurs 
when the cognitive difficulties are severe enough 
to interfere with daily life functions.

MCI can be diagnosed when there is concern 
about a decline in cognition and evidence of 
impairment in one or more cognitive domains in 

combination with preserved independence in 
activities of daily living [32]. MCI with affected 
memory increases the likelihood that the cause of 
MCI is AD (MCI-AD). Biomarkers showing 
brain beta-amyloid aggregation and neuronal 
injury can further increase the likelihood of MCI 
due to AD. These markers include PET amyloid 
imaging and low β-amyloid 42 in the cerebrospi-
nal fluid. Markers of neuronal injury include high 
tau in the cerebrospinal fluid, atrophy on struc-
tural imaging, and decreased perfusion or glu-
cose metabolism on PET.

 Cholinergic Molecular Imaging 
in Alzheimer’s Disease and Lewy 
Body Disorders

The first molecular imaging studies using cholin-
ergic markers in vivo with ADD, PD, and PDD 
were performed in the mid 1990s. Studies on 
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DLB appeared a few years later, as formal diag-
nostic criteria for DLB were defined in 1996. 
These in vivo studies confirmed decades of post- 
mortem studies showing cortical cholinergic 
depletion in manifest dementia [10, 33]. They 
also confirmed the general tendency of a severe 
and indistinguishable cortical depletion in PDD 
and DLB, milder cholinergic involvement in 
cases at early stages, and more severe depletion 
in PDD and DLB compared to ADD [23, 34–36]. 
Overall, the cortical cholinergic integrity corre-
lates with disease severity and dementia. We will 
focus initially on studies that investigated early 
disease stages using cholinergic imaging.

A study used the AChE substrate-tracer [11C]
MP4A to investigate the cholinergic system of 
patients with MCI-AD.  Apart from MCI, the 
patients were characterized by memory impair-
ment, atrophy of the medial temporal lobe, and 
lowered amyloid in the CSF. The authors found 
decreased cortical activity of AChE, particularly 
in the temporal, parietal, and occipital lobes [29]. 
A similar pattern of reduced AChE activity was 
reported in a group of MCI characterized by 
memory decline [37]. Again, the activity of AChE 
was reduced in several cortical regions, but 
mostly in the temporal cortex. A third study using 
the same tracer on a comparable MCI population 
came to similar results, except that they found the 
hippocampus to be the structure most severely 
affected [38]. These findings suggest that cholin-
ergic dysfunction in the temporal lobe may be a 
sign of early AD.

Another study followed a group of patients 
with MCI and affected memory and decreased 
performance in at least one other cognitive 
domain. They found that individuals with MCI 
who progressed to ADD had widespread reduc-
tions of cortical AChE activity, particularly in the 
parietotemporal regions. Activity in the hippo-
campus and thalamus was preserved among MCI 
who did not progress [39]. The cholinergic pro-
jections to the hippocampus come from the ros-
tral sectors of the basal forebrain, and the 
cholinergic projections to the thalamus come 
from the PPN/LDT complex in the brainstem. 
This suggests that more rostral sectors of the 
basal forebrain are affected later and marks the 

transition to dementia. A similar sequential 
involvement could be true for the PPN/LDT, 
although evidence of thalamic reductions in cho-
linergic signal in ADD is less convincing.

[18F]FA binds to the alpha 4 beta 2 nicotinic 
receptor and has been used to image MCI with 
PET.  On follow up, those MCI cases who pro-
gressed to dementia had significant baseline 
reductions in [18F]FA binding in several cortical 
areas, most pronounced in the temporal cortex 
and caudate [40]. Another study used the same 
tracer to study amnestic MCI and reported sig-
nificant decreases in signal in all investigated cor-
tical regions in addition to the hippocampus and 
caudate. The most severe reductions were found 
in those patients who progressed to ADD. Overall, 
the reductions among patients with MCI who 
progressed were almost as severe as those seen in 
fully developed ADD. This suggests that marked 
cholinergic dysfunction occurs at an early dis-
ease stage of AD [41].

Another more recent study used [18F]FA to 
investigate patients with MCI and impairment in 
the memory domain. They found that the level of 
change in nicotinic cholinergic receptor binding 
was between that of healthy controls and mani-
fest ADD [23]. This supports the view that 
AD-MCI represents a stage on the spectrum to 
fulminant dementia. Furthermore, it seems that 
the density of nicotinic cholinergic receptors 
declines initially in the entorhinal cortex and 
other limbic structures suggesting that the cholin-
ergic projections from the NBM to the entorhinal 
cortex are affected at a very early stage. 
Interestingly, the study found [18F]FA uptake in 
the hippocampus to be almost normal in AD-MCI, 
but severely decreased in ADD. This implies that 
the cholinergic cell bodies in the medial septum 
and horizontal limb are affected later than those 
in the NBM, in line with AD-pathology spread-
ing through the basal forebrain in a rostral direc-
tion [42]. Another possible explanation for 
preserved hippocampal uptake in AD-MCI could 
be a compensatory upregulation in the density of 
receptors.

Overall, PET imaging has shown that there is 
impaired cholinergic integrity in MCI-AD that is 
more severe in limbic and medial temporal struc-
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tures. Also, impairment is more severe in MCI 
cases who are close to converting to dementia 
[43]. While early-stage MCI patients also have 
impaired cholinergic integrity, their reductions 
often fall short of statistical significance, proba-
bly due to small study sample sizes. It is likely 
that the cholinergic system is affected from the 
beginning of the MCI-stage and possibly before 
the onset of MCI. This is supported by longitudi-
nal data showing that the cognitive decline in 
MCI can be detected 4–6  years before MCI is 
diagnosed, implying a long-term temporal win-
dow of Alzheimer progression before MCI diag-
nosis [44]. Molecular cholinergic imaging in 
preclinical stages of AD has not yet been 
performed.

Magnetic resonance imaging (MRI) can be 
used to measure the size of the basal forebrain 
[45]. Decreases in grey matter volume detected 
with MRI-based volumetry can be used to mea-
sure rates of neurodegeneration. A study found 
an association between atrophy in the basal fore-
brain measured using MRI and amyloid deposi-
tion measured using PET in preclinical and 
prodromal stages of AD [46]. Moreover, among 
MCI cases, lower volumes of the basal forebrain 
were found to be associated with impaired cogni-
tion and cortical hypometabolism assessed using 
PET [47]. A study using MRI to investigate 
patients with MCI-AD found that atrophy of the 
NBM precedes atrophy of the entorhinal cortex, 
which is then followed by memory impairment. 
Interestingly, pathology of the NBM alone does 
not lead to memory impairment. Rather, the 
memory impairments of early AD arise when 
there is degeneration of the projections from the 
NBM to the entorhinal cortex. Thus, a subcortical 
to cortical spread of pathology may be a very 
early stage in AD pathology [48].

 iRBD

Isolated RBD (iRBD) is characterized by accu-
mulation of Lewy bodies in neurons and abnor-
mal movement and behavior during REM sleep. 
The vast majority of patients with iRBD will 
develop either PD or DLB, and the majority of 

patients with PD progress to dementia (PDD) 
[30, 31]. This makes iRBD an excellent disorder 
for studying prodromal stages of DLB and 
PDD.  Surprisingly, very little research has yet 
been carried out on the cholinergic system in 
iRBD. A study investigated patients with iRBD 
using PET and [11C]donepezil, a tracer that 
binds to AChE.  Although the patients did not 
have any symptoms or signs of cognitive decline 
or motor disturbances, the authors found 
decreased uptake of tracer in the cortex of 
patients with iRBD compared to controls [49]. 
The cortical levels of [11C]donepezil were lower 
in the superior temporal cortex, the cingulum, 
dorsolateral prefrontal, and occipital cortices. 
Interestingly, this pattern of dysfunction resem-
bles that seen in manifest Lewy body disorders. 
This observation has two important implica-
tions. First, it supports that the cholinergic sys-
tem in prodromal PD and DLB is impaired and 
dysfunctional. Second, it suggests that investi-
gations of patients with iRBD may be a key to 
understand early changes in the cholinergic sys-
tem related to Lewy body disease.

Another finding of the study was that the 
affected cortical structures in iRBD are known to 
receive dense cholinergic projections from the 
NBM.  Furthermore, the cortical tracer uptake 
was lower in those patients who performed worse 
on tests of cognitive function. This underlines 
that early preclinical or prodromal cognitive 
decline is associated with dysfunction of the cho-
linergic system in Lewy body disease, and that 
this dysfunction can be visualized using 
PET. Furthermore, there is evidence that the cho-
linergic dysfunction occurs in parallel with 
nigrostriatal dopaminergic dysfunction, implying 
that the pathological processes in the NBM and 
substantia nigra are linked [50, 51].

PET using cholinergic tracers has been used 
to visualize the peripheral autonomous nervous 
system. Patients with iRBD show decreased 
uptake of [11C]donepezil in their colon and small 
intestine. This signifies a dysfunction of the 
enteric and parasympathetic nervous system 
[52]. It may well be that the Lewy pathology was 
initiated in the peripheral nervous system in 
those patients with Lewy body dementia that 
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were RBD- positive during their prodromal stage 
[53]. In iRBD there is pathology in nuclei of the 
upper brainstem. This means that at the time 
point of diagnosing iRBD, pathology is already 
relatively widespread in the brainstem and lim-
bic system. Supposing that pathology in iRBD 
arose in the peripheral nervous system, and 
spread to the CNS, it should be theoretically pos-
sible to identify cases with pathology confined to 
the periphery. Pure autonomic failure, another 
Lewy body disorder, may represent such a popu-
lation [54].

As such, cholinergic molecular markers are 
successfully being used to further characterize 
the prodromal disease stages of RBD-first Lewy 
body disorders. However, about two-thirds of 
patients with PD and one-quarter with DLB do 
not have iRBD in their prodromal stage [55]. The 
question is then how to identify this group in their 
prodromal stage? Part of the answer may be 
MCI-LB—see the next section.

Table 8.1 presents a list of molecular choliner-
gic human in vivo studies in preclinical and pro-
dromal AD and LBD.

Table 8.1 Human in vivo studies using cholinergic molecular imaging in preclinical and prodromal Alzheimer’s dis-
ease and Lewy body disease. Studies listed by year of publication from earliest (top) to most recent (buttom). Bold 
denotes statistical significance. Only studies cited in the text are listed in the table. AChE acetylcholinesterase, AD 
Alzheimer’s disease, CN cognitively normal, CSF cerebrospinal fluid, DLB dementia with Lewy bodies, HC healthy 
control, MCI mild cognitive impairment, MMSE mini mental state examination, iRBD isolated REM sleep behavior 
disorder, SD standard deviation, VLMT verbal learning and memory test

Study Tracer Diagnostic group Results
[38] [11C]

MP4A
MCI (n = 12), AD (n = 13), HC (n = 12)
Patients with MCI had subjective memory 
complaints and showed an impairment greater 
than 1.5 SD from the mean of healthy controls 
in at least one memory test

Hippocampus (MCI -17%, AD -27%), frontal 
cortex (MCI -5%, AD -9%), lateral temporal 
cortex (MCI -10%, AD -20%), parietal cortex 
(MCI -8%, AD -13%), thalamus (MCI +11%, 
AD -2%)

[43] [11C]
MP4A

MCI (n = 8), AD (n = 11), HC (n = 21)
MCI fulfilled the Peterson criteria. Four MCI 
converted to AD during follow-up

Global cortex (MCI -12%, AD -24%)
MCI who converted to AD had low AChE 
activity at baseline. Those who remained 
stable had normal activity

[41] [18F]FA MCI (n = 6), AD (n = 17), HC (n = 10)
Amnestic MCI

Decreased binding in hippocampus, caudate, 
frontal, temporal, parietal, and cingulate 
cortices
The MCI cases who converted to AD had low 
baseline values, those who remained MCI had 
normal values

[79] [123I]FA MCI (n = 9), HC (n = 10)
Amnestic MCI

Reduced uptake in medial temporal lobe of 
MCI

[40] [18F]FA MCI (n = 8), AD (n = 9), HC (n = 7)
“Amnestic” MCI (n = 5), “multidomain 
amnestic” MCI (n = 3)

In MCI cases who converted to AD: Reduced 
signal in frontal, parietal, temporal, occipital, 
posterior cingulate, caudate, right 
hippocampus, and left anterior cingulate
Similar pattern in MCI and AD

[39] [11C]
MP4A

MCI (n = 10), AD (n = 7), DLB (n = 4), HC 
(n = 9)
Patients with MCI were described as 
multidomain amnestic

Prefrontal cortex (MCI -19%, AD -15%,  
DLB -13%), superior parietal lobule  
(MCI -21%, AD -17%, DLB -6%), inferior 
parietal lobule (MCI -21%, AD -17%,  
DLB -13%), temporal lateral cortex  
(MCI -23%, AD -19%, DLB -18%), occipital 
lateral cortex (MCI -23%, AD -16%,  
DLB -14%), hippocampal structures  
(MCI -21%, AD -19%, DLB -22%), thalamus 
(MCI -21%, AD -37%, DLB -21%)

[37] [11C]
MP4A

MCI (n = 17), HC (n = 21)
Patients with MCI had memory decline

Total cortex −10%. Largest reductions in 
temporal cortex and limbic regions
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Table 8.1 (continued)

Study Tracer Diagnostic group Results
[29] [11C]

MP4A
MCI (n = 17), HC (n = 18)
16 MCI had signs of neuronal injury and an 
AD-typical CSF biomarker profile, 
corresponding to a high likelihood of MCI due 
to AD. One MCI had signs of neuronal injury 
but no AD-markers in CSF and classified as 
intermediate likelihood

Total cortex −13%. Largest reductions in 
temporal, parietal, and occipital lobes
Periventricular white matter lesions negatively 
correlated with cortical activity of AChE and 
cognition in both patients and controls. This 
implies that white matter lesions may disrupt 
cholinergic projections to the cerebral cortex

[52] [11C]
donepezil

iRBD (n = 22), PD (n = 18), HC (n = 16)
iRBD had no parkinsonism or cognitive 
impairment

Patients with iRBD have decreased binding in 
the colon and small intestine

[9] [11C]
MP4A

MCI (n = 14), HC (n = 16)
MCI had high probability of AD as they had 
CSF biomarkers indicative of Alzheimer 
pathology and signs of neuronal injury. The 
predominant impairment in all MCI was in the 
memory domain, five had a purely amnestic 
MCI subtype, and nine could be classified as 
multi-domain MCI

Mean cortical AChE activity −11%, most 
pronounced in lateral temporal, parietal, and 
occipital lobes, but also including the 
hippocampi, adjacent medial temporal 
structures, and frontal areas. The purpose of 
the study was to investigate the relationship 
between cholinergic treatment effects and the 
integrity of the cholinergic system

[72] [18F]
FEOBV

iRBD (n = 5), HC (n = 5)
iRBD group younger and performed better on 
cognitive measures

Higher uptake in patients with iRBD, 
particularly brain stem

[80] [11C]
MP4A
[18F]FDG

MCI (n = 19), HC (n = 18)
MCI was defined as performance >1.5 standard 
deviations below the norm in the delayed recall 
of the VLMT, and > 24 points in the MMSE

Reduced AChE activity in lateral temporal, 
parietal, and occipital cortices

[74] [18F]
ASEM

MCI (n = 14), HC (n = 17)
MCI at least 1 SD below normal on memory 
test

Increased binding in cortex including the 
hippocampus, striatum, thalamus, cerebellum, 
and basal forebrain

[49] [11C]
donepezil

iRBD (n = 21), HC (n = 10)
iRBD had no parkinsonism or cognitive 
impairment

Reduced neocortical binding in iRBD

[11] [11C]
donepezil

iRBD (n = 19), HC (n = 27)
iRBD had no parkinsonism or cognitive 
impairment

Reduced neocortical binding in 
iRBD. Negative correlation between cortical 
binding and a marker of inflammation in the 
basal forebrain

[81] [18F]
FEOBV

MCI (n = 8), HC (n = 10). Majority of MCI 
cases were amyloid-negative demonstrated 
with [18F]florbetaben-PET

MCI cases had reduced cortical uptake of 
FEOBV. Cholinergic signal correlated with 
volume of the basal forebrain and 
hippocampus

[23] [18F]FA MCI (n = 28), AD (n = 32), CN (n = 42). 
Patients with MCI had cognitive impairment in 
the memory domain

Binding in MCI generally midway between 
CN and AD in selected subcortical and limbic 
areas. Preserved hippocampal signal 
distinguished the MCI group from 
AD. Alteration may occur early in entorhinal 
and limbic structures

 MCI-LB

MCI plus core features of DLB (MCI-LB) is a 
prodromal stage of DLB [56]. A recent publica-
tion describes the recommendations for identify-
ing prodromal DLB.  In short, the prodromal 
phase may include MCI, delirium-onset, and 

psychiatric-onset manifestations [56]. So far, no 
studies using cholinergic in  vivo imaging have 
been published on patients who presented with 
one of these three phenotypes.

A few recent structural MRI-studies have 
been published on MCI-LB. A follow-up study 
investigated gray matter atrophy in 
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MCI-LB.  Comparing patients who remained 
MCI-LB to those who progressed to DLB, both 
groups had atrophy in the NBM at baseline [57]. 
Those who progressed to DLB had more longi-
tudinal atrophy in entorhinal and parahippo-
campal cortices, temporoparietal association 
cortices, thalamus, and basal ganglia. Thus, 
atrophy of the NBM is a feature of prodromal 
DLB regardless of proximity to dementia and 
there is gradual atrophy of cortical regions with 
significant cholinergic innervation. The findings 
suggest that atrophy of the NBM occurs very 
early in the pathogenesis of DLB and reaches a 
plateau when the first cognitive symptoms 
appear. It seems that the initial phase of MCI-LB 
is associated with little cortical grey matter atro-
phy and that the later accelerated cortical grey 
matter atrophy in MCI-LB is a marker of 
impending dementia. In the study, RBD was 
assessed using a questionnaire. Overall, 89% 
had probable RBD.  So far, no studies have 
focused on RBD-negative MCI-LB, which may 
represent a separate prodromal phenotype.

In PD without dementia, basal forebrain vol-
ume is correlated with cognition and reduced vol-
ume predicts future dementia [58–60].

In summary, early patients with MCI-LB 
show significant atrophy in the NBM [61]. This is 
followed by atrophy of the entorhinal cortex [57]. 
Later, on conversion to dementia, there is wide-
spread gray matter atrophy in multiple cortical 
and subcortical regions, in particular those areas 
receiving input from the NBM.  Both MCI-AD 
and MCI-LB exhibit atrophy of the NBM, 
although this is to a lesser degree in MCI-AD 
[61, 62]. Interestingly, both prodromal groups 
show evidence of degeneration in the axonal pro-
jections from the NBM to the cortex, and the 
integrity of cholinergic pathways correlate better 
with clinical features than do atrophy of choliner-
gic cell bodies [63]. Atrophy of the basal fore-
brain is closely linked to reduced integrity of its 
cortical cholinergic projections and cortical cho-
linergic signal, but it is loss of the projecting 
axons that is important in the pathological pro-
cess [64].

 Preclinical Changes in Cholinergic 
Axons

The number of cholinergic neurons in the basal 
forebrain decreases with age, particularly when 
transitioning from preclinical to MCI stages of 
DLB and AD.  Morphological abnormalities in 
the cholinergic axons occur at very early stages 
of AD.  In healthy young brains without AD 
pathology, the cholinergic axons are thin and 
homogenous with small uniform varicosities. In 
middle-aged non-demented persons, axonal 
abnormalities start to be present. These can 
include swollen axons, ballooned terminals, less 
branching, and fewer terminals. The abnormali-
ties increase in non-demented elderly and then 
decrease in severe ADD, suggesting that the 
abnormal cholinergic axons atrophy in ADD 
[65].

The abnormal swellings of the cholinergic 
axons contain abundant AChE and ChAT.  This 
could explain why some studies find preserved or 
even locally increased levels of cholinergic mark-
ers in prodromal and early disease stages [66, 
67]. Also, it suggests that the cholinergic system 
may be functionally impaired despite preserved 
or increased levels of cholinergic markers [65]. A 
post-mortem study found that the increase in 
cholinergic markers could not be explained by 
increased number of cholinergic fibers or vari-
cosities [68]. A more likely explanation appears 
to be an upregulation of proteins and enzymes 
involved in production and delivery of acetylcho-
line. This phenomenon has been documented in 
post-mortem studies [69, 70].

ChAT and VAChT are co-regulated and co- 
located on the same gene [71]. A recent PET- 
study found that VAChT may also be upregulated 
locally in iRBD [72]. The most marked areas of 
upregulation were found to be in the brainstem 
which receives most of its cholinergic projections 
from the PPN/LDT complex on the pontomesen-
cephalic junction. This implies that, in iRBD, the 
PPN/LDT complex is affected by pathology. This 
seems reasonable, as iRBD is caused in part by 
pathology in the nearby subcerulean nucleus. It 
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should be mentioned, however, that the results 
were based on only five patients with iRBD that 
were also younger and performed better on cog-
nitive measures compared to their comparison 
group.

Another study found increased binding of 
VAChT in the hippocampi of PD patients with 
normal cognition while PD patients with MCI 
had normal levels of binding [66]. A possible 
explanation could be a local upregulation of 
VAChT due to dysfunctional cholinergic projec-
tions from the medial septum and horizontal band 
to the hippocampus. Local increases in tracer 
activity have been reported in studies using 
substrate- tracer for AChE in patients predisposed 
to PD [73], ligand-tracers for nicotinic receptors 
in patients with MCI and patients with AD [74, 
75], and tracers for muscarinic receptors in 
patients with PD [76].

Interestingly, axonal swellings may appear 
prior to accumulation of pathological protein. 
Reducing axonal transport by genetic modifica-
tion in mice led to increased levels of axonal 
swellings and amyloid deposition [77]. Also, 
reduced expression of VAChT can facilitate 
Alzheimer pathology in mice [78]. Evidence sug-
gest that similar mechanisms may be at play in 
humans [65]. Intriguingly, this evidence suggests 
that cholinergic dysfunction can lead to the accu-
mulation of pathological protein. However, the 
prevailing understanding is still that it is the accu-
mulation of pathology that causes neuronal dys-
function and degeneration, not the reverse.

To conclude, cholinergic molecular in  vivo 
imaging has made it possible to study early dis-
ease stages of dementia and follow progression 
over time. The studies of neurodegenerative 
dementias are no longer confined to investigating 
the cortical cholinergic changes associated with 
cognitive deficits. Today, we understand that 
these disorders affect multiple systems that cause 
a wide range of symptoms and signs, and that 
changes in the cholinergic system are involved in 
several of these functions. There is evidence of 
cholinergic dysfunction in the prodromal stages 
of ADD and LBD.  These changes likely begin 
during the preclinical stages, but such early 
patient cases are currently hard to identify. In AD 

and RBD-negative Lewy body disorders, the ear-
liest changes may occur in cholinergic axons or 
cell bodies of the basal forebrain. In RBD- 
positive LBD, the earliest changes most likely 
occur in cholinergic parasympathetic and intrin-
sic neurons innervating the internal organs. 
Overall, this makes cholinergic molecular imag-
ing one of the most interesting, versatile, and 
promising fields within dementia research.
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9Neuroinflammation Imaging 
in Neurodegenerative Diseases

Dima A. Hammoud and Peter Herscovitch

 Introduction

Neuroinflammation is a natural response of a 
competent immune system to any type of CNS 
insult, and it includes both innate (e.g., mono-
cytes) and adaptive components (lymphocytes). 
A special characteristic of the CNS is the pres-
ence of specialized resident immune cells, the 
microglia. When faced with a noxious stimulus 
or injury, microglial cells become activated, 
increase in size, assume an ameboid shape with 
shorter processes, and secrete a variety of cyto-
kines and other neurotoxic compounds. An 
excessive reaction can result in a vicious cycle 
that eventually results in neuronal injury and 
death. Microglial activation, however, is only one 
part of the neuroinflammatory process, with addi-
tional contributions from astrocytes, peripherally 
derived macrophages, and sometimes T-cell lym-
phocytes (Fig. 9.1).

The potential contribution of neuroinflamma-
tion to CNS injury has been extensively studied 
using molecular imaging with positron emission 

tomography (PET) in many disease entities, 
including neurodegenerative diseases (NDDs). 
Most research using neuroinflammation imaging 
in NDDs has focused on Alzheimer’s disease 
(AD), with fewer studies evaluating Parkinson’s 
disease (PD) and other movement disorders. The 
overarching goal of such studies is to understand 
the role of neuroinflammation in disease patho-
physiology and progression. Imaging can also be 
used to monitor treatment effects and to provide 
surrogate endpoints in clinical trials of strategies 
to modify neuroinflammation. While there are 
many targets that could be used to image neuro-
inflammation with PET, the most commonly 
studied target has been the 18-kDa translocator 
protein (TSPO), an outer mitochondrial mem-
brane receptor that is expressed in many CNS 
and peripheral immune cells [1]. Basal TSPO 
expression in the brain parenchyma is low but it 
is upregulated in inflammatory states. As a result, 
imaging TSPO has been used to assess the neuro-
inflammatory process in various diseases includ-
ing NDDs, and many radioligands have been 
developed to image TSPO with PET.

However, TSPO as a target to monitor neu-
roinflammation does have several shortcom-
ings. In the CNS, TSPO is expressed in several 
cell types. These include resident microglia 
and monocyte- derived macrophages, astro-
cytes, and endothelial, choroid plexus and 
ependymal cells, with low but ubiquitous 
expression in the parenchyma [2]. Although 
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Fig. 9.1 Neuroinflammation and mechanism of neuronal 
injury: activated microglia, astrocytes, peripherally 
derived monocytes, and lymphocytes contribute to neuro-
inflammation. Excess production of cytokines, chemo-

kines, and other neurotoxic molecules can result in 
synaptic loss, axonal degradation, and neuronal cellular 
damage

generally assumed not to be expressed in neu-
rons, colocalization of TSPO staining with 
tyrosine hydroxylase has been reported, raising 
the possibility that dopaminergic neurons also 
express TSPO [3]. TSPO imaging also cannot 
distinguish between activated microglia that 
are harmful (pro-inflammatory M1 phenotype) 
versus neuroprotective (anti- inflammatory 
M2), and cannot differentiate microglia from 
astrocytes, which also participate in the neuro-
inflammatory process.

The original and most commonly used TSPO 
PET ligand is [11C]-PK11195, an isoquinolone 
TSPO antagonist. However, it has several limita-

tions as a PET radiotracer, including low blood–
brain barrier permeability and high binding to 
plasma proteins, limiting tracer entry to brain, 
and low specific binding to the TSPO target with 
a poor signal-to-noise ratio in the PET images. 
As a result, many other ligands have since been 
and continue to be developed to improve neuroin-
flammation imaging (Fig. 9.2).

In general, TSPO ligands other than [11C]-
PK11195 are referred to as second- or third- 
generation ligands (Fig.  9.2), with improved 
affinity and higher specific-to-nonspecific bind-
ing. The use of second-generation ligands, how-
ever, was immediately hampered because almost 
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Fig. 9.2 Chemical structures of first-, second-, and third-generation TSPO PET ligands (adapted and reproduced with 
permission from [65])

10% of subjects showed no specific binding. 
Upon further evaluation, a polymorphism was 
discovered in exon 4 of the TSPO gene resulting 
in a nonconservative amino-acid substitution 
from alanine to threonine (Ala147Thr). This 
resulted in three possible binding levels: high- 
affinity binders (HAB) (C/C; Ala/Ala), medium- 
affinity binders (MAB) (C/T; Ala/Thr), and 
low-affinity binders (LAB) (T/T; Thr/Thr) [4, 5]. 
This necessitates genotyping before imaging and 
exclusion of almost 10% of the population, as 
well as the need to increase the sample number to 
match the binding levels between patients and 
controls.

Multiple third-generation ligands have subse-
quently been developed with claims of lower or 
no sensitivity to polymorphism [6, 7]. However, 
to our knowledge no ligand has been found that is 
completely insensitive to polymorphism.

 Imaging Neuroinflammation 
in Alzheimer’s Disease

One reason neuroinflammation has been consid-
ered a possible factor in the pathophysiology of 
AD is that the amyloid-β deposition hypothesis 
seems to be insufficient to explain all aspects of 
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disease pathogenesis. In addition, increased 
inflammatory markers have been described in 
AD, and the AD risk genes such as ApoE are 
known to be associated with innate immune func-
tion modulation [8]. Therefore, PET has been 
widely used to assess the role of neuroinflamma-
tion in AD pathogenesis. These PET studies 
 typically include imaging with radiotracers for 
amyloid and tau to confirm the stage and relation 
to neuroinflammation of the underlying AD 
pathophysiological process. Unfortunately, the 
results of these studies have generally been 
inconsistent.

Two early studies using [11C]-PK11195 sug-
gested a role for neuroinflammation in AD and 
mild cognitive impairment (MCI). Cagnin et al. 
found that while in controls regional binding sig-
nificantly increased with age in the thalamus, 
patients with AD showed significantly increased 
binding in the entorhinal, temporoparietal, and 
cingulate cortex [9]. Okello et  al. showed that 
amyloid deposition and microglial activation can 
be detected in about 50% of patients with 
MCI. However, there was no correlation between 
regional levels of [11C]-PK11195 and amyloid, 
suggesting that the two pathologies can co-exist 
but can also occur independently [10].

Many later studies using second-generation 
ligands often showed discordant results. 
Yasuno et al. showed increased [11C]-DAA1106 
binding in 10 AD patients [11] and Kreisl et al. 
found elevated [11C]-PBR28 binding in AD but 
not in MCI [12]. Two other papers, however, 
using [11C]-vinpocetine and [18F]-FEDAA1106, 
showed no difference between AD subjects and 
age-matched controls [13, 14]. Interestingly, 
Kreisl et al. found a correlation between neuro-
inflammation (measured by [11C]-PBR28) and 
amyloid (imaged with [11C]-PIB), and between 
neuroinflammation and neurocognitive impair-
ment in AD (although not in MCI patients), 
contrary to the findings of Okello et  al. [10]. 
Since increased binding of [11C]-PBR28 was 
seen only in AD, the authors proposed that 
neuroinflammation occurs after conversion of 
MCI to AD and worsens with disease progres-
sion, thus making its detection possibly useful 
in marking the conversion from MCI to AD 

and in assessing response to experimental 
treatments.

More recently, many studies using either 
[11C]-PK11195 or second-generation ligands to 
assess MCI and AD also demonstrated conflict-
ing results. Some showed no correlation between 
inflammation, cognition and/or pathologic corre-
lates (amyloid and/or tau burden) [15–17]. 
However, others showed the opposite, albeit to 
different degrees or distributions, e.g., in differ-
ent brain regions or using a global measure of 
neuroinflammation [18–25].

There are several possible explanations for 
these discrepant results. The use of different 
ligands with different imaging characteristics and 
sensitivities to detect TSPO expression likely is a 
major factor. This was elegantly demonstrated by 
Yokokura et al. who used the “gold standard” of 
receptor blocking experiments to determine the 
specific binding of two TSPO radiotracers. While 
[11C]-PK11195 showed small differences 
between AD and controls in the precuneus, imag-
ing with [11C]-DPA713 demonstrated more 
impressive increased binding in multiple regions 
including the anterior and posterior cingulate 
gyri, thalamus, and precuneus [26] (Fig. 9.3).

Another factor likely underlying the conflict-
ing PET imaging results is the use of different 
patient populations at different stages of the AD 
pathophysiological process, often with small 
sample numbers. A third factor is the use of dif-
ferent image analysis methods to estimate the 
level of TSPO binding. These include graphical 
analysis with a measured arterial plasma input 
function (e.g., [19]), simplified reference tissue 
methods with various brain regions used to pro-
vide information about the delivery of radiotracer 
to tissue (e.g., [27]), or a semi-quantitative 
approach using the ratio of local regional radio-
activity to radioactivity in the cerebellum which 
is assumed not to be affected by the disease pro-
cess (e.g., [28]).

To help reconcile these results, Bradburn et al. 
performed a meta-analysis of TSPO studies in 
AD and MCI [29]. The authors concluded that 
neuroinflammation is increased in AD, with more 
modest effects in MCI. In the parietal region, the 
neuroinflammatory effects correlated with Mini- 
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Fig. 9.3 Discrepancy of imaging results between first- 
and second-generation TSPO PET imaging in AD sub-
jects. While [11C]-PK11195 showed small differences 
between AD and controls in the precuneus, [11C]-DPA713 

demonstrated increased binding in multiple regions, 
including the anterior and posterior cingulate gyri, thala-
mus, and precuneus (adapted and reproduced with per-
mission from [26])

Mental State Examination scores in AD.  This 
meta-analysis was published in 2019; the inclu-
sion of more recent studies could provide differ-
ent results.

Two such studies are noteworthy because they 
included a large number of subjects who were 
studied longitudinally [22, 30]. Hamelin et  al. 
used [18F]-DPA714 to evaluate patients who were 
classified either as prodromal AD (amyloid posi-
tive, Clinical Dementia Rating (CDR) score = 0.5) 

or demented (amyloid positive, CDR ≥ 1.0 [30]). 
Follow-up scans in 1–2 years showed two distinc-
tive dynamic patterns of microglial activation: 
higher initial [18F]-DPA714 binding followed by a 
slower increase in subjects with slower disease 
progression, and lower initial [18F]-DPA714 bind-
ing followed by a more rapid increase in subjects 
with accelerated disease progression. This sug-
gested a possible protective role of microglial 
activation in early stages of AD.  This was pro-
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posed by Leng and Edison who suggested that an 
initial microglial response might be protective, 
thus slowing disease progression (Fig.  9.4). 
However, subsequent chronic activation eventu-
ally causes phenotypic changes in microglia and 
shifts their behavior toward a pro-inflammatory 
phenotype, which causes damage to neuronal net-

works and disease  progression. On the other hand, 
AD patients with defective microglial functioning 
at the onset of disease would undergo a quicker 
progression and an exaggerated late-stage inflam-
matory response [31].

Pascoal et al. imaged 130 HAB subjects over 
the normal aging and AD clinical spectrum, lon-

Fig. 9.4 Proposed effect of microglial activation on 
Alzheimer disease progression [31]. The authors suggest 
that individual clinical presentation at a given pathologi-
cal stage in AD might be partly determined by different 
microglial responses in the early versus late stages of the 
disease. When microglial activity is deficient, i.e., not pro-
tective, at the onset of disease, AD patients might develop 
cognitive decline at an earlier stage in response to tau and 
amyloid deposition. This suggests that the initial microg-
lial activation to pathological changes is protective. 

However, chronic microglial activation eventually causes 
phenotypic changes in microglia toward a pro- 
inflammatory phenotype, with secondary neuronal dam-
age and accelerated symptomatology. In patients with 
inappropriate early microglial responses, a weak initial 
protective response results in a quicker transition to worse 
phenotypes as well as an exaggerated late-stage inflam-
matory response. MCI: mild cognitive impairment (repro-
duced with permission from [31])
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gitudinally, for TSPO expression and amyloid 
and tau levels. Neuroinflammation and tau 
pathology correlated hierarchically with each 
other following Braak-like stages of neuropatho-
logical disease progression. The strongest predic-
tor of cognitive impairment was the co-occurrence 
of amyloid, tau, and microglial abnormalities. 
They concluded that amyloid and activated 
microglia interaction might determine the rate of 
tau spread across disease stages [22].

In conclusion, neuroinflammation seems to 
play an important role in the pathophysiology of 
AD, but a better understanding of this role is 
needed, especially since many trials of anti- 
inflammatory drugs did not slow disease progres-
sion [32–34]. This is key for future AD clinical 
trials to suppress pro-inflammatory changes or 
enhance microglial anti-inflammatory properties, 
along with anti-amyloid or -tau approaches. 
Imaging of neuroinflammation in AD should be 
further refined to serve as a quantitative surrogate 
endpoint in clinical trials.

 Imaging Neuroinflammation in 
Parkinson’s Disease and Other 
Movement Disorders

Another NDD in which neuroinflammation is 
suspected to play a role is PD, which is character-
ized by the degeneration of dopaminergic neu-
rons in the substantia nigra and the pathologic 
presence of abnormal cytoplasmic inclusions, 
Lewy bodies, containing alpha-synuclein. PD is 
classically described as a movement disorder, 
with bradykinesia, resting tremor, rigidity, and 
postural instability [35]. More recently, however, 
it is being thought of as a multi-system disorder, 
where neuroinflammation and immune dysfunc-
tion play a major role, and with non-motor symp-
toms such as sleep and mood disorders [36] and 
gastrointestinal dysfunction [37] preceding motor 
manifestations. Many PD patients also develop 
dementia in the later stages of the disease.

PET imaging of neuroinflammation in PD 
patients was first reported by Gerhard et al. who 
showed increased [11C]-PK11195 binding, 
although the degree of microglial activation did 

not correlate with clinical severity or putaminal 
[18F]-DOPA uptake [38]. A study using a second- 
generation ligand ([18F]-FEPPA), however, 
showed no effect of disease or disease x TSPO 
genotype interaction on ligand binding in any 
brain region [39]. Interestingly, the same group 
subsequently showed an interaction between 
neuroinflammation and amyloid deposition in PD 
with cognitive decline. They noted that further 
research is needed to determine whether amyloid 
deposits cause neuroinflammation and further 
neurodegeneration, or if increased microglia acti-
vation is a protective response [40]. These results 
likely overlap with prior work showing neuroin-
flammation in AD.

Using another second-generation ligand, 
[18F]-DPA714, a third group showed binding that 
suggested neuroinflammation in the nigrostriatal 
pathway, more so on the more affected side. 
However, this did not correlate with symptom 
severity, dopamine transporter (DAT) binding or 
disease duration. In the frontal cortex, neuroin-
flammation did correlate with disease duration 
[41]. The authors suggested this discrepancy 
between regions could reflect spreading of 
pathology in the later stage of the disease [41]. 
Finally, a study published in 2019 using 
[11C]-PBR28 in PD patients showed no neuroin-
flammation despite DAT imaging demonstrating 
dopaminergic degeneration [42].

A recent meta-analysis of neuroinflammation 
studies in PD clearly showed the effect of ligand 
choice on the results. While neuroinflammation 
was seen in multiple brain regions using [11C]-
PK11195, only the midbrain showed significant 
increases when second-generation ligands were 
used [43]. Heterogeneity in results was found in 
many brain regions. This could be due to differ-
ent ligands, different analysis approaches (e.g., 
the use of the cerebellum as a reference region), 
or suboptimal reporting of detailed clinical vari-
ables. Of note, the nonspecific binding of [11C]-
PK11195 has been reported to be lower in PD 
patients; this could affect the results of certain 
analysis methods [44]. Therefore, there is a need 
for a more uniform approach to performing PET 
studies and for using large-cohort longitudinal 
studies to better understand the role of neuroin-

9 Neuroinflammation Imaging in Neurodegenerative Diseases



152

flammation in PD pathophysiology and 
progression.

Neuroinflammation imaging has been per-
formed to a lesser extent in other NDDs. In 
Huntington’s disease, for example, several studies 
identified neuroinflammatory changes, mainly in 
the globus pallidus and putamen in affected 
patients [45–47]. In one study, even premanifest 
HD gene carriers showed increased TSPO expres-
sion, although the changes were not significant 
when compared to controls and affected subjects 
[46]. In another study, the authors observed fur-
ther distinct regional and subregional imaging 
features, which seemed to correspond to pheno-
typical variability [45]. Imaging studies using 
first- and second-generation TSPO ligands also 
identified neuroinflammatory changes in progres-
sive supranuclear palsy patients [23, 48, 49]. In a 
study by Palleis et al., patients with corticobasal 
degeneration were also included and showed even 
more extensive inflammatory changes compared 
to progressive supranuclear palsy (PSP) subjects. 
TSPO upregulation, however, was not correlated 
with measures of disease progression in either 
PSP or corticobasal degeneration [49]. This con-
tradicts the findings of Malpetti et al., where neu-
roinflammation (measured with [11C]-PK11195) 
and tau burden in the brainstem and cerebellum 
correlated with the subsequent annual rate of PSP 
disease progression [50]. Additional work is thus 
needed to better understand the interaction 
between neuroinflammatory changes and disease 
progression in different NDDs.

 Conclusions

The use of TSPO as an imaging target in NDDs 
and other CNS diseases remains challenging at 
multiple levels, and the interpretation of study 
results should be done with caution. A better 
understanding of the cellular regulation of TSPO 
expression and how it changes in relationship to 
disease progression in NDDs might help deter-
mine whether TSPO is an appropriate marker for 
those diseases, especially AD [51]. Meanwhile, 
alternative biological targets and radioligands for 
imaging neuroinflammation are being developed 

and may prove superior in the assessment of pro- 
and anti-inflammatory activity in NDDs [52]. 
One such radioligand is 11C-BU99008, a novel 
PET tracer that selectively targets activated astro-
cytes. A recent study showed higher 11C- 
BU99008 uptake in eight amyloid positive 
subjects compared to nine controls in the frontal, 
temporal, medial temporal, and occipital lobes 
(regions with high Aβ load) as well as across the 
whole brain [53], suggesting activated astrocytes 
in those locations. Other promising targets for 
imaging neuroinflammation that could be used to 
evaluate NDDs include cyclooxygenases [54–
57], purinergic receptors [58], cannabinoid 
receptors [59, 60], colony stimulating factor 
receptor (CSF-1R) [61], inducible nitric oxide 
synthase (iNOS) [62], and triggering receptor 
expressed on myeloid cells 1 (TREM1) [63, 64].
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10Synaptic PET Imaging 
in Neurodegeneration

Ming-Kai Chen, David Matuskey, 
Sjoerd J. Finnema, and Richard E. Carson

 Introduction

The recent emergence of positron emission 
tomography (PET) imaging targeting synapses 
with synaptic vesicle glycoprotein 2A (SV2A) 
has opened new avenues for studying neurode-
generative diseases. The general use of this 
marker in a wide range of diseases makes it par-

ticularly suitable for human research, including 
disease diagnosis and differentiation and thera-
peutic monitoring. In many cases, pairing SV2A- 
PET with a second PET radioligand with a 
disease-specific focus has provided unique multi-
modal information on brain pathophysiology. 
Here, we review SV2A glycoproteins, SV2A- 
PET tracers, and the potential application of 
SV2A-PET in various neurodegenerative dis-
eases, including Alzheimer’s disease (AD), fron-
totemporal dementia (FTD), Parkinson’s disease 
(PD), dementia with Lewy bodies (DLB), pro-
gressive supranuclear palsy (PSP), corticobasal 
degeneration (CBD), and Huntington’s disease 
(HD).

 SV2A PET as a Measure of Synaptic 
Density

Synaptic vesicle glycoprotein 2 (SV2) is a glyco-
protein located on secretory vesicles in neurons 
and endocrine cells. SV2 is essential for synaptic 
function and is involved in vesicle trafficking and 
exocytosis, although research on its exact func-
tion continues (see reviews [1, 2]). SV2 has three 
distinctly distributed isoforms in the brain. SV2A 
is ubiquitously expressed in almost all synapses, 
while SV2B is more restricted, and SV2C is only 
observed in a few rat brain regions [1, 2]. Among 
glutamatergic and GABAergic neurons, SV2A is 
thought to be located in both classes, while SV2B 
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might be more restricted to the former and SV2C 
to the latter [2]. Therefore, SV2A is a promising 
biomarker of synaptic density with little variation 
in copy number per vesicle [3].

SV2A has been shown to be a therapeutic tar-
get of the antiepileptic drug levetiracetam [4]. 
Consequently, the first attempt to develop a 
SV2A-PET radioligand was 11C-levetiracetam 
[5]. Later, higher affinity SV2A-selective ligands 
were synthesized and evaluated [6]. Three of the 
SV2A ligands were radiolabeled as 11C-UCB-A 
[7], 18F-UCB-H [8], and 11C-UCB-J [9], and all 
were evaluated in nonhuman primates. Of these, 
11C-UCB-J has the most suitable pharmacokinet-
ics with rapid and high brain uptake, reversible 
binding kinetics, and relatively low nonspecific 
binding in white matter [9]. However, the short 
half-life of carbon-11 (20.4 min) limits the pro-
duction of 11C-UCB-J to PET centers with cyclo-
trons. Based on the initial success of 11C-UCB-J, 
fluorine-18 (half-life ~110  min) labeled SV2A 
radioligands with slightly modified chemical 
structure have attracted more interest for poten-
tial broader applicability in multicenter studies. 
Initial work focused on 18F-UCB-J, which pro-
vided similar pharmacokinetic results to 
11C-UCB-J [10], however, the radiosynthetic pro-
cess was not suitable for routine production. 
Subsequent focus was on the mono- and di- 
fluorinated UCB-J analogs, 18F-SynVesT-1 
(18F- SDM- 8, 18F-MNI-1126) [11, 12] and 
18F-SynVesT-2 (18F-SDM-2) [13]. In humans, 
18F-SynVesT-1 displayed outstanding character-
istics with very high brain uptake, fast and revers-
ible kinetics, excellent test-retest reproducibility, 
and binding specificity to SV2A [14, 15]. 
Compared to 11C-UCB-J, 18F-SynVesT-1 dis-
played higher binding potential (BPND) due to 
lower nonspecific binding. Recent human PET 

scans with 18F-SynVesT-2 showed slightly lower 
BPND, but with faster kinetics. The availability of 
these fluorine-18 labeled SV2A-PET radioli-
gands provides great opportunities for multi-
center clinical studies in various neurodegenerative 
diseases.

To examine whether SV2A-PET provides an 
index of synaptic density, a correlation study 
between in vivo SV2A-PET and in vitro bioas-
says was conducted [16]. A baboon underwent a 
11C-UCB-J scan, followed by postmortem brain 
tissue studies. 11C-UCB-J distribution volume 
(VT) measured by PET correlated well with the 
regional SV2A density measured by homogenate 
binding assay and Western blot [16]. Importantly, 
there was also good correlation between SV2A 
and the “gold standard” synaptic density marker 
synaptophysin in Western blot and confocal 
microscopy experiments, i.e., SV2A can be used 
as a surrogate for synaptophysin to quantify syn-
apse density [16]. Further studies in postmortem 
human tissue are ongoing to further validate 
SV2A as a biomarker of synaptic density.

Pharmacokinetic modeling studies of SV2A- 
PET in humans revealed that the best models to 
quantify VT values are the one-tissue compart-
ment model (1TC) for 11C-UCB-J [17], 
18F-SynVesT-1 [15], and 18F-SynVesT-2, and 
Logan graphical analysis for 18F-UCB-H [18]. 
Excellent test-retest reproducibility and low 
noise VT images can be obtained with the 1TC 
model for 11C-UCB-J [17] and 18F-SynVesT-1 
[14, 15]. Please see the references and Chap. 12 
by Carson and colleagues for more details of 
modeling methodology. Here, we focus on the 
potential clinical application of SV2A-PET as a 
biomarker of synapse density in various neurode-
generative diseases as reported below (summa-
rized in Table 10.1).
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Table 10.1 Literature with SV2A PET in human studies of neurodegenerative disorders, listed in chronological order 
per disorder

Populations Subjects Tracer(s)
Outcome 
measure Major finding Reference

AD and CN 10 AD/
MCI

11C-UCB-J BPND 41% lower binding in the hippocampus of 
AD

[27]

AD and CN 24 AD/
MCI

18F-UCB-H VT Lower binding in the hippocampus (31%), 
cortical (11–18%) and thalamus (16%) of 
AD

[28]

AD and CN 34 AD/
MCI

11C-UCB-J DVRCb Extensive cortical and subcortical 
reductions of DVRCb in AD

[29]

AD and CN 45 AD /
MCI

11C-UCB-J DVRCb Positive association between global 
synaptic density and global cognition as 
well as performance

[31]

AD and CN 38 AD/
MCI

11C-UCB-J 
11C-PiB

DVRCb Inverse association between global 
amyloid deposition and hippocampal 
SV2A binding in participants with aMCI, 
but not mild dementia

[32]

AD and CN 10 AD/
MCI

11C-UCB-J 
18F-flortaucipir

DVRCb Entorhinal cortical tau inversely associated 
with hippocampal synaptic density

[35]

AD and CN 14 AD/
MCI

11C-UCB-J 
18F-FDG

DVRCb Similar reduction of 11C-UCB-J and FDG 
in medial temporal lobe of AD, but smaller 
reduction of 11C-UCB-J in neocortex than 
FDG

[36]

AD and CN 12 AD 18F-UCB-H VT 33% decrease in right hippocampus in AD 
(trend level)

[40]

Presymptomatic 
C9orf72 
mutation 
carriers and CN

3 carriers 11C-UCB-J BPND Decrease in thalamus in carriers [39]

bvFTD and CN 1 bvFTD 11C-UCB-J BPND Lower binding in frontotemporal and 
subcortical regions

[39]

bvFTD and CN 12 bvFTD 18F-UCB-H VT 41% decrease in right parahippocampus in 
bvFTD (trend level)

[40]

PD and CN 12 PD 11C-UCB-J BPND Up to 45% lower binding in PD, largest in 
SN (45%) with multiple cortical areas 
included

[45]

PD (early 
drug-naive) and 
CN

12 PD 11C-UCB-J VT Lower binding in PD ranged from 15% 
(CAU) to 8% in multiple areas, SN was 
7%

[46]

PD and CN 30 PD 11C-UCB-J BPND Lower binding in PD from 15%, largest in 
SN

[47]

PD and CN 21 PD 11C-UCB-J SUVR-1 Lower binding in PD in SN [51]
DLB/PDD and 
CN

13 DLB/
PDD

11C-UCB-J SUVR-1 Lower binding in DLB/ PDD in multiple 
areas

[51]

PSP and CN 14 PSP 11C-UCB-J BPND Up to 50% lower binding in cortical and 
subcortical areas

[55]

CBD and CN 15 CBD 11C-UCB-J BPND Up to 50% lower binding in cortical and 
subcortical areas

[55]

HD (premanifest 
and early stage) 
and CN

18 HD 11C-UCB-J BPND Lower binding in PUT (−19%), CAU 
(−16%) in premanifest; PUT (−33%), 
CAU (−31%), whole gray matter (−12%) 
in early stage

[59]

AD Alzheimer’s disease, bvFTD behavioral-variant FTD, CBD corticobasal degeneration, CN cognitively normal, DLB 
Lewy body dementia, FTD frontotemporal dementia, HD Huntington’s disease, MCI mild cognitive impairment, PD 
Parkinson’s disease, PDD PD-dementia, PSP progressive supranuclear palsy, BPND binding potential, DVRCb distribu-
tion volume ratio (cerebellum reference), SUV standardized uptake value, SUVR SUV ratio, VT volume of distribution, 
CAU caudate, PUT putamen, SN substantia nigra
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 Alzheimer’s Disease

Dementia is abnormal cognitive decline that is 
greater than expected as compared to age matched 
controls, often causing disability and eventually 
affecting the ability to independently perform 
daily living activities. Dementia can be attributed 
to many causes, the most common is Alzheimer’s 
disease (AD), accounting for more than 50–60% 
of dementia, while 15–25% of cases are due to 
frontotemporal dementia (FTD) and 15–25% of 
cases due to dementia with Lewy bodies (DLB), 
respectively [19]. According to the Alzheimer’s 
Association, an estimated 6.2 million Americans 
aged 65 and older are living with AD in 2021 
[20]. This number could grow to 13.8 million by 
2060 barring the development of medical break-
throughs to prevent, slow, or cure AD [20].

From a diagnostic perspective, AD is viewed 
as a continuum from preclinical AD to mild cog-
nitive impairment (MCI), and to AD dementia. 
The clinical dementia stage of AD has a distinct 
pathology of plaques composed of β-amyloid 
(Aβ), neurofibrillary tangles, and loss of synaptic 
density [21]. Synapses are crucial for cognitive 
function, and synaptic density loss is a robust and 
consistent pathology in AD [22]. Synaptic den-
sity impairment including loss of synapses and 
presynaptic proteins is observed in the early 
stages of clinical AD [23]. Therefore, the ability 
to assess synaptic density in  vivo is extremely 
valuable in AD research, as well as to monitor the 
efficacy of potential therapies.

PET imaging is used extensively in AD 
research to measure glucose metabolism (i.e., 
18F-FDG), β-amyloid plaques, and neurofibril-
lary tangles in the framework of amyloid-tau- 
neurodegeneration (AT(N)) [24]. 18F-FDG PET 
is widely used clinically to differentiate AD from 
FTD, and to track disease progression by mea-
suring neuronal activity. However, 18F-FDG is 

metabolized by both neurons and glial cells 
(astrocytes, microglia, and oligodendrocytes) 
and is not a direct biomarker of synaptic density. 
18F- FDG uptake is also affected by stimulation, 
medication, and blood glucose levels [25]. 
SV2A-PET has shown itself to be a stable mea-
sure not affecting by blood flow [17, 26], thus it 
can provide a direct indicator of synaptic density 
in AD.

In the first SV2A-PET AD study with 
11C-UCB-J, 10 AD (all Aβ+) and 11 cognitively 
normal (CN) subjects were compared [27]. 
Reduced hippocampal 11C-UCB-J binding was 
hypothesized based on early degeneration of 
entorhinal cortical cell projections to the hippo-
campus via the perforant pathway and hippocam-
pal SV2A reduction observed in a postmortem 
study [23]. BPND using centrum semiovale (CS) 
as the reference region was lower by 41% in the 
hippocampus of AD compared to CN, which was 
greater than the volume loss (22%) measured by 
MRI [27]. When combining AD and CN groups, 
statistically significant correlations were found 
between hippocampus BPND and cognitive tests 
including an episodic memory score and a clini-
cal dementia rating [27]. Bastin and colleagues 
reported the evaluation of 18F-UCB-H in 24 
patients with MCI or AD (all Aβ+) and 19 CN 
[28] and found that VT was lower in the hippo-
campus (31%), cortical regions (11–18%), and 
thalamus (16%). The difference in the hippocam-
pal binding was directly related to patients’ cog-
nitive decline and unawareness of memory 
problems.

In a subsequent 11C-UCB-J study in a larger 
cohort of early AD (n  =  34) and CN (n  =  19), 
broader cortical and subcortical reductions in 
SV2A binding were seen, which were more 
widespread than reductions in gray matter vol-
ume [29]. Here, the outcome measure was distri-
bution volume ratio with cerebellum as an 
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alternative reference region, which provided a 
more reliable signal than the small CS reference 
region. These findings better reflect the patho-
logical findings of reduced cortical synaptic den-
sity in AD postmortem studies [30]. Recently, 
Mecca and colleagues also showed a significant 
positive association between global synaptic den-
sity and global cognition as well as performance 
on five individual cognitive domains (verbal 
memory, language, executive function, process-
ing speed, and visuospatial ability) among 45 
participants with early AD [31]. These results 
further support the use of synaptic imaging as a 
potential surrogate biomarker outcome for thera-
peutic trials that is well-correlated with clinical 
measures [31].

The relationships between SV2A-PET for 
synaptic density with amyloid [32], tau [33–35], 
and FDG [36] have also been investigated in 
AD.  We measured 11C-UCB-J distribution vol-
ume ratio and 11C-PiB for Aβ deposition and 
observed a significant inverse association 
between global Aβ deposition and hippocampal 
SV2A binding in participants with MCI, but not 
in mild dementia [32]. A “paradoxical” positive 
association between hippocampal Aβ and SV2A 
binding was found [32], suggesting that fibrillar 
Aβ is still accumulating in the early stages of the 
disease before plateauing at later stages [32].

A study of 10 MCI and 10 CN subjects found 
an inverse association between tau deposition 
(18F-MK-6240) and 11C-UCB-J within the medial 
temporal lobe [33]. There was decreased 
11C-UCB-J binding mainly in substructures of 
the medial temporal lobe (48%–51%) and 
increased 18F-MK6240 binding (42%–44%) in 
the same region, spreading to association corti-
ces [33]. Decreased performance on cognitive 
tests was associated with both increased tau and 
decreased SV2A binding in the hippocampus, 

although in a multivariate analysis only tau bind-
ing was significantly related to cognitive perfor-
mance [33]. Likewise, in a small cohort study of 
7 AD, higher regional 18F-flortaucipir uptake and 
lower 11C-UCB-J uptake across the subjects 
were reported [34]. Higher 18F-flortaucipir and 
lower 11C-UCB-J uptake were also associated 
with altered synaptic function by magnetoen-
cephalography spectral measures [34]. A third 
correlation study between 11C-UCB-J and 
18F-flortaucipir in 10 AD and 10 CN participants 
showed that entorhinal cortical (ERC) tau was 
inversely correlated with hippocampal synaptic 
density (r = −0.59, P = 0.009) [35]. After correc-
tion for partial volume effects, the association of 
ERC tau with hippocampal synaptic density was 
stronger in the overall sample (r  =  −0.61, 
P = 0.007) and in the AD group where the effect 
size was large, but not statistically significant 
(r = −0.58, P = 0.06) [35]. This inverse associa-
tion of ERC tau and hippocampal synaptic den-
sity may reflect synaptic failure due to tau 
pathology in ERC neurons projecting to the hip-
pocampus [35].

A study comparing 11C-UCB-J and 18F-FDG 
in 14  AD and 11 CN participants found that 
these measures showed similar reductions in 
the medial temporal lobe of AD [36]. However, 
the magnitude of reduction of 11C-UCB-J in the 
neocortex was smaller than that of 18F-
FDG. The highest inter-tracer correlations were 
found in the medial temporal cortex (see repre-
sentative images in Fig. 10.1). Interestingly, the 
patterns of 11C-UCB-J delivery/perfusion (e.g., 
K1) and 18F- FDG uptake (e.g., Patlak Ki) are 
very similar. Thus, synaptic loss and perfusion/
metabolism measures that can be obtained from 
a single dynamic 11C-UCB-J scan provide com-
plementary information on AD pathophysiol-
ogy [36].
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Fig. 10.1 Representative 11C-UCB-J and 18F-FDG PET 
(SUV) and MRI images in AD.  Evident reduction of 
11C-UCB-J binding in the hippocampus of AD was noted 
(arrow denotes the left hippocampus). Evident hypome-

tabolism was also noted in temporal and parietal cortices 
of AD (white arrowhead denotes the parietal cortices) as 
well as posterior cingulate (red arrow heads)

 Frontotemporal Dementia

FTD is also commonly misdiagnosed as AD or 
other neuropsychiatric disorders because it has 
two major patterns involving gradual or progres-
sive changes in behavioral or language impair-
ments. The affected population is generally 
younger than AD (35 to 75 years old), and 20%–
40% of patients have a positive family history of 
FTD [37]. Previous studies have provided evi-
dence for synaptic dysfunction and loss in FTD 
[38]. Malpetti and colleagues assessed in  vivo 
synaptic density in three presymptomatic 
C9orf72 mutation carriers, one symptomatic 
patient with a behavioral variant (bvFTD) and 19 
healthy controls [39]. In the presymptomatic 
group, they reported a marked decrease in tha-
lamic 11C-UCB-J binding, and a slight decrease 
in the cortex. The patient with bvFTD demon-
strated extensive synaptic loss in frontotemporal 

regions. Salmon et al. assessed 18F-UCB-H PET 
in 12 patients with probable bvFTD compared to 
12 CN and 12 AD and reported decreased bind-
ing in the right anterior parahippocampal gyrus 
in bvFTD [40]. In that study, anosognosia was 
correlated with synaptic density in the caudate 
nucleus and the anteromedial prefrontal cortex. 
Ongoing studies in bvFTD are being conducted 
to further characterize this disorder.

 Parkinson’s Disease

Parkinson’s disease (PD) is a long-term degener-
ative disorder that has prominent motor and non-
motor symptoms [41]. The most obvious early 
motor symptoms of PD are tremor, rigidity, and 
bradykinesia, while nonmotor symptoms can 
consist of cognitive, emotional, and autonomic 
changes. PD symptoms have primarily been 
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related to a nigrostriatal dopaminergic deficit 
[41], and assessment of this pathway with dopa-
mine transporter single photon emission CT 
(DaT-SPECT) has been approved by the US Food 
and Drug Administration and the European 
Medicines Agency to support the differential 
diagnosis between parkinsonism versus essential 
tremor. More recent research in PD has demon-
strated the involvement of several neurotransmit-
ter systems beyond dopamine, however, giving 
an importance to using new tools and biomarkers 
to investigate this condition [42, 43]. Growing 
evidence has drawn attention to the significance 
of exploring synaptic changes in this context 
[44].

Matuskey et  al. conducted the first in  vivo 
investigation of SV2A/synaptic density in 12 
subjects with mild bilateral PD and 12 matched 
CN using 11C-UCB-J. Lower BPND was found in 
PD, with between-group differences in subcorti-
cal regions including the substantia nigra (SN) 
(−45%), red nucleus (−31%), and locus coeru-
leus (−17%). Interestingly, lower synaptic den-
sity was also observed in cortical areas including 
the posterior cingulate cortex (−15%), parahip-
pocampal gyrus (−12%), orbitofrontal cortex 
(−11%), and ventromedial prefrontal cortex 
(−11%) [45].

In a related multi-tracer PET study, Wilson 
and colleagues compared SV2A (11C-UCB-J), 
mitochondrial complex 1 (18F-BCPP-EF), and 
sigma 1 receptor (11C-SA-4503) in 12 drug-naive 
early PD patients and 16 CN [46]. The PD group 
had significantly lower 11C-UCB-J VT in the stria-
tum, thalamus, brainstem, dorsal raphe, and cor-
tical regions. Differences in this cohort were less 
pronounced in the SN (−7%). Interestingly, no 
significant changes were detected in 18F-BCPP-EF 
VT for mitochondrial complex 1 and 11C-SA-4503 
VT for sigma receptor in the same regions between 
groups [46]. This study also investigated the cor-
relation between clinical symptoms and VT val-
ues, revealing an inverse correlation between 
synaptic density in the brainstem and clinical rat-
ing scores. Furthermore, eight PD patients under-
went longitudinal 11C-UCB-J PET scan at a 
1-year interval and no significant changes were 
detected [46].

In a third study, Delva and colleagues com-
pared 11C-UCB-J measures among 30 PD and 20 
CN [47] and reported significantly lower BPND in 
the SN (−15%) of PD. They also reported non- 
significantly lower BPND in dorsal striatum 
(−7%), caudate (−6%), and putamen (−6%) in 
the PD group. No correlation between BPND val-
ues and clinical symptoms was found.

These investigations with 11C-UCB-J PET 
have shown its ability to assess differences in PD 
and have the potential to increase the understand-
ing of the pathophysiology and potentially 
improve the diagnosis of PD.  Further studies 
with larger samples are currently underway to 
achieve these goals.

 Dementia with Lewy Body 
and Parkinson’s Disease Dementia 
(PDD)

As PD progresses, a considerable portion of 
patients with PD develop cognitive impairments 
and dementia [48]. DLB is closely related to PD 
with four major characteristics: parkinsonism, 
visual hallucinations, cognitive fluctuations, and 
REM-sleep behavior disorder [49]. The differen-
tial diagnosis between DLB and other types of 
dementia such as AD is usually difficult because 
of overlapping symptoms. FDG PET can be very 
useful for the initial clinical diagnosis due to dis-
tinct regional hypometabolic patterns among 
various types of dementia [19]. DaT-SPECT has 
also been used clinically for detecting the dopa-
minergic deficit of DLB. However, the diagnosis 
and treatment for DLB remains challenging and 
new imaging biomarkers are needed to develop 
better understanding of the pathophysiology.

Nicastro et al. reported decreased 11C-UCB-J 
binding in parietal and occipital regions of two 
patients with DLB [50], which is similar to the 
regional hypometabolism of FDG PET in DLB 
observed clinically [19]. Andersen and col-
leagues conducted 11C-UCB-J PET to compare 
synaptic density in 21 non-demented PD (nPD) 
subjects, 13 patients with PD-dementia or DLB 
(DLB/PDD), and 15 age matched CN using stan-
dardized uptake ratio (SUVR)-1 binding as the 
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outcome with cerebellar white matter as a refer-
ence region [51]. The nPD group showed lower 
values compared to CN only in the SN. The brain 
changes in DLB/PDD group were more exten-
sive, with significantly lower SUVR-1 values in 
the SN, occipital cortices, parietal cortices, pri-
mary sensorimotor cortex, middle frontal gyrus, 
and orbitofrontal cortex [51].

 Progressive Supranuclear Palsy 
and Corticobasal Degeneration

PSP and CBD are both neurodegenerative pri-
mary tauopathies and have similarities in clinical 
symptoms (e.g., motor, behavioral, and cognitive 
abnormalities) [52], but are considered different 
disorders as different tau strains and brain regions 
are affected [53]. Previous work has suggested 
that oligomeric tau leads to synaptic loss [54], 
which may play an essential role in PSP and 
CBD. Recently, Holland et al. found widespread 
(up to 50%) cortical and subcortical reduction of 
11C-UCB-J binding in both PSP (n  =  14) and 
CBD (n = 15) compared to controls [55], consis-
tent with postmortem data [54]. They also 
reported a negative correlation between global 
11C-UCB-J binding and the PSP and CBD rating 
scales and a positive correlation with the revised 
Addenbrooke’s Cognitive Examination [55].

 Huntington’s Disease

HD is an autosomal dominant disease caused by 
an expanded CAG triplet in the Huntington chro-
mosome. Clinical characterizations of HD are 
progressive movement disorders (including cho-
rea), cognitive deficits (culminating in dementia), 
and psychiatric symptoms (e.g., depression) [56]. 
The pathogenesis of HD is not clear, but studies 
have found synaptic and neuronal dysfunction 
and cell death in the cortex and striatum in HD 
[57]. Lower SV2A levels (~25%) were observed 
in cortical area in HD gene carriers compared to 
controls by 3H-UCB-J autoradiography and 
SV2A immunofluorescence in human brain tis-
sue [58]. Recently, a cross-sectional human PET 

study found significant loss of SV2A in multiple 
regions including the putamen (−28%), caudate 
(−25%), and whole GM (−9%) in the HD group 
(n = 11) compared to CN (n = 15). In the same 
study, reduced FDG uptake in the HD group 
compared to CN was restricted to the caudate and 
putamen and not found in the pallidum, cerebral 
cortex, or cerebellum [59]. The discrepancy 
between regional SV2A loss and hypometabo-
lism could be due to miscoupling of synaptic 
density and neuronal activity in GABAergic pre-
dominant regions or due to increased FDG uptake 
from microglial activation [59]. In the premani-
fest HD mutation carriers group (n  =  7), both 
11C-UCB-J and FDG PET showed significant 
reductions in putamen and caudate only [59]. 
Striatal 11C-UCB-J binding was positively corre-
lated with clinical measures in motor and cogni-
tive domains [59]. The study suggests the loss of 
presynaptic terminal integrity in early HD, which 
begins in the striatum in the early manifest phase, 
and correlates with motor impairment [59]. 
Furthermore, the study also suggests that 
11C-UCB-J PET is more sensitive than 18F-FDG 
PET for the detection of extrastriatal changes in 
early HD [59].

 Limitations

Despite the success of SV2A-PET as a potential 
biomarker for synaptic density in a wide variety 
of neurodegenerative diseases, several important 
questions have been raised (see a recent compre-
hensive review by Rossi et  al. [60]). First, the 
biological function and the expressional proper-
ties of SV2A in synaptic vesicles have not been 
fully elucidated. The exact interaction between 
SV2A and the recently developed tracers includ-
ing 11C-UCB-J can be further clarified. Whether 
these tracers are able to bind to all the synaptic 
vesicles in the synaptic terminal or only a subset 
of them could lead to different interpretations of 
PET results. However, given the high specific 
binding signal of 11C-UCB-J, it is likely that the 
tracers bind to most SV2A sites. Furthermore, 
SV2A expression seems to have stronger associa-
tion with the GABAergic than the glutamatergic 
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transmission in some brain regions, despite its 
ubiquitous presence throughout the brain [61]. 
The sensitivity and specificity for SV2A-PET to 
detect synaptic density loss will surely differ 
among various neurodegenerative diseases, 
partly depending on the relative involvement of 
inhibitory or excitatory neurons. Furthermore, 
SV2A expression seems to be modified in a more 
complicated pattern, including dynamic changes, 
especially in epilepsy (see review [60]). A very 
fundamental question remains to be further 
examined “What really is detected with SV2A- 
PET?” It is important to develop more detailed 
understanding of the biological changes underly-
ing a reduction in SV2A-PET signal. Further 
validation studies between in vivo PET and post-
mortem in  vitro studies are ongoing to address 
some of these questions.

 Summary

In conclusion, PET imaging of SV2A provides a 
direct measure of synaptic vesicles and is consid-
ered as a proxy for synaptic density. High-quality 
PET radioligands labeled with carbon-11 and 
fluorine-18 have been developed and validated 
for use in human studies. The potential versatility 
of synaptic imaging has facilitated the wide-
spread use of these tools. Here, we focused on 
SV2A-PET studies in neurodegenerative disor-
ders (Table  10.1). Overall, these PET studies 
show that SV2A loss is specific to disease- 
associated brain regions and is consistent with 
loss of synaptic density. While loss of synaptic 
density may not be specific to neurodegeneration, 
regional patterns of synaptic loss may provide 
valuable insights for distinguishing various types 
of dementia.

The utility of SV2A as a general marker of 
synapse density is promising but requires formal 
validation by comparing in vivo SV2A PET sig-
nals with postmortem assessments of SV2A and 
synaptic levels in human brain tissue. Further 
studies using fluorine-18 labeled radioligands in 
larger patient cohorts are also required to identify 
potential clinical applications of SV2A-PET 
imaging, including early detection of synaptic 

density loss, differential diagnosis of different 
types of dementia, and monitoring of disease pro-
gression. SV2A-PET can also be used as an out-
come measure for disease-modifying therapy 
trials, especially those targeting synaptic preser-
vation and restoration. SV2A-PET holds great 
promise as a novel in vivo biomarker for demen-
tia and neurodegeneration.
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Key Points
• Recent innovations in MR imaging allow not 

only to rule out organic dementia but also to 
differentiate various dementia subtypes and 
quantify the atrophic changes.

• The use of advanced imaging biomarkers such 
as volumetric, functional, and diffusion MRI 
provides early detection of neurodegeneration 
impacting disease management.

 Introduction

The prevalence of neurodegenerative diseases is 
increasing with the increase in the aging popula-
tion. Alzheimer’s disease (AD) is the most com-
mon neurodegenerative disorder estimated to 
globally impact 67 million individuals by the 
year 2030, respectively [1]. Neuroimaging serves 
as a noninvasive tool to investigate the structural 
and functional aspects of the brain. Magnetic 
resonance imaging (MRI) is the first line modal-

ity in the workup of patients with slowly progres-
sive dementia [2]. It allows for qualitative and 
quantitative detection of changes. It also aids in 
the tracking of disease progression. In this chap-
ter, we will discuss the application of structural 
and functional MRI techniques in various demen-
tia subtypes.

 Structural Imaging

 Protocol Considerations

A standardized imaging protocol optimized to 
detect dementia-related changes is essential. A 
magnetic field strength of ≥1.5Tesla (T) is 
required to appreciate subtle volume changes. A 
good quality structural MRI requires a high 
signal- to-noise ratio (SNR). Three-dimensional 
(3D) T1-weighted imaging (WI) with 256  mm 
field of view and ≤ 1.2 × 1.2 × 1.2 mm resolution 
offers high spatial resolution and is best for mor-
phometric images [3]. Magnetization prepared 
rapid acquisition echo (MPRAGE) (Siemens), 
spoiled gradient recalled sequence (SPGR) 
(General Electronic), and 3D turbo field echo 
(Philips) are the most commonly used sequences. 
The rest of the protocol can be tailored based on 
the setting whether clinical or research. In clini-
cal practice, two-dimensional (2D) fluid- 
attenuated inversion recovery (FLAIR) and 2D 
gradient recall echo/susceptibility weighted 
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imaging (GRE/SWI) are generally obtained. A 
2D T2-WI, diffusion weighted imaging (DWI), 
post-contrast imaging, and magnetic resonance 
angiography are optional depending on the sus-
pected etiology and availability of time [3]. 
Suggested guidelines for image acquisition of 
these sequences is available from the American 
College of Radiology [4]. For research purposes, 
1 mm thick sagittal 3D FLAIR, 3 mm thick 3D 
GRE/SWI, resting-state functional MRI (rsfMRI) 
with a repetition time (TR) of 2000 ms, and diffu-
sion tensor imaging (DTI) having ≥30 directions 
may be acquired with optional arterial spin label-
ing (ASL) images [3]. The Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) has published 
guidelines for performance of MRI for dementias 
and is a useful resource [5]. Protocol for serial 
longitudinal scans should be consistent for accu-
rate follow-up. In particular, if assessing for 
serial microbleeds or siderosis, consistent field 
strength and choice of GRE or SWI sequence is 
critical for accurate assessment of change, which 
is important in the setting of antibody based anti- 
amyloid immunotherapies which can have com-
plications of amyloid related imaging abnormality 
(ARIA) [6].

 Role of Structural Imaging 
in Neurodegeneration

It serves as a vital tool to rule out surgically ame-
nable focal lesions such as tumors, hematoma, 
and vascular malformations. It also helps to dif-
ferentiate AD from non-AD dementia by identi-
fying patterns of gray-white matter atrophy 
which are best appreciated on 3D-T1WI. FLAIR 
is helpful in identifying white matter (WM) 
changes seen as chronic small vessel ischemia in 
vascular dementia (VD). Degree of vascular 
damage can be assessed on T2* GRE/SWI 
images where bleeds are seen as dark blooming 
foci. DWI and post-gadolinium images are cru-
cial in the diagnostic workup of suspected rapidly 
progressive dementia with an infectious or 
inflammatory etiology. DWI is also helpful in 
excluding acute infarction in the setting of VD 
and hippocampal lesions in transient global 

amnesia [7]. ARIA in antibody treated AD indi-
viduals are seen as parenchymal edema or sulcal 
effusion on FLAIR and microbleeds or superfi-
cial siderosis on T2* GRE/SWI [6]. A stepwise 
approach can help narrow down the likely etiol-
ogy of dementia (Fig. 11.1).

 Degree of Atrophy
Visual assessment scales can be used to grade 
atrophy.

 1. Global cortical atrophy scale (Pasquier scale): 
It is a 4-step scale that evaluates sulcal and 
ventricular dilation in various regions of the 
brain on T1 or FLAIR images. Graded as 0—
normal/no ventricular enlargement, 1—open-
ing of sulci/mild enlargement, 2—gyral 
atrophy/moderate enlargement, 3—“knife 
blade” gyral atrophy/severe enlargement [8].

 2. ii. Medial temporal lobe atrophy scale 
(Scheltens’ Scale): Based on width of choroid 
fissure & temporal horn, and height of hippo-
campal formation, atrophy can be assessed on 
a scale of 0–4 with very good sensitivity in 
senile-onset AD [9].

 Loco-Regional Pattern of Atrophy
Loco-regional pattern analysis can help deter-
mine the type of dementia in some cases 
(Table 11.1) [7].

These visual assessments for volume loss 
require expert training and are limited by inter- 
rater variability. Recent trends involve the use of 
more sensitive automated quantitative techniques 
that allow cross-sectional and longitudinal analy-
ses of the volumetric data from which patterns of 
atrophy and its progression in dementia can be 
evaluated. The commonly used volumetric soft-
ware tools work either by cortical thickness- 
based or tissue-based segmentation. NeuroQuant 
(https://www.cortechs.ai/products/neuroquant/, 
USA) [10], Neuroreader (https://brainreader.net/, 
Denmark) [11], and Siemens Brain Morphometry 
(https://www.siemens- healthineers.com/, 
Germany) are approved by the United States 
Food and Drug Administration. Freesurfer 
(https://surfer.nmr.mgh.harvard.edu/, USA) [12], 
Voxel-Based Morphometry (https://neuro- jena.
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Step 1: Rule out surgically treatable lesions

(eg. tumors; May need additional DWI and post-contrast sequences)

Step 2: Rule out rapidly progressive and reversible causes of dementia

(eg. infectious or metabolic; May need additional DWI and post-contrast sequences)

Step 3: Look for global cortical atrophy on T1W image

(Note the degree of atrophy and symmetry)

Step 4: Identify loco-regional atrophy patterns on T1W image

(Consider dementia types: Alzheimer, fronto-temporal, vascular, Lewy body, etc.)

Step 5: Account for while matter hyperintensities on FLAIR images

(Note the location and degree of involvement)

Step 6: Look for cerebral microbleeds on T2*GRE/SWI images

(Note the location)

Fig. 11.1 Flowchart showing a stepwise approach to the 
diagnosis of dementia by imaging (DWI-diffusion 
weighted imaging, T1WI- T1 weighted imaging, FLAIR- 
fluid-attenuated inversion recovery, GRE- gradient recall 
echo, SWI- susceptibility weighted imaging). Data taken 
from [7]. (a) Coronal post-contrast image showing periph-
erally enhancing right temporal lobe tumor, (b) Axial 
DWI image showing restricted diffusion in bilateral corti-

ces in Creutzfeldt-Jakob disease, (c) Axial T1W image 
showing bilateral parietal lobe atrophy, (d) Coronal T1W 
image showing bilateral temporal lobe atrophy, (e) Axial 
FLAIR image showing periventricular and deep white 
matter hyperintensities, (f) Axial T2*GRE image showing 
blooming foci in left temporal region representing 
microhemorrhages

Table 11.1 Loco-regional atrophy patterns and possible dementia subtypes. Data taken and modified from [7]

Location/pattern of atrophy Possible dementia subtype
Hippocampus and/or medial temporal lobe Usually AD (Fig. 11.2a), FTLD (Fig. 11.3c)
Posterior cingulate sulci and precuneus Pre-senile AD (Fig. 11.2b, c)
Parietal lobes Posterior cortical atrophy, usually AD (Fig. 11.2b, c)
Occipital lobes Posterior cortical atrophy, mostly AD, dementia with 

Lewy bodies
Frontal and/or temporal lobes FTLD (Fig. 11.3a, b) (right predominant- behavioral 

variant, left predominant- semantic variant)
Ventriculomegaly with disproportionate changes in 
subarachnoid spaces

Normal pressure hydrocephalus

Midbrain Posterior supranuclear palsy
Pons with cerebellum Multiple system atrophy
Cerebellum Creutzfeldt-Jakob disease

AD Alzheimer’s disease, FTLD frontotemporal lobar degeneration
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github.io/software.html#vbm, Germany) [13] 
and FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/, 
UK) [14] are used widely in research setting. The 
FreeSurfer quantified volumes can be plotted on 

individual longitudinal participant graphs com-
paring the results to a normative database [15] 
(Fig. 11.2d–f and 11.3d–h).
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Fig. 11.2 MRI of 63-year-old white female with 
Alzheimer’s dementia. (a) Coronal T1-WI showing bilat-
eral hippocampal and temporal lobe atrophy (L > R) with 
Sylvian fissure widening. (b, c) Sagittal and axial sections 
of T1WI, respectively, showing gyral atrophy in parietal 
lobes including the precuneus with regional sulcal widen-
ing. Atrophy appears fairly symmetrical in either hemi-

sphere with antero-posterior gradient. (d–f) Individual 
longitudinal participant (ILP) graphs showing FreeSurfer 
quantified volumes for parietal lobes and hippocampi at 
first percentile (< 2SD) compared to a normal database. 
(Image courtesy: Dr. Farzaneh Rahmani, Department of 
Radiology, Washington University in St. Louis)
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Fig. 11.3 MRI of 78-year-old white female with 
Frontotemporal lobar degeneration. (a, b) Axial sections 
of T1WI images showing gyral atrophy in bilateral frontal 
and temporal lobes, respectively, with regional sulcal wid-
ening. Atrophy appears slightly asymmetrical (L > R) in 
either hemisphere with an antero-posterior gradient. (c) 
Coronal T1-WI showing bilateral hippocampal and tem-
poral lobe atrophy with Sylvian fissure widening. (d–f) 
Individual longitudinal participants (ILP) graphs showing 

FreeSurfer quantified volumes for frontal lobes and com-
bined frontotemporal lobes at first percentile (< 2SD) 
when compared to a normal database. (g, h) ILP graphs 
showing FreeSurfer quantified volumes for right and left 
hippocampus at second and fourth percentile, respec-
tively, when compared to a normal database. (Image cour-
tesy: Dr. Farzaneh Rahmani, Department of Radiology, 
Washington University in St. Louis)

 White Matter Hyperintensities (WMH)
WMH should be assessed for their location and 
degree of involvement. They can be 
 periventricular, subcortical, and/or deep in loca-
tion. Fazekas scoring is used to grade these 
changes in the periventricular and deep WM 
(Table 11.2) [16].

 Cerebral microbleeds and Siderosis
Brain hemorrhages, most commonly consisting 
of cerebral microbleeds and/or superficial sidero-
sis, are found in about 20% and 60% of patients 
with AD and VD, respectively, while seen only in 
10% of the aging population [7]. They are also 

important component of ARIA in the setting of 
anti-amyloid immunotherapy [6]. Microbleeds 
are defined as 2–10 mm round hypointensities on 
T2*GRE/SWI images. They are better appreci-
ated on SWI due to greater susceptibility and 
higher resolution. Lobar microhemorrhages are 
frequently seen with cerebral amyloid angiopa-
thy, whereas central (basal ganglia, thalamus, and 
brainstem) microhemorrhages are more common 
with hypertensive encephalopathy. Superficial 
siderosis represents hemosiderin deposition 
along the leptomeninges, seen on MRI as hypoin-
tense signal with blooming on T2*GRE/SWI 
images.

11 MR Imaging of Neurodegeneration
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Table 11.2 Fazekas scoring system. Data taken from [16]

Score Periventricular WMH Deep WMH Inference
0 Absent Absent Normal
1 Caps Punctate foci Normal before 65 years
2 Smooth halo Early confluence Abnormal before 70 years
3 Irregular and extending to deep white 

matter
Large confluent areas Always abnormal with poor 

cognitive outcomes

WMH white matter hyperintensities

Table 11.3 Summary of the diffusion MRI findings in 
AD and PD. Data taken from [17–21]

Diffusion 
technique AD PD
DTI MD ↑ ↑

FA ↓ ↓
Affected 
regions

Cingulate gyrus, 
precuneus, 
temporal lobe

Substantia 
nigra, frontal 
lobe, temporal 
lobe

Special 
note

Volumetric MRI 
is superior for 
medial temporal 
lobe atrophy in 
early AD

DTI is not 
considered as 
diagnostic in 
early PD

DKI MK ↓ ↓
AK ↓ –

RK ↓ –

Affected 
regions

White matter in 
the genu of 
corpus callosum, 
cingulum, 
temporal, frontal, 
and occipital 
regions

Substantia 
nigra, red 
nuclei, and 
anterior 
cingulum

Special 
note

Changes in MK 
and AK have 
shown correlation 
with MMSE 
scores in occipital 
lobes

Together with 
QSM has a 
diagnostic 
accuracy of 
~80–100%

AD Alzheimer disease, PD Parkinson disease, DTI diffu-
sion tensor imaging, MD mean diffusivity, FA fractional 
anisotropy, DKI diffusion kurtosis imaging, MK mean 
kurtosis, AK axial kurtosis, RK radial kurtosis, MMSE 
mini-mental status examination, QSM quantity suscepti-
bility mapping

 Diffusion MRI Techniques

Diffusion MRI is an advanced imaging tool based 
on the property of diffusion of water molecules 
within the tissue at micron level. It assesses the 
integrity of axonal WM tracts along with their 
density and myelination characteristics. Imaging 
relies on fast diffusion encoding sequences such 
as echo-planar imaging (EPI). DTI and diffusion 
kurtosis imaging (DKI) are the commonly used 
diffusion techniques to assess the pathophysiol-
ogy of neurodegenerative diseases [17].

 Diffusion Tensor Imaging

DTI provides a quantitative evaluation of aniso-
tropic diffusion of water molecules in the WM of 
brain using four metrics: fractional anisotropy 
(FA), mean diffusivity (MD), axial diffusivity, 
and radial diffusivity (RD). An increase in MD is 
seen in AD individuals due to disruption of cel-
lular membrane impeding diffusion of water mol-
ecules. An abnormally decreased fractional 
anisotropy is also seen in AD due to loss of tract 
integrity [17]. DTI is also used in the diagnosis of 
Parkinson disease, amyotrophic lateral sclerosis, 
and traumatic brain injury (Table 11.3).

Limitations: (1) DTI is unable to detect GM 
changes as there is no information on the non- 
Gaussian diffusion of water molecules. (2) 
Presence of CSF and single compartment approx-
imation results in a partial volume effect at the 
gray-white matter junction.
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175

 Diffusion Kurtosis Imaging

DKI is useful in assessing GM by measuring the 

non-gaussian distribution of water molecules at 

the voxel level. A higher value of diffusion kurto-

sis corresponds with the deviation of water mol-

ecules from the Gaussian distribution, suggesting 

a more restricted environment. The opposite of 

this happens in neuronal loss. DKI describes the 

brain metrics using mean kurtosis (MK), axial 

kurtosis (AK), and radial kurtosis (RK). It has a 

role in the diagnosis of AD and PD (Table 11.3). 

It has been shown that DKI metrics are less 

affected by WMH and are more sensitive than 

DTI metrics in AD [17].

 Resting-State Functional MRI

 Principle and Acquisition

Hemodynamic changes are induced by regional 

neuronal activity due to neurovascular coupling. 

These changes result in dilution of the deoxygen-

ated hemoglobin which acts as an endogenous 

contrast resulting in T2* prolongation and an 

increase in T2* MRI signals. This signal change 

is known as blood oxygen level dependent 

(BOLD) effect. Individuals with dementia are 

likely to have difficulty performing demanding 

cognitive tasks as a part of task-based fMRI. 

rsfMRI overcomes this limitation by acquiring 

continuous BOLD contrast images at rest. 

Acquisition of rsfMRI requires EPI with a TR of 

2–3  s for 150–300 EPI volumes taken over 

5–10  min of scan time [22]. The principle of 

rsfMRI by Biswal [23] and the default mode net-

work (DMN) by Raichle [24] provided strong 

research evidence for use of rsfMRI in the evalu-

ation of dementia in clinical setting.

 Data Analysis

The rsfMRI data can be analyzed through various 

software packages such as statistical parametric 

mapping (http://www.fil.ion.ucl.ac.uk/spm/doc/) 

and FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). 

Functional connectivity between two remote 

brain regions is reflected by interregional correla-

tion between low frequency (0.08–0.1 Hz) fluc-

tuations. Correlation can be tested by paired 

region of interest (ROI), seed-to-voxel functional 

connectivity analysis or independent component 

analysis (ICA) [22, 23]. Seed-to-voxel analysis is 

a model-based method and easily comprehensi-

ble. ICA is a model-free analysis that generates 

resting-state network (RSN) maps with their indi-

vidual temporal signal variations. ICA can be 

used to filter the physiological noise from pulsa-

tions in CSF [22]. RSN analysis can be done at an 

individual or group level each having their own 

advantages and disadvantages [25].

 Role in Dementia Diagnosis

Individuals with AD have shown decreased 

resting- state functional connectivity compared to 

controls using seed-based ROI analysis 

(Fig.  11.4). Seed-based analysis of rsfMRI in 

510 AD cases performed by Brier et al. showed 

abnormal RSN connectivity [26]. Reduced func-

tional connectivity has been shown between in 

posterior cingulate cortex and hippocampus 

using seed-based analysis and ICA in AD [27, 

28]. Classification performance based on com-

bined seed- and ICA-based analysis was 97% in 

AD vs. controls advocating the usefulness of 

rsfMRI in AD diagnosis [29]. Easy technique and 

low burden on patients and radiologists permit 

the use of rsfMRI in clinical practice [22].
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Fig. 11.4 AD-related differences in resting-state func-
tional connectivity (RSFC). (a) Average RSFC within 
(along diagonal) and between networks (off diagonal) in 
amyloid-negative controls. (b) Average RSFC within and 
between networks in symptomatic AD participants. (c) 
Difference in RSFC between AD participants and con-
trols. Key. For A and B, warm and cool colors indicate 
stronger positive and negative correlations, respectively. 
For C, cool colors indicate networks reduced connectivity 
in AD. NA unassigned regions, SM somatomotor network, 
SML lateral somatomotor network, CO cingulo-opercular 

network, AUD auditory network, DMN default mode net-
work, PMN parietal memory network, VIS visual network, 
FPN fronto-parietal network, SAL salience network, VAN 
ventral attention network, DAN dorsal attention network, 
MTL medial temporal lobe network, RE reward network, 
BG basal ganglia network, THAL thalamus network, CER 
cerebellum network. ROIs and networks defined from 
Seitzman et al. [30]. (Image courtesy: Dr. Peter R. Millar, 
Department of Neurology, Washington University in St. 
Louis)

 Magnetic Resonance Spectroscopy 
(MRS)

 Principle and Acquisition

MRS is a noninvasive imaging tool to detect vari-
ous metabolites and their concentrations in tis-
sues based on the phenomenon of chemical shift 

imaging. Local magnetic field differences can 
produce a chemical shift due to changes in the 
resonance frequencies of the target nuclei (e.g., 
1H). Results are plotted on a graph with chemical 
shift in ppm on x-axis and signal amplitude on 
y-axis. The area under the peak is proportional to 
the metabolite concentration. 1.5 T and 3 T scan-
ners are able to show choline, creatine (Cr), glu-
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tamine, myoinositol (mIns), and N-acetyle 
aspartate (NAA). Height of the peak changes 
with echo time (TE) which varies from 18 to 
288 ms. Short TE has higher signal intensity and 
detects mIns. However, there is baseline distor-
tion and peak superimposition at shorter TE lead-
ing to metabolite quantification errors. Volume 
localization in single-volume MRS can be 
obtained by stimulated echo acquisition mode 
and point-resolved spectroscopy [22].

 Role of MR Spectroscopy in Dementia 
Diagnosis

A correlation between reduced NAA and senile 
plaques was shown by Klunk and colleagues [31]. 
Decrease in NAA or NAA/Cr by ~10–15% was 
seen in hippocampus, posterior cingulate, and pre-
cuneus in AD. These reductions are also seen in 
frontal lobe in frontotemporal lobar degeneration 
(FTLD), and occipital lobes in dementia with 
Lewy body [22]. Miller et  al. demonstrated ele-
vated mIns in addition to decreased NAA in the 
demented brain [32]. MRS alone is 64–94.1% sen-
sitive and 72.7–92.3% specific in differentiating 
AD from healthy controls, while in conjunction 
with volumetric MRI sensitivity and specificity 
increases to 97% and 94%, respectively [33].

Caution is advised when interpreting metabo-
lite derangements as age-related increase in Cr 
and decrease in NAA can be confounding factors. 
Metabolite changes on MRS can be observed 
before structural changes aiding in clinical diag-
nosis of dementia. In comparison to positron 
emission tomography, MRS can be done at the 
time of MRI examination making it fast and cost- 
effective. Concerns with acquisition parameters, 
quantitative assessment, and unavailability of 
standard values limit its clinical utility [22].

 Arterial Spin Labeling MR Perfusion

 Principle and Acquisition

Noninvasive MR perfusion imaging technique 
that uses inverted spins of arterial blood as an 
endogenous contrast. A perfusion-related signal 

is extracted by subtracting control images with 
normal spins from these labeled arterial blood 
images. 30–50 sets of these two sets of images 
have to be acquired over 4–5  min to increase 
SNR. 3  T MRI theoretically doubles the SNR 
compared to 1.5 T MRI although it increases the 
recovery time of inverted spins (1.6 s at 3 T vs. 
1.4 s at 1.5 T). Acquisition of labeled images to 
quantify relative cerebral blood flow (rCBF) is 
delayed by 1.5–2 s for 3 T scanners to account for 
the arterial transit time (ATT). Patient motion and 
field inhomogeneity due to sinuses or implants 
could also interfere with rCBF [22].

 Types

Pulsed ASL is easier to implement but has low 
SNR and higher sensitivity to ATT prolongation. 
Continuous ASL has a better signal in rCBF mea-
surement due to longer labeling duration but also 
has a higher specific absorption rate. Pulsed- 
continuous ASL with short labeling pulses over-
comes the disadvantage of higher absorption [22].

 Role of ASL in Dementia Diagnosis

Although rCBF changes in dementia have been 
evaluated with single-photon emission computer-
ized tomography (SPECT), ASL has higher spa-
tial resolution and can be co-registered to a 
high-resolution 3D anatomical image overcom-
ing partial volume effects in cortical GM voxels. 
Perfusion abnormalities seen with ASL in pari-
etal lobes of AD individuals are consistent with 
changes seen on nuclear imaging studies [34, 
35]. Efficacy of ASL in differentiating AD vs 
healthy subjects supports its clinical feasibility as 
a screening tool [36]. ASL is also useful in dif-
ferentiating AD from FTLD by showing distinct 
areas of hypoperfusion [37].

 Treatable and Reversible Dementias

Acute and treatable dementias have an atypical 
presentation. Prompt identification is critical for 
appropriate and effective treatment.
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 Infections

Sporadic Creutzfeldt-Jakob disease shows the 
areas of restricted diffusion on DWI images in 
thalamus (pulvinar sign), caudate, putamen, and 
cortex in the early stage of the disease with cor-
responding hyperintensities on T2/FLAIR 
images. Generalized brain atrophy with cortical 
thinning is evident in late stages. It should be dif-
ferentiated from corticobasal degeneration which 
can present with myoclonus but shows caudate 
lobe and asymmetric premotor atrophy. HIV- 
associated neurocognitive dysfunction/disor-
ders present with generalized brain atrophy, and 
T2/FLAIR subcortical and periventricular WMH 
without mass effect or enhancement. DTI reveals 
MD and FA abnormalities in the subcortical WM. 
Progressive multifocal Leukoencephalopathy 
is seen in immunocompromised patients (HIV or 
transplant recipients) as asymmetric multifocal 
T1 and T2 hyperintensities in the subcortical and 
periventricular WM along with U-fiber involve-
ment. Neuro-syphilis is characterized by subcor-
tical lesions in the temporal apex and insular gyri 
with meningeal enhancement, granulomas, and 
vasculitis-related basal ganglia infarctions [22].

 Neoplasm

Lesions such as lymphomatosis cerebri and intra-
vascular B-cell lymphomatosis can present with 
cognitive symptoms. Lymphomatosis cerebri 
appears as non-enhancing diffuse leukoencepha-
lopathy on MRI. Intravascular B-cell lymphoma-
tosis shows multifocal infarction-like findings 
inconsistent with regions of arterial supply and 
pontine hyperintensities that need differentiation 
from osmotic demyelination [22].

 Chronic Subdural Hematoma (SDH)

AD mimicker and a known cause of reversible 
dementia especially, in elderly individuals. A 
meta-analysis of case-control studies showed 
traumatic brain injury as a risk factor for AD. It 
may exacerbate pre-existing dementia. 
Evacuation of the bleed has been shown to 

improve cognition and mental status in these 
patients [38].

 Metabolic

Wernicke Encephalopathy occurs secondary to 
thiamine deficiency appearing as symmetrically 
enhancing T2/FLAIR hyperintensities in the thal-
amus, hypothalamus, and periaqueductal regions. 
Hypoglycemic Encephalopathy shows the areas 
of restricted diffusion in the corpus callosum, 
corona radiate, or internal capsule on 
DWI.  Cortical and basal ganglia involvement 
denotes poor prognosis [22].

 Post-Icteric Encephalopathy

It appears as T2/FLAIR hyperintensities and 
swelling of the cerebellum, hippocampus, amyg-
dala, thalamus, and cortex with restricted diffu-
sion on DWI Imaging plays an important role in 
differentiating it from encephalitis and metabolic 
encephalopathy thus prevent its progression to 
epilepsy [22].

 Recent Advances in Imaging 
of Neurodegeneration

 7T MRI

Ultrahigh-resolution MRI with ability to detect 
hippocampus atrophy at subfield level in mild 
cognitive impairment. Increased sensitiveness to 
susceptibility changes allows detection of micro-
bleeds and iron-dense amyloid plaques invisible 
on routine imaging [39]. It can differentiate AD 
from controls with a specificity of 94.4% taking 
≥5 microinfarcts as a cutoff [40].

 Quantitative Susceptibility Mapping 
(QSM)

Iron is present in Aβ plaques and neurofibrillary 
tangles. QSM is based on multi-echo 3D GRE 
images and can help quantify iron overload 
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associated with AD, PD, and VD.  A systemic 
review by Ravanfar and colleagues reported 
increased susceptibility changes or iron deposi-
tion in amygdala and dorsal striatum of AD 
subjects and in substantia nigra of PD individu-
als [41].

 Neuroinflammation Imaging (NII) 
Using Diffusion

NII is an in  vivo MR diffusion-based imaging 
technique developed to clinically image and 
quantify WM inflammation and damage in 
AD.  Increased NII-derived cellular diffusivity 
was seen in both preclinical and early symptom-
atic phases of AD while decreased FA and 
increased RD indicating WM damage was only 
appreciated in symptomatic AD [42].

 Quantitative Gradient Recalled Echo 
(qGRE) MRI

Identifies dark matter as a new imaging bio-
marker of neurodegeneration that precedes tissue 
atrophy in early AD. Kothapalli et al. used qGRE 
R2t* to identify hippocampal subfields with very 
low neuronal content (dark matter) and relatively 
preserved neurons (viable tissue). Compared to 
morphometric MRI, more significant differentia-
tion was found between dark matter and viable 
tissue volume measurements between mild AD 
and controls [43].

 Magnetization Transfer Imaging

It is based on the exchange of magnetization 
between macromolecules bound protons and free 
protons. By using off-resonance pulses and 
improving the image contrast it helps to provide 
information at the microstructural level. Colonna 
et  al. found decreased magnetization transfer 
ratios in cortical, subcortical, and WM regions in 
AD individuals [44].

 Summary

Brain MRI is an important tool for differential 
diagnosis and monitoring of neurodegenerative 
disorders and monitoring of therapy-related 
adverse events. Awareness of the applications of 
advanced structural and functional imaging bio-
markers is essential for optimization of dementia 
imaging protocols.

 Further Reading

For further overview and detailed explanations of 
imaging in various dementia subtypes and 
advanced MRI techniques refer to textbooks [7] 
and [22].

Acknowledgements Dr. Farzaneh Rahmani, M.D., 
Department of Radiology, Washington University in St. 
Louis.

Dr. Peter R. Millar, Ph.D., Department of Neurology, 
Washington University in St. Louis.

Grants NIH/NIA P50AG005681
NIH/NIA P01AG026276.
NIH/NIA P01AG003991.

References

1. Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, 
Ferri CP. The global prevalence of dementia: a system-
atic review and meta analysis. Alzheimers Dement. 
2013;9(1):63–75.e2. https://doi.org/10.1016/j.
jalz.2012.11.007.

2. McKhann GM, Knopman DS, Chertkow H, et  al. 
The diagnosis of dementia due to Alzheimer's dis-
ease: recommendations from the National Institute on 
Aging-Alzheimer's Association workgroups on diag-
nostic guidelines for Alzheimer's disease. Alzheimers 
Dement. 2011;7(3):263–9. https://doi.org/10.1016/j.
jalz.2011.03.005.

3. Park M, Moon WJ. Structural MR imaging in the diag-
nosis of Alzheimer's disease and other neurodegener-
ative dementia: current imaging approach and future 
perspectives. Korean J Radiol. 2016;17(6):827–45. 
https://doi.org/10.3348/kjr.2016.17.6.827.

4. Accreditation Support [Internet]. MRI exam-specific 
parameters: head and neck module. 2022. https://
accreditationsupport.acr.org/support/solutions/
articles/11000061019- mri- exam- specific- parameters- 

11 MR Imaging of Neurodegeneration

https://reporter.nih.gov/project-details/9476188
https://doi.org/10.1016/j.jalz.2012.11.007
https://doi.org/10.1016/j.jalz.2012.11.007
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.3348/kjr.2016.17.6.827
https://accreditationsupport.acr.org/support/solutions/articles/11000061019-mri-exam-specific-parameters-head-and-neck-module-revised-4-6-2022-
https://accreditationsupport.acr.org/support/solutions/articles/11000061019-mri-exam-specific-parameters-head-and-neck-module-revised-4-6-2022-
https://accreditationsupport.acr.org/support/solutions/articles/11000061019-mri-exam-specific-parameters-head-and-neck-module-revised-4-6-2022-


180

head- and- neck- module- revised- 4- 6- 2022- . Accessed 
4 June 2022.

5. Jack CR Jr, Bernstein MA, Fox NC, et  al. The 
Alzheimer's disease neuroimaging initiative 
(ADNI): MRI methods. J Magn Reson Imaging. 
2008;27(4):685–91. https://doi.org/10.1002/
jmri.21049.

6. Sperling RA, Jack CR Jr, Black SE, et al. Amyloid- 
related imaging abnormalities in amyloid- modifying 
therapeutic trials: recommendations from the 
Alzheimer's Association research roundtable work-
group. Alzheimers Dement. 2011;7(4):367–85. 
https://doi.org/10.1016/j.jalz.2011.05.2351.

7. Barkhof F, Fox NC, Bastos-Leite AJ, Scheltens 
P.  Neuroimaging in dementia. Berlin: Springer; 
2011.

8. Pasquier F, Leys D, Weerts JG, Mounier-Vehier 
F, Barkhof F, Scheltens P.  Inter- and intraob-
server reproducibility of cerebral atrophy assess-
ment on MRI scans with hemispheric infarcts. 
Eur Neurol. 1996;36(5):268–72. https://doi.
org/10.1159/000117270.

9. Scheltens P, Launer LJ, Barkhof F, Weinstein HC, van 
Gool WA. Visual assessment of medial temporal lobe 
atrophy on magnetic resonance imaging:  interobserver 
reliability. J Neurol. 1995;242(9):557–60. https://doi.
org/10.1007/BF00868807.

10. Brewer JB.  Fully-automated volumetric MRI with 
normative ranges: translation to clinical prac-
tice. Behav Neurol. 2009;21(1):21–8. https://doi.
org/10.3233/BEN- 2009- 0226.

11. Ahdidan J, Raji CA, DeYoe EA, et  al. Quantitative 
neuroimaging software for clinical assessment of 
hippocampal volumes on MR imaging. J Alzheimers 
Dis. 2016;49(3):723–32. https://doi.org/10.3233/
JAD- 150559.

12. Dale AM, Fischl B, Sereno MI.  Cortical surface- 
based analysis. I segmentation and surface recon-
struction. Neuroimage. 1999;9(2):179–94. https://doi.
org/10.1006/nimg.1998.0395.

13. Ashburner J, Friston KJ. Voxel-based morphometry—
the methods. NeuroImage. 2000;11(6 Pt 1):805–21. 
https://doi.org/10.1006/nimg.2000.0582.

14. Jenkinson M, Beckmann C, Behrens TEJ, 
Woolrich MW, Smith SM.  FSL.  NeuroImage. 
2012;62(2):782–90. https://doi.org/10.1016/j.
neuroimage.2011.09.015.

15. Koenig LN, Day GS, Salter A, et al. Select atrophied 
regions in Alzheimer disease (SARA): an improved 
volumetric model for identifying Alzheimer disease 
dementia. Neuroimage Clin. 2020;26:102248. https://
doi.org/10.1016/j.nicl.2020.102248.

16. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, 
Zimmerman RA.  MR signal abnormalities at 1.5 
T in Alzheimer's dementia and normal aging. AJR 
Am J Roentgenol. 1987;149(2):351–6. https://doi.
org/10.2214/ajr.149.2.351.

17. Kamagata K, Andica C, Kato A, et  al. Diffusion 
magnetic resonance imaging-based biomark-
ers for neurodegenerative diseases. Int J Mol Sci. 

2021;22(10):5216. Published 2021 May 14. https://
doi.org/10.3390/ijms22105216.

18. Teipel SJ, Wegrzyn M, Meindl T, et  al. Anatomical 
MRI and DTI in the diagnosis of Alzheimer's dis-
ease: a European multicenter study. J Alzheimers Dis. 
2012;31(Suppl 3):S33–47. https://doi.org/10.3233/
JAD- 2012- 112118.

19. Atkinson-Clement C, Pinto S, Eusebio A, Coulon 
O.  Diffusion tensor imaging in Parkinson's dis-
ease: review and meta-analysis. Neuroimage 
Clin. 2017;16:98–110. https://doi.org/10.1016/j.
nicl.2017.07.011. Published 2017 Jul 15.

20. Yuan L, Sun M, Chen Y, et  al. Non-Gaussian dif-
fusion alterations on diffusion kurtosis imaging in 
patients with early Alzheimer's disease. Neurosci 
Lett. 2016;616:11–8. https://doi.org/10.1016/j.
neulet.2016.01.021.

21. Ito K, Ohtsuka C, Yoshioka K, et al. Differential diag-
nosis of parkinsonism by a combined use of diffusion 
kurtosis imaging and quantitative susceptibility map-
ping. Neuroradiology. 2017;59(8):759–69. https://
doi.org/10.1007/s00234- 017- 1870- 7.

22. Matsuda H, Asada T, Tokumaru AM, editors. 
Neuroimaging diagnosis for Alzheimer's disease and 
other dementias. Springer: Tokyo; 2017.

23. Biswal B, Yetkin FZ, Haughton VM, Hyde 
JS. Functional connectivity in the motor cortex of rest-
ing human brain using echo-planar MRI. Magn Reson 
Med. 1995;34(4):537–41. https://doi.org/10.1002/
mrm.1910340409.

24. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, 
Gusnard DA, Shulman GL. A default mode of brain 
function. Proc Natl Acad Sci U S A. 2001;98(2):676–
82. https://doi.org/10.1073/pnas.98.2.676.

25. Cole DM, Smith SM, Beckmann CF. Advances and 
pitfalls in the analysis and interpretation of resting- 
state FMRI data. Front Syst Neurosci. 2010;4:8. 
https://doi.org/10.3389/fnsys.2010.00008. Published 
2010 Apr 6.

26. Brier MR, Thomas JB, Snyder AZ, et  al. Loss of 
intranetwork and internetwork resting state func-
tional connections with Alzheimer's disease progres-
sion. J Neurosci. 2012;32(26):8890–9. https://doi.
org/10.1523/JNEUROSCI.5698- 11.2012.

27. Zarei M, Beckmann CF, Binnewijzend MA, et  al. 
Functional segmentation of the hippocampus in 
the healthy human brain and in Alzheimer's dis-
ease. NeuroImage. 2013;66:28–35. https://doi.
org/10.1016/j.neuroimage.2012.10.071. [pub-
lished correction appears in Neuroimage. 2013 
Dec;83:1109].

28. Greicius MD, Srivastava G, Reiss AL, Menon 
V.  Default-mode network activity distinguishes 
Alzheimer's disease from healthy aging: evidence 
from functional MRI.  Proc Natl Acad Sci U S A. 
2004;101(13):4637–42. https://doi.org/10.1073/
pnas.0308627101.

29. Koch W, Teipel S, Mueller S, Benninghoff J, Wagner 
M, Bokde ALW, Hampel H, Coates U, Reiser M, 
Meindl T. Diagnostic power of default mode network 

T. L. S. Benzinger and S. Jindal

https://accreditationsupport.acr.org/support/solutions/articles/11000061019-mri-exam-specific-parameters-head-and-neck-module-revised-4-6-2022-
https://doi.org/10.1002/jmri.21049
https://doi.org/10.1002/jmri.21049
https://doi.org/10.1016/j.jalz.2011.05.2351
https://doi.org/10.1159/000117270
https://doi.org/10.1159/000117270
https://doi.org/10.1007/BF00868807
https://doi.org/10.1007/BF00868807
https://doi.org/10.3233/BEN-2009-0226
https://doi.org/10.3233/BEN-2009-0226
https://doi.org/10.3233/JAD-150559
https://doi.org/10.3233/JAD-150559
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.nicl.2020.102248
https://doi.org/10.1016/j.nicl.2020.102248
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.3390/ijms22105216
https://doi.org/10.3390/ijms22105216
https://doi.org/10.3233/JAD-2012-112118
https://doi.org/10.3233/JAD-2012-112118
https://doi.org/10.1016/j.nicl.2017.07.011
https://doi.org/10.1016/j.nicl.2017.07.011
https://doi.org/10.1016/j.neulet.2016.01.021
https://doi.org/10.1016/j.neulet.2016.01.021
https://doi.org/10.1007/s00234-017-1870-7
https://doi.org/10.1007/s00234-017-1870-7
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.3389/fnsys.2010.00008
https://doi.org/10.1523/JNEUROSCI.5698-11.2012
https://doi.org/10.1523/JNEUROSCI.5698-11.2012
https://doi.org/10.1016/j.neuroimage.2012.10.071
https://doi.org/10.1016/j.neuroimage.2012.10.071
https://doi.org/10.1073/pnas.0308627101
https://doi.org/10.1073/pnas.0308627101


181

resting state fMRI in the detection of Alzheimer's dis-
ease. Neurobiol Aging. 2012;33(3):466–78. https://
doi.org/10.1016/j.neurobiolaging.2010.04.013.

30. Seitzman BA, Gratton C, Marek S, et  al. A 
set of functionally-defined brain regions with 
improved representation of the subcortex and cer-
ebellum. NeuroImage. 2020;206:116290. https://doi.
org/10.1016/j.neuroimage.2019.116290.

31. Klunk WE, Panchalingam K, Moossy J, McClure 
RJ, Pettegrew JW.  N-acetyl-L-aspartate and other 
amino acid metabolites in Alzheimer's disease brain: 
a preliminary proton nuclear magnetic resonance 
study. Neurology. 1992;42(8):1578–85. https://doi.
org/10.1212/wnl.42.8.1578.

32. Miller BL, Moats RA, Shonk T, Ernst T, Woolley S, 
Ross BD. Alzheimer disease: depiction of increased 
cerebral myo-inositol with proton MR spectros-
copy. Radiology. 1993;187(2):433–7. https://doi.
org/10.1148/radiology.187.2.8475286.

33. Westman E, Wahlund LO, Foy C, et  al. Combining 
MRI and MRS to distinguish between Alzheimer's 
disease and healthy controls. J Alzheimers Dis. 
2010;22(1):171–81. https://doi.org/10.3233/
JAD- 2010- 100168.

34. Binnewijzend MA, Kuijer JP, Benedictus MR, et al. 
Cerebral blood flow measured with 3D pseudocontin-
uous arterial spin-labeling MR imaging in Alzheimer 
disease and mild cognitive impairment: a marker for 
disease severity. Radiology. 2013;267(1):221–30. 
https://doi.org/10.1148/radiol.12120928.

35. Musiek ES, Chen Y, Korczykowski M, et  al. Direct 
comparison of fluorodeoxyglucose positron emission 
tomography and arterial spin labeling magnetic reso-
nance imaging in Alzheimer's disease. Alzheimers 
Dement. 2012;8(1):51–9. https://doi.org/10.1016/j.
jalz.2011.06.003.

36. Mak HK, Qian W, Ng KS, et al. Combination of MRI 
hippocampal volumetry and arterial spin labeling MR 
perfusion at 3-tesla improves the efficacy in discrimi-
nating Alzheimer's disease from cognitively normal 

elderly adults. J Alzheimers Dis. 2014;41(3):749–58. 
https://doi.org/10.3233/JAD- 131868.

37. Hu WT, Wang Z, Lee VM, Trojanowski JQ, Detre 
JA, Grossman M. Distinct cerebral perfusion patterns 
in FTLD and AD.  Neurology. 2010;75(10):881–8. 
https://doi.org/10.1212/WNL.0b013e3181f11e35.

38. Sahyouni R, Goshtasbi K, Mahmoodi A, Tran 
DK, Chen JW.  Chronic subdural hematoma: a per-
spective on subdural membranes and dementia. 
World Neurosurg. 2017;108:954–8. https://doi.
org/10.1016/j.wneu.2017.09.063.

39. McKiernan EF, O'Brien JT. 7T MRI for neurode-
generative dementias in  vivo: a systematic review 
of the literature. J Neurol Neurosurg Psychiatry. 
2017;88(7):564–74. https://doi.org/10.1136/
jnnp- 2016- 315022.

40. van Rooden S, Goos JD, van Opstal AM, et  al. 
Increased number of microinfarcts in Alzheimer dis-
ease at 7-T MR imaging. Radiology. 2014;270(1):205–
11. https://doi.org/10.1148/radiol.13130743.

41. Ravanfar P, Loi SM, Syeda WT, et  al. Systematic 
review: quantitative susceptibility mapping (QSM) of 
brain iron profile in neurodegenerative diseases. Front 
Neurosci. 2021;15:618435. https://doi.org/10.3389/
fnins.2021.618435. Published 2021 Feb 18.

42. Wang Q, Wang Y, Liu J, et al. Quantification of white 
matter cellularity and damage in preclinical and 
early symptomatic Alzheimer's disease. Neuroimage 
Clin. 2019;22:101767. https://doi.org/10.1016/j.
nicl.2019.101767.

43. Kothapalli SVVN, Benzinger TL, Aschenbrenner AJ, 
et al. Quantitative gradient Echo MRI identifies dark 
matter as a new imaging biomarker of neurodegenera-
tion that precedes tissue atrophy in early Alzheimer's 
disease. J Alzheimers Dis. 2022;85(2):905–24. https://
doi.org/10.3233/JAD- 210503.

44. Colonna I, Koini M, Pirpamer L, et al. Microstructural 
tissue changes in Alzheimer disease brains: insights 
from magnetization transfer imaging. AJNR Am 
J Neuroradiol. 2021;42(4):688–93. https://doi.
org/10.3174/ajnr.A6975.

11 MR Imaging of Neurodegeneration

https://doi.org/10.1016/j.neurobiolaging.2010.04.013
https://doi.org/10.1016/j.neurobiolaging.2010.04.013
https://doi.org/10.1016/j.neuroimage.2019.116290
https://doi.org/10.1016/j.neuroimage.2019.116290
https://doi.org/10.1212/wnl.42.8.1578
https://doi.org/10.1212/wnl.42.8.1578
https://doi.org/10.1148/radiology.187.2.8475286
https://doi.org/10.1148/radiology.187.2.8475286
https://doi.org/10.3233/JAD-2010-100168
https://doi.org/10.3233/JAD-2010-100168
https://doi.org/10.1148/radiol.12120928
https://doi.org/10.1016/j.jalz.2011.06.003
https://doi.org/10.1016/j.jalz.2011.06.003
https://doi.org/10.3233/JAD-131868
https://doi.org/10.1212/WNL.0b013e3181f11e35
https://doi.org/10.1016/j.wneu.2017.09.063
https://doi.org/10.1016/j.wneu.2017.09.063
https://doi.org/10.1136/jnnp-2016-315022
https://doi.org/10.1136/jnnp-2016-315022
https://doi.org/10.1148/radiol.13130743
https://doi.org/10.3389/fnins.2021.618435
https://doi.org/10.3389/fnins.2021.618435
https://doi.org/10.1016/j.nicl.2019.101767
https://doi.org/10.1016/j.nicl.2019.101767
https://doi.org/10.3233/JAD-210503
https://doi.org/10.3233/JAD-210503
https://doi.org/10.3174/ajnr.A6975
https://doi.org/10.3174/ajnr.A6975


183

12PET Quantification and Kinetic 
Analysis

Richard E. Carson , Mika Naganawa, 
and Jean-Dominique Gallezot

 Introduction

PET provides vast opportunities to interrogate 
normal and pathophysiological brain functions 
with appropriately designed radiotracers. After 
injection of each radiotracer, the PET scanner 
measures radioactivity concentrations through-
out the brain. To produce physiological measures, 
quantification procedures for PET data begin 
with full pharmacokinetic modeling of dynamic 
data. The results from such analyses are quantita-
tive measures tailored to provide meaningful data 
for a specific research or clinical question. Based 
on these approaches, often simplified analyses 
are developed, to yield comparable measures 
with simpler methodology, e.g., shorter scans or 
less invasive procedures.

PET kinetic analysis methods typically have a 
small number (e.g., 1–2) of parameters that are 
achievable outcome measures. These parameters 
(1) are equal or proportional to the underlying 
physiological variable; and (2) can be determined 
with sufficient precision. Depending on the study, 
different outcome measures may be determined. 
For example, PET studies can use tracers with 
either reversible or irreversible kinetics. 

Irreversible tracers are completely or mostly 
trapped in tissue, at least for the duration of the 
study. Reversible radiotracers show substantial 
clearance within the time frame of the scan. 
Different outcome measures are produced for 
reversible and irreversible tracers. Irreversible 
tracers are often used for metabolic or enzymatic 
processes (e.g., glucose metabolism using [18F]
FDG), while receptor studies more commonly 
employ reversible tracers.

In this chapter, we use the term “receptor” or 
“target” when the radiotracer binds selectively to 
a protein of interest, which could be a receptor, 
transporter, enzyme, or other protein, and the 
goal is to assess a value proportional to concen-
tration of the protein. For such compounds, the 
research community adopted nomenclature for 
the quantitative outcome measures derived from 
kinetic analyses [1]. Here we will focus on trac-
ers with reversible characteristics, since, it has 
generally been found that quantification strate-
gies have had more successful applications with 
this class of compounds. Often, irreversible trac-
ers have uptake that is limited by tracer delivery 
and blood flow [2].

 Tracers and Models

PET quantification of ligand-receptor binding is 
derived from in  vitro pharmacology methods, 
based on the receptor density (Bmax, nM) and the 
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equilibrium dissociation constant (KD, nM), the 
concentration of ligand producing 50% target 
occupancy. The equilibrium relationship of free 
ligand concentration (CF) to specifically bound 
ligand concentration (CS) follows the Michaelis–
Menten equation:

 
C

B C

K CS
F

D F

=
+

max

 
(12.1)

Most PET studies administer tracer levels of 
radioligand, so the concentration of bound radio-
ligand is negligible (CS < <Bmax), with typically 
<5% occupancy of the target, thus avoiding phar-
macological effects. Such molecules are termed 
radiotracers. Under tracer conditions, CF ≪ KD, 
and Eq. (12.1) simplifies to:
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This specifically bound-to-free ratio is the 
y-intercept on a Scatchard plot. At tracer doses, 
only unoccupied or available receptors will be 
detectable, i.e., receptors occupied by endoge-
nous neurotransmitters or drugs are not mea-
sured. In this case, Bmax is replaced by Bavail in the 
above equations.

One important measure used to assess receptor 
binding is the volume of distribution (VT, mL/cm3), 
the concentration ratio, at equilibrium, of radio-
tracer in tissue to that in the arterial plasma. The 
units of VT reflect the fact that radioactivity con-
centrations measured in blood (from samples) and 
tissue (from PET data) are different. It is called a 
volume since it reflects the volume of plasma that 
contains the same radioactivity as 1 cm3 of tissue. 
VT reflects the radiotracer that is specifically bound 
to the receptor, as well as free or nonspecifically 
bound tracer. Since competing agents do not dis-
place the latter two components, they are termed 
“nondisplaceable.” Mathematically,

 V V VT ND S= +  (12.3)

where subscripts T, ND, and S, refer to total, non-
displaceable, and specific, respectively. Most 
PET studies use bolus injection of a radiotracer, 
so modeling is used to estimate the equilibrium 

ratio by estimating VT from the kinetic parame-
ters from a model fit to the dynamic data.

The other commonly used outcome measure 
is the binding potential, BP, the equilibrium ratio 
of the concentration of specifically bound radio-
tracer to that in a reference fluid (or region). 
There are three versions of BP, using different 
references: free plasma radiotracer (BPF), total 
plasma (BPP), or the tissue nondisplaceable com-
ponent (BPND). The most used term is BPND 
(VS/VND), which can be estimated using reference 
region techniques (see below). Ideal reference 
(REF) regions have no specific binding (VS = 0), 
so VT in this region is equal to VND in the target 
region-of-interest (ROI). All binding potentials 
can be calculated from VT, e.g.,
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(12.4)

All forms of the binding potential are linearly 
proportional to the available target concentration 
(Bavail). VT provides am indirect index of specific 
binding; it is linearly related to the specific bind-
ing component (VS), but since it includes nonspe-
cific uptake, it is less sensitive to detecting 
differences in specific binding. The VT outcome 
measurement typically requires arterial blood 
sampling and is generally used when no refer-
ence region is available.

 PET Data Acquisition

 Image Data Acquisition
PET studies begin with the intravenous admin-
istration of the radiotracer that contains a 
positron- emitting isotope. The radiotracer cir-
culates throughout the body and is deposited in 
all organs. Ultimately, each radioactive atom 
decays and the detected event allows for recon-
struction of the spatial distribution of the radio-
tracer. Typically, events are grouped into 
distinct time frames (typically 0.5–10 min), and 
the number of events follows a Poisson distri-
bution. Shorter time frames provide improved 
temporal resolution, albeit with higher 
variance.
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 Image Reconstruction
The raw count data are converted to the 3D distri-
bution of radioactivity using reconstruction algo-
rithms to produce images with pixel or voxel 
values. Modern systems use statistical algorithms 
that account for the Poisson nature of the count 
data [3]. The images are calibrated in absolute 
units (Becquerels/cm3, Bq/cm3). Dynamic 
 acquisition produces a 4D dataset of concentra-
tion images versus time, amenable to tracer 
kinetic modeling.

PET images have finite resolution, i.e., they 
are a blurred version of the true underlying distri-
bution of radioactivity. At the boundary between 
gray and white matter, the radiotracer concentra-
tion can abruptly change. However, this abrupt 
change is blurred in a PET dataset. This is known 
as the partial volume effect (PVE) and causes 
underestimation of concentration in high-activity 
areas and overestimation of low-activity areas. 
There are many partial volume correction (PVC) 
methods [4] and typically, PVC methods will 
increase signal in gray matter regions, often with 
an increase in noise. There is statistical noise in 
all PET data depending on the number of radio-
active counts in each image frame. With higher 
counts, the coefficient of variation of PET data 
(standard deviation/mean) decreases.

 PET Image Processing
Brain regions of interest (ROI) are identified, 
typically using automated template methods [5] 
based on an anatomical MRI image from the 
same subject. First, a PET image is rigidly regis-
tered to the anatomical MRI image, which is nor-
malized to a template image that has predefined 
ROIs such as the AAL template [5]. These com-
bined registrations are then used to project the 
ROI onto the PET images or to transform the 
PET data into a normalized space for voxelwise 
comparisons.

 Input Functions
Some PET applications require measurement of 
the arterial input function, the concentration of 
radiotracer in arterial plasma over the period of 
the scan. This forms the input function for analy-
sis of brain data since all brain radiotracer is 

derived from blood. Interpretation of brain signal 
alone is often misleading without consideration 
of changes in radiotracer availability in the blood. 
Since PET radiotracers that are administered 
intravenously usually exhibit rapid kinetics, arte-
rial plasma is used instead of venous, since there 
can be large differences between arterial and 
venous concentrations, especially at early times 
postinjection.

Radiotracers can be metabolized in the body, 
so it is important to measure the time course of 
the parent (unmetabolized) compound. It is gen-
erally assumed that polar radiolabeled metabo-
lites do not enter the brain. Arterial blood samples 
are acquired, and the radioactivity concentration 
in plasma (Bq/mL) is assayed. Second, the frac-
tion of radioactivity due to parent radiotracer 
(parent fraction) must be determined, generally 
using chromatography techniques [6]. The parent 
fraction is usually measured for a subset of 6–10 
discrete blood samples and the fraction curve 
over time is then fit to a mathematical function. 
The final arterial plasma input function (Cp) is the 
product of the measured total plasma radioactiv-
ity concentration and the parent fraction 
function.

Image-derived input function (IDIF) methods 
have been proposed to obviate the need for arte-
rial blood sampling. IDIFs use the radioactivity 
in the blood vessels in the PET images to esti-
mate the input function. IDIF methods only esti-
mate the radioactivity in the whole blood, thus, 
blood sampling may be required for metabolite 
correction. Many IDIF methods have been pro-
posed for brain studies, but this is challenging 
depending on what arterial blood vessels are in 
the field of view. For example, the carotid arteries 
have an average diameter of ~4–6 mm, thus the 
PVE causes errors. Total body PET systems can 
avoid this error if the aorta is in the field of view 
[7].

 Kinetic Analysis

Tracer kinetic modeling has been used for many 
years to measure the uptake, retention, and 
metabolism of radiotracers [8]. These approaches 
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depend on the tracer assumption, i.e., that the 
mass concentration of the radiotracer is small, so 
it does not alter the saturation of any enzyme or 
the occupancy of any receptor or transporter 
(e.g., mass concentration  <<  KD). This leads to 
linear differential equations with constant coeffi-
cients, and compartment modeling approaches 
are used. PET measures the activity in the brain 
directly. To analyze such data, we need informa-
tion about the radiotracer’s plasma concentration, 
i.e., the input function. With the input function 
and the time-activity curve (TAC) for each region 
or each voxel, compartment models are derived 
which can best fit the dynamic data.

For a review of commonly used compartment 
models in PET, see [9]. Other simplified methods 
have been used to extract a subset of model 
parameters, without definition of a specific model 
configuration [10, 11]. Other important develop-
ments were methods that inferred the input func-
tion, by use of the TAC in a reference region 
[12–14], thus avoiding arterial samples. These 
reference approaches have been most widely 
used in the brain if there are brain regions com-
pletely or nearly devoid of the target receptor.

 Compartment Modeling
The solution of compartmental models can 
always be written as CT(t) = CP(t) ⊗ h(t) where ⊗ 
is the convolution operator and h(t) is the tissue 
impulse response function, i.e., a sum of n expo-
nentials, where n is the number of tissue com-

partments in the model. To choose the best way to 
quantify a new radiotracer, various compartment 
models are tested and compared, to determine the 
simplest model that accurately fits the TACs.

In some cases, the data can be well described 
by a one-tissue compartment model (1TC, 
Fig. 12.1a). The 1TC differential equation is:
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dt
K C t k C tT

P T
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(12.5)

Transfer of radiotracer from plasma (CP) to 
the tissue is described by the rate constant K1 
(mL/min/cm3) while efflux is described by k2 
(min−1). The volume of distribution is an equilib-
rium measures, derived by setting the derivative 
to 0:
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For both 1TC and 2TC (see below) models, K1 
describes the rate of tracer transfer from the arte-
rial plasma to the tissue, and consequently 
depends on both blood flow (F) and the extrac-
tion fraction of radiotracer from the capillary into 
the tissue (E), such that K1 = F × E.

A second common model is the two-tissue 
compartment model (2TC, Fig. 12.1b). The first 
compartment contains the free plus nonspecific 
uptake of radiotracer in the tissue (nondisplace-
able; CND) and the second compartment contains 
specific uptake (i.e., binding to the target) in the 
tissue (CS). The additional rate constants describe 

a b c

Fig. 12.1 PET compartment models. (a) The one-tissue 
compartment (1TC) model with two rate constants (K1 
and k2), describing exchanges between the tissue (CT) and 
the plasma input (CP). (b) The two-tissue compartment 
(2TC) model with four rate constants (K1, k2, k3, and k4) 
describing exchanges between the free plus nonspecific 
pool in the tissue, i.e., the nondisplaceable pool (CND) and 

CP, and binding of the radiotracer in a specific compart-
ment (CS); the tissue concentration CT is the sum of CND 
and CS. (c) The simplified reference tissue model (SRTM), 
with three constants (R K K1 1 1= / ’, k2, and k2

’ ), which 
assumes that both the target and reference tissue can be 
described by the 1TC model

R. E. Carson et al.



187

specific binding association, k3 (min−1), and dis-
sociation, k4 (min−1). The total activity in tissue 
CT = CND + CS. The differential equations for this 
model are
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dt
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The nondisplaceable, specific, and total vol-
umes of distribution are:
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Ideally, the binding potential BPND=VS/VND 
could be computed from k3/k4. However, uncon-
strained fits to PET data rarely separate specific 
and nondisplaceable components accurately, so 
such results require validation. Thus, BPND is best 
computed with a reference region, as in Eq. 
(12.4).

 Parameter Estimation
To estimate the model parameters [15], an opti-
mization algorithm is used to minimize the sum 
of the squared differences between the observed 
radiotracer concentration (Ci) at time frame i (ti) 
and the modeled radiotracer concentration 
(C(ti,k)) based on the parameters (k). If there is 
substantial inter-frame variation in image noise 
(e.g., due to different frame durations or isotope 
decay), a weighted sum of squares is more appro-
priate, with lower weight for the higher-noise 
frames. C(ti,k) may also include a correction for 
the radioactivity concentration measured in the 
blood, modeled as the product of the local blood 
volume (VB) and the whole blood 
concentration(CB(t)). VB can be fixed to an a pri-
ori value, generally 0.05 in gray matter, or esti-

mated from model fitting. After finding the 
parameter set that produces the minimum sum of 
squares, the uncertainty of the parameter esti-
mates, i.e., the standard error (SE), can be 
obtained and can be compared to each parameter 
estimate to assess if it is reliably estimated.

The kinetic constants K1, k2, k3, k4 are known 
as microparameters, which may not always be 
reliably estimated (i.e., with small %SE). 
However, the macroparameter VT is generally 
estimated reliably. Thus, the most common out-
come measures from compartment modeling are 
VT and K1.

Choosing which model best describes the data 
is an important part of the characterization of a 
radiotracer. The “best” model is the simplest one 
that accurately describes the data, and provides 
parameter estimates with reasonable standard 
errors. Model selection is often based on the 
F-test or the Akaike Information Criterion (AIC) 
[15]. In many cases, the 1TC model produces a 
slight lack of fit compared to 2TC, but VT values 
between the two models are in close agreement 
[16].

 Reference Region Methods
The modeling methods described above depend 
on accurate input function measurement from 
arterial blood sampling and metabolite deter-
mination. Instead, reference region approaches 
were developed to estimate BPND by using a 
region devoid of specific radiotracer binding as 
a proxy of nondisplaceable kinetics. Ideally, 
the assumption of negligible specific binding 
in a reference region should be validated with 
blocking studies, which should show no change 
in the reference region VT between baseline 
and blocking scans. Also, VND in all brain 
regions is assumed to be uniform, an assump-
tion that can also be evaluated with blocking 
studies.

The simplified reference tissue model (SRTM, 
Fig.  12.1c) [13] which has three parameters is 
widely used. It assumes that the 1TC model is 
appropriate for both target and reference regions, 
in which case the solution to the 1TC differential 
equation is
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C t R C t R k k C t k tT REF REF( ) = ( ) + -{ } ( )Ä -( )¢
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where CREF(t) is the concentration of radiotracer 
in the reference region, K1' and k2' are the refer-
ence region influx and efflux rate constants, 
respectively, k2 is the efflux constant in the target 
tissue, and R K K1 1 1= / ’. The SRTM model is fit to 
the observed PET data and BPND can be  calculated 
from the three parameters (R1, k2, k2

’) as follows:
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The term VT/VND is also known as the distribu-
tion volume ratio, or DVR, which equals 
BPND  +  1. SRTM can be estimated efficiently 
with a basis function approach at the voxel level 
[17]. Noise can be reduced in SRTM by deter-
mining one global value of k2' using the SRTM2 
approach [18], however, this approach depends 
more strongly on the 1TC assumption than 
SRTM.

 Linearizations
The above methods require the definition of an a 
priori model for the radiotracer. To provide rapid 
model-free estimation, linearized approaches 
have been developed to produce stable estimates 
with computational efficiency. Linearized meth-
ods were first developed for tracers that bind irre-
versibly. Mathematical rearrangement of the 
plasma and tissue TACs produces a straight line, 
with the slope being the net uptake rate parameter 
(Ki); this is called the Patlak plot [19]. These 
approaches were generalized for reversible radio-
tracers to yield the Logan plot [11]:
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Plotting the two terms in parentheses against 
each other produces a linear graph, with slope 
equal to VT and intercept b. This relationship 
becomes linear after some time t*, which is deter-
mined empirically. The Logan plot can be used 
for any reversible radiotracer, without specifying 
the number and arrangement of the compart-
ments. However, this method can produce biased 
VT estimates when there is noise in the tissue 
TAC [20]. Other linearized methods have been 
derived to reduce noise-induced bias, such as 
Multilinear Analysis 1 (MA1) [10] and 
Likelihood Estimation in Graphical Analysis 
(LEGA) [21]. MA1 fits the tissue TAC directly:
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Typically, graphical VT estimates are on the 
1TC assumption since they use only a portion of 
the TAC data. These estimates are typically less 
variable than 2TC estimates, since only two 
parameters are estimated.

Linearized reference region approaches have 
also been developed for BPND (or DVR). The 
equation for the Logan reference region approach 
[14] is as follows:
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The slope is DVR (1 + BPND). The parameter 
k2ʹ can be fixed a priori if it is well character-
ized. Alternatively, if the CREF(t)/CT(t) term 
becomes constant quickly, then this term can be 
lumped with the intercept (b) and fixing the k2’ 
parameter is unnecessary, although t* tends to 

be later in those cases. Like the plasma version, 
the Logan reference approach also underesti-
mates BPND in situations of high noise. To avoid 
this bias, the multilinear reference tissue model 
(MRTM [12]), analogous to MA1 was 
developed:
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As with SRTM and SRTM2, a single k2
’  value 

can be estimated, and then parameter estimation 
is performed again with a 2-parameter fit, a 
method known as MRTM2 [12].

 Constant Infusion
For some tracers, a simple approach to estimate 
VT is equilibrium analysis, where the radio-
tracer is continuously infused until constant 
decay- corrected concentrations (i.e., equilib-
rium) are obtained in plasma and all target tis-
sues. In practice, a bolus plus infusion is used 
to reach equilibrium more quickly [22]. If the 
radiotracer’s kinetic parameters are known 
from bolus injection studies, then the optimal 
bolus fraction can be determined by simulation 
to establish equilibrium quickly in all regions. 
Once true equilibrium is established, VT is cal-
culated as CT/CP. If venous and arterial blood 
are in equilibrium, arterial samples can be 
avoided [23]. For reference region analysis, 
BPND is CT/CREF-1.

This paradigm is only practical for some 
radiotracers, i.e., those with sufficiently rapid 
kinetics and a suitably long isotope half-life, 
Additionally, if there are interindividual differ-
ences in radiotracer kinetics, then the quality of 
equilibrium will vary, introducing bias and vari-
ability; corrections for lack of equilibrium have 
been developed [24].

 Model Simplification
Simplified quantification methods are advanta-
geous in studies with large cohorts or with par-
ticipants where it is challenging to undergo a 
long PET scan or invasive arterial blood sam-
pling. The standard uptake value (SUV), which is 
the regional activity concentration during a short 
scan normalized by dose per body weight, is used 
as an alternative to compartment modeling 
because: (1) it is easy to compute; (2) the scan 
duration is typically 10–30 min, and (3) the SUV 
method does not require arterial blood sampling. 
Alternatively, a ratio of activity in one region to a 

reference region (SUVR) may be used as a sur-
rogate for DVR (or SUVR-1 can act a s surrogate 
for BPND). For example, as shown in Fig. 12.2, a 
large human cohort study with 11C-UCB-J 
showed that imaging 60–90  min postinjection 
provided the best match between SUVR-1 (cen-
trum semiovale reference) and the gold standard 
BPND calculated from 1TC modeling [25].

 Parametric Imaging

Images of model parameters can be produced by 
extracting a TAC from each voxel, processing it 
using the modeling method of choice to produce 
one or more parameter estimates, and construct-
ing images consisting of these parameter esti-
mates. An example is shown in Fig.  12.3 for 
human brain images from 11C-PHNO [26] which 
binds to the dopamine D2 and D3 receptors, 
located primarily in the basal ganglia and the 
substantia nigra. Using the dynamic images (sam-
ple time frames shown in Fig. 12.3a–c), paramet-
ric images were created with SRTM2 [18], using 
cerebellum as reference: BPND (Fig. 12.3d) and R1 
(Fig. 12.3e) images. R1 images show the conven-
tional pattern of high delivery (flow) in gray mat-
ter regions, and lower flow in white matter. BPND 
images shows the specific binding pattern.

Many of the previously described methods are 
directly applicable and easily implemented on a 
voxel-by-voxel basis. For linear model equations, 
such as Logan plots (Eqs. 12.12 and 12.14), MA1 
(Eq. 12.13), and MRTM (Eq. 12.15), the param-
eters can be estimated directly using ordinary or 
weighted least squares [15]. For models with one 
nonlinear parameter, such as 1TC and SRTM, 
rapid voxel-by-voxel calculations are possible, 
and are generally implemented as a basis func-
tion method [27].

When computing parametric images, some 
form of noise reduction is often needed. Noise 
reduction can be done in the temporal and/or spa-
tial domains. Spatially, Gaussian smoothing is 
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Fig. 12.2 Representative 1TC BPND parametric images for a 11C-UCB-J PET scan with the corresponding SUVR-1 
images for 30–60, 60–90, and 90–120 min time windows

a b c d e

Fig. 12.3 Parametric images from a 11C-PHNO study 
calculated with SRTM2. (a–c) Dynamic tracer concentra-
tion images at 0–10  min (a), 40–60  min (b), and 
90–120 min (c) postinjection. (d) BPND images on a scale 
of 0–3. (e) R1 images on a scale of 0–2. Radiotracer deliv-

ery is seen to be uniform in gray matter regions in the R1 
images. Specific binding to dopamine D2 and D3 receptors 
in the striatum is evident in the BPND images. Tracer con-
centration images at any time point contain various mix-
tures of the information in the BPND and R1 images

the simplest method to reduce noise, but at the 
cost of poorer resolution. Many algorithms have 
been applied including other linear or nonlinear 
filters or constraints based on registered MR 

images. More recently, deep learning methods 
have been widely applied for image denoising 
[28]. In the temporal domain, a simple approach 
to reduce noise is to limit the range of the basis 
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functions used in models such as 1TC and SRTM, 
i.e., raise the lower limit on the range of the k2 
values which reduces outlier VT values [26]. 
There are also a large number of combined spa-
tiotemporal smoothing methods, including prin-
cipal component analysis, clustering algorithms, 
and the HYPR method that uses a set of lower- 
noise composite images to reduce noise without 
sacrificing resolution [29].

Usually, parametric images are computed by 
first reconstructing a series of image frames, and 
then applying kinetic modeling to each voxel 
TAC; this is called the indirect method. 
Alternatively, modeling can be incorporated 
directly within the reconstruction algorithm; this 
is called the direct method which has statistical 
advantages. Direct reconstruction algorithms 
produce parametric images with lower variability 
at equivalent dose [30].

 Example of Model Development 
and Validation

Optimization and validation of modeling meth-
ods is an important step. Here, we use the SV2A 
tracer 11C-UCB-J as an example [31]. Cross vali-
dation of in vivo values with in vitro measures is 
highly desirable. To validate 11C-UCB-J as a 
marker of synaptic density, a baboon PET scan 
was performed, after which the animal was sacri-
ficed, and the brain dissected. Tissues were sam-
pled from 12 regions and analyzed by Western 
blotting and SV2A homogenate binding assays. 
The regional SV2A Western blot measurements 
correlated well with in vivo VT values and also 
with in  vitro regional synaptophysin measure-
ments. In vitro Bmax values from homogenate 
binding also correlated well with VT and with the 
SV2A Western blot data. These data indicated 
that PET can accurately quantify SV2A density 
in vivo.

Modeling studies of 11C-UCB-J in humans 
revealed that the 1TC model was optimal to 
quantify VT values, and excellent test-retest 
reproducibility and low noise VT images can be 
obtained [16]. Activation studies in humans 
showed that VT was unaffected by visual stimula-

tion, while K1, the tracer influx constant related to 
blood flow, increased in the visual cortex [32].

For quantification of specific binding, a refer-
ence tissue is required, and the centrum semiovale 
(CS) was proposed based on in vitro biochemical 
data [31], showing negligible specific binding. 
However, there was a small displacement of 
11C-UCB-J in CS with competing drugs leveti-
racetam and brivaracetam [31], consistent with 
autoradiography data, and CS VT overestimates 
the gray matter (GM) nondisplaceable distribu-
tion volume (VND) [33]. Nevertheless, CS VT is 
significantly correlated with VND, suggesting that 
it remains a useful, albeit imperfect, reference 
region [33] for disorders without white matter 
pathology. Alternative outcome measures are VT 
or VT normalized by plasma protein binding (fP).

For reference tissue modeling, since 1TC is 
the optimal model, SRTM and SRTM2 were suit-
able. However, estimating k2

’ , the efflux rate from 
the CS, is challenging due to high noise in this 
small region. SRTM2 with a population average 
k2
’  has been found to be useful to generate BPND 

images, however, this approach requires valida-
tion in each population.

 Receptor Dynamics

 Endogenous Neurotransmitters
As described above, PET imaging is sensitive to 
available receptor sites, i.e., those not occupied 
by endogenous or exogenous compounds. Thus, 
PET can provide measures of neurotransmission 
in the living brain. Quantification is based on the 
classical occupancy model [34], based on exten-
sive evidence that increases in extracellular dopa-
mine directly compete with radiotracers binding 
at D2/D3 receptors.

The protocol to measure changes in neu-
rotransmitter levels is like that of drug occupancy 
studies (see below), except that low amounts of 
“occupancy” by neurotransmitters are expected. 
Most commonly, a baseline scan is acquired, the 
stimulus or drug is administered leading to 
increases (or decreases) in neurotransmitter con-
centrations, and a second scan is acquired. BPND 
is estimated for the baseline and post-activation 
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scan, and the percent change in BPND is deter-
mined. Such a two-scan approach can be per-
formed in 1  day with a 11C-labeled radiotracer 
with two radiosyntheses. An alternative approach 
is to assess both baseline and post-stimulus BPND 
with a single scan using a constant infusion [35]. 
This approach is best suited for longer lived 
18F-labeled radiotracers.

More sophisticated approaches attempt to 
directly model the effect of time-varying receptor 
availability on the PET signal [36]. This type of 
analysis is best accomplished with radiotracers 
with rapid kinetics, where the PET signal more 
closely follows the neurotransmitter dynamics, 
such as 11C-raclopride.

 Drug-Induced Occupancy
PET imaging is important in CNS drug develop-
ment for validation of target engagement and 
determination of target occupancy [37], i.e., to 
relate a drug’s dose or blood concentration to tar-
get occupancy. PET has been widely used in 
early-stage studies to quantify this relationship, 
e.g., in kappa opioid receptors [38]. Using this 
information, further clinical trials can be halted if 
the desired level of receptor occupancy cannot be 
achieved at the maximal tolerable drug dose.

Receptor occupancy (r, range: 0–1) can be 
measured quantitatively if the drug and the radio-
tracer bind to the same site. This is typically per-
formed with two scans in each subject, one at 
baseline (base) and one at a suitable time after 
drug administration (post). Assuming no change 
in nondisplaceable binding induced by the drug, 
Eq. (12.3) becomes

 V V r VT post ND S, = + -( )1  (12.16)

With a reference region, BPND (Eq.  12.4) in 
the post-drug scan is
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and r can be determined independently for each 
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Without a reference region devoid of receptors, r 
can be determined using VT values from multiple 
regions with the “occupancy plot,” if r and non-
displaceable binding (VND) are uniform across 
brain regions [39]. The occupancy equation is

 V V V uT base T post T base ND, , ,- = -( )r V  (12.19)

Here, VT,base and VT,post are vectors of the regional 
VT values at baseline and post-drug administra-
tion, respectively, and u is a vector of ones. 
Plotting VT,base  −  VT,post (y-axis) against VT,base 
(x-axis) produces a linear relationship with a 
slope of r and x-intercept of VND. Like other PET 
linearizations, this approach is not statistically 
optimal, and alternative methods have been 
developed [37].

Ultimately, r values are related to drug dose 
(D) or drug plasma concentration (C) to estimate 
the ID50 or IC50, respectively, i.e., the dose or con-
centration that produces 50% occupancy of the 
target. This estimation can be performed as a 
1-parameter fit (assuming 100% maximal occu-
pancy) or a 2-parameter fit, which also estimates 
the maximal occupancy (rmax) [40]:
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This analysis is typically done by combining 
data from multiple subjects, often using multiple 
post-drug scans at different plasma drug levels.

 Summary

With modern PET scanners and tracer kinetic 
modeling methods, quantitative measurements of 
physiological parameters can be made through-
out the brain with high accuracy and precision. 
Development and optimization of appropriate 
kinetic models for each radiotracer is an impor-
tant step for the proper application of these mol-
ecules for the study of the healthy brain and for 
studies of neuropsychiatric disorders. Properly 
validated models also provide a firm basis for 
simplifications of acquisition and analysis strate-
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gies to improve patient comfort and facilitate 
multi-center trials.
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13Semi-Quantitative Analysis: 
Software-Based Imaging 
Interpretation: NEUROSTAT/SPM

Kazunari Ishii

Key Points
The usefulness of semi-quantitative methods in 
the interpretation of molecular images is 
described. Semi-quantitative values are useful for 
interpreting metabolic and perfusion imaging in 
degenerative brain diseases, and voxel-based sta-
tistical analysis of images with SPM or 3D-SSP 
is used in clinical practice as an aid to diagnostic 
interpretation. In amyloid imaging, the measure-
ment of the standardized uptake value ratio 
(SUVR) is also useful.

 Introduction

In the field of degenerative diseases, absolute val-
ues of metabolic and blood flow parameters are 
not as necessary as in the field of cerebrovascular 
diseases.

For neurodegenerative disease, the interpreta-
tion of molecular imaging such as that acquired 
with fluorodeoxyglucose (FDG)-PET is based on 
visual inspection.

Three-dimensional stereotactic surface pro-
jections (3D-SSP), which form the basis of the 
NEUROSTAT program and statistical parametric 
mapping (SPM), have become indispensable 
tools for the analysis of brain imaging obtained 

from modalities such a PET, SPECT, and 
fMRI. These 3D-SSP methods are used to con-
vert individual brains into a standard coordinate 
system (stereotaxic brain coordinates) through 
anatomical standardization, after which statisti-
cal analysis can be performed on each voxel.

In statistical analysis methods for images such 
as those in SPM and 3D-SSP, individual brains of 
different sizes and shapes are deformed and 
aligned to a standard brain (in stereotaxic brain 
coordinates). This procedure is called “anatomi-
cal standardization,” and after this process, statis-
tical analysis is performed on each voxel for 
analytical or diagnostic purposes.

The conventional analytical method of setting 
a region of interest (ROI) for the analysis has the 
following problems: (a) the size and range of the 
ROI may not be standardized and may not be 
consistent across observers, (b) it is very difficult 
to set ROIs in the same region for each target 
brain, (c) ROI settings vary across observers, (d) 
ROI settings may be arbitrary, (e) the whole brain 
may not be analyzed, only the region covered by 
the ROI.  Therefore, some areas may be over-
looked. In comparison, statistical image analysis 
methods such as SPM and 3D-SSP permit voxel- 
by- voxel analysis of the whole brain of each sub-
ject, thereby providing an objective method that 
can overcome the above problems.
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 SPM (Statistical Parametric 
Mapping)

SPM was first developed by Friston et  al. as 
software for the analysis of brain activation 
studies using PET [1]. SPM has since under-
gone many improvements and SPM12 
(Fig. 13.1) is currently available for free down-
load from https: //www.fil.ion.ucl.ac.uk/spm/. 
SPM was  originally developed as a tool for ana-
lyzing brain activation tests in normal subjects 
but has also been applied to group comparisons 
between normal and diseased subjects. SPM is 
now an indispensable tool for the analysis of 
functional MRI (fMRI), and also allows voxel-
based morphometry to be performed on 3D T1 
MRI brain imaging [2].

The process for SPM analysis is as follows.

 Realignment and Co-registration

In the case of multiple scans per acquisition, such 
as in brain activation imaging and fMRI, the 
realignment process allows correction for slight 
movement between timepoint images with the 
same contrast, while co-registration allows the 
superimposition of images with differing con-
trasts from different sequences or different imag-
ing modalities such as PET and MRI.  These 
processes are not necessary if the analysis 
involves only a single scan per subject.

 Normalization

The anatomical standardization of SPM is a 
mathematical method that allows the subject 

Fig. 13.1 The screen at SPM12 startup (a) and the display screen (b) for analysis of the target FDG-PET image in 
SPM12

a

K. Ishii
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images to be translated and warped to fit the 
geometry of a pre-defined template. The sub-
ject’s 3D brain image is warped to fit a tem-

plate in the defined coordinate space of the 
Montreal Neurological Institute (MNI) atlas 
(Fig. 13.2).

b

Fig. 13.1 (continued)
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Fig. 13.2 The tissue 
probability map (TPM) 
template of SPM12

 Smoothing

After normalization, the SPM procedure usually 
involves smoothing to reduce the individual differ-
ences in brain gyri and improve the signal-to- noise 
ratio. This process also brings the voxel value dis-
tribution closer to the normal distribution, which is 
the premise of statistical processing.

 Statistical analysis

The statistical principles of SPM are based on the 
normal distribution and the general linear model. 
The statistical results are displayed as shown in 
Fig. 13.3.

K. Ishii
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Fig. 13.3 SPM12 statistical results display screen: the 
glass brain projection map and overlap with the MRI ren-
dered image, which demonstrate significantly decreased 

glucose metabolism in dementia with Lewy bodies com-
pared to Alzheimer disease

13 Semi-Quantitative Analysis: Software-Based Imaging Interpretation: NEUROSTAT/SPM
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 3D-SSP (Three-Dimensional 
Stereotactic Surface Projections)

3D-SSP is a procedure in NEUROSTAT, a suite 
of statistical imaging analysis packages devel-
oped by Minoshima et al. [3, 4]. A characteristic 
of 3D-SSP is that it was developed not only for 
research, but also for diagnostic applications.

The 3D-SSP procedure is as follows. After 
correcting PET/SPECT brain images for tilt dur-
ing scanning, four reference points are searched 
for on a sagittal cross-section of a template image 
realigned to the Talairach standard atlas, and the 
brain size is adjusted by linear deformation to fit 
the reference plane of the anterior commissure–
posterior commissure line. In the current version, 
this transformation is performed using mutual 
information. The next procedure in the 3D-SSP 
processing pipeline is anatomical standardization 
by warping, which involves a nonlinear transfor-
mation that aligns the individual brain to the tem-
plate as much as possible. The next process, the 
extraction of brain surface data, is the most 
important feature of 3D-SSP. This is performed 
by extracting the pixel with the maximum value 
within a depth of 6 pixels (2.25 mm × 6) perpen-
dicular to the surface of the brain cortex on the 

anatomically-standardized image. These values 
are then displayed as two-dimensional brain sur-
face images viewed from eight directions. The 
values can be absolute values (cerebral glucose 
consumption, cerebral blood flow) or relative val-
ues normalized by the values of the whole brain, 
cerebellum, thalamus, pons, or primary senso-
rimotor cortex. This method compensates for 
deviations within subjects where the 
anatomically- standardized image does not com-
pletely match with the standard brain, such as in 
cases with an enlarged longitudinal fissure. 
Needless to say, this method does not correct for 
decreased values caused by partial volume 
effects. The above process can also be applied to 
brain images of normal subjects (or controls) to 
build a database, which allows the creation of a 
statistical image comparing the brain surface 
image of an individual patient with those in the 
database (Fig. 13.4). Such statistical comparison 
images can be used in clinical practice, e.g., as a 
diagnostic aid by creating a z-score map for each 
subject to determine brain areas where metabo-
lism and blood flow are significantly lower than 
in normal subjects.

The z-score is calculated using the following 
formula:

Fig. 13.4 The process for creating a statistical z-score image in 3D-SSP
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 z score normal group mean value individual value normal - = -( ) / ggroup standard deviation

The z-score is calculated for each pixel and the 
disease is diagnosed on the basis of the distribu-
tion pattern of the scores.

In addition, 3D-SSP can perform group com-
parisons between normal and disease groups, 
with corresponding t-tests performed on a voxel- 
by- voxel basis.

 Voxel-Based Analysis 
for Interpretation of Medical 
Images

Although SPM and 3D-SSP were originally used 
as analysis tools in research, they are now also 
being developed as diagnostic aids and tools for 
clinical applications, and pharmaceutical compa-
nies are working together with the developers to 
improve and develop the packages into easy-to- 
use software for clinical use, examples of which 
are now distributed as freeware.

For 3D-SSP, the software iSSP is specialized 
for diagnostic assistance, and is distributed free 
of charge by Nihon Medi-Physics, Inc. in coop-
eration with Minoshima et al. This software has 
been widely used for image analysis and diag-
nostic assistance in Alzheimer’s disease (AD) 
and other degenerative dementias (Fig. 13.5).

In another example, following anatomical 
standardization using SPM, z-score maps can be 
superimposed on the MRI template image to 
assist in diagnosis. This method is applied in the 
software eZIS [5], which was developed by 
Matsuda et al. and PDR Pharma Co.

The statistical analysis images so created can 
be used as aids in medical image interpretation 
and to improve diagnostic accuracy. For physi-
cians, not only beginners but also experts, the use 
of statistical images as a supplemental diagnostic 
aid can be more effective than the use of axial 
images alone.

A further step involves the development of an 
automated diagnostic system for neurodegenera-
tive disease such as AD using FDG-PET and 

3D-SSP.  The technique is based on regions of 
interest in which metabolism and blood flow are 
specifically reduced in AD, with this statistical- 
based imaging system allowing comparisons 
between patients with AD and normal subject 
groups. The summed z-scores within volumes of 
interest (VOIs) are calculated for each individual 
subject, and if the total summed score exceeds a 
threshold, a diagnosis of AD is made. This 
method has demonstrated diagnostic perfor-
mance comparable with that of expert nuclear 
medicine physicians, and its combined use with 
conventional manual analysis can improve diag-
nostic performance [6]. The technique has been 
applied to differential diagnosis of AD and 
dementia with Lewy bodies [7] using FDG-PET 
imaging, and also to analysis of perfusion SPECT 
imaging [8]. A similar method using summed t 
values produced with SPM [9] is also provided in 
the form of the PMOD Alzheimer’s Discrimination 
Tool (PALZ) (Fig. 13.6) by PMOD Technologies 
LLC.

These statistical image analysis methods are 
very useful as aids to image interpretation, but 
caution needs to be exercised in making the diag-
nosis because:

 (a) if the normal database is not obtained with 
the same PET scanner and imaging protocol 
as that used in clinical practice, an incorrect 
statistical image may be produced,

 (b) there is a risk of incorrect anatomical stan-
dardization (and thus incorrect z-scores) in 
cases with high levels of atrophy or large 
infarcts.

Therefore, when interpreting FDG-PET 
images or perfusion SPECT images, the diagno-
sis should never be made solely on the basis of 
statistical images. First, the original axial, coro-
nal, and sagittal images should be interpreted, 
including a search for regionally decreased meta-
bolic/perfusion regions and lesions, then the sta-
tistical image can be observed to reveal whether 
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the regions show significant decreases compared 
with the normal database. It should then be veri-
fied that the results of the visual inspection and 
statistical images are consistent. If the results of 
the visual inspection and statistical images differ, 
it is important to rereview the original images to 
check for artifacts in the statistical image before 
making the final diagnosis.

Brugnolo et al. investigated the differentiation 
of patients with prodromal AD from controls on 
FDG-PET, and compared diagnostic perfor-
mance between three SPM-based approaches, 

another voxel-based tool, and a volumetric region 
of interest support vector machine (VROI-SVM)-
based approach. They reported that the auto-
mated VROI-SVM performed better than the 
other voxel-based methods [10], but that this 
finding was limited to the differential diagnosis 
of prodromal AD, and therefore voxel-based 
methods are still useful in the diagnosis of mild 
cognitive impairment (MCI) or early AD, and a 
combination of visual inspection and voxel-based 
analysis aids is recommended for the clinical 

Fig. 13.5 A representative case of mild cognitive impair-
ment due to AD.  Original FDG-PET imaging demon-
strates an AD-specific pattern of reduced metabolism (a). 

The z-score map allows easier detection of regions show-
ing decreased metabolism (b)

a
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b

Fig. 13.5 (continued)

Fig. 13.6 A results screen from PALZ analysis showing a normal subject (a) and a severe AD patient (b)

a
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diagnosis of early-stage neurodegenerative 
disorders.

Although the recent development of deep 
learning methods has improved the diagnostic 
performance of FDG-PET interpretation of neu-
rodegenerative diseases [11, 12], the basis of 
interpretation is still visual inspection, and voxel- 
based statistical methods based on 3D-SSP or 
SPM should be utilized only as a means of assist-
ing interpretation.

 Measurement of SUVR on Molecular 
Images

Although visual inspection is clinically used for 
the interpretation of amyloid PET images, the 
standardized uptake value ratio (SUVR), a semi- 
quantitative value, may be used as an interpreta-
tion aid. Such semi-quantitative measurements 
are reported to show good correlation with visual 
interpretations [13], and the SUVR and regional 
counts relative to reference counts are commonly 
used in quantitative analysis of amyloid PET. The 
SUVR is calculated as the ratio of cortical-to- 
cerebellar counts. In amyloid PET imaging, 

counts should be measured within a volume of 
interest (VOI) set up on a standard brain template 
for each region being analyzed. To do this, each 
subject’s amyloid PET image is spatially normal-
ized to a standard brain. This anatomical stan-
dardization can be performed directly on the 
amyloid PET imaging alone [14] or with the use 
of corresponding MRI [15].

It should also be noted that the SUVRs of 
amyloid PET images differ for each tracer, and 
there have therefore been attempts to standardize 
them. One is the Centiloid Project, which 
involves a 100-point scale called the “Centiloid”; 
this has a mean of 0 for “highly probable” 
amyloid- negative subjects and a mean of 100 for 
“typical” AD subjects [16]. Calibration to the 
centroid scale allows for easier comparisons of 
units across sites. All data used in the Centiloid 
Project and the VOI set are available for down-
load (Fig.  13.7) from the URL (https://www.
gaain.org/centiloid- project). Tools have also 
been devised for SUVR measurement using 
SPM, conversion to the Centiloid Project format, 
and creation of z-score images, and they are 
expected to be applied clinically in the near 
future [17].

b

Fig. 13.6 (continued)
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Fig. 13.7 VOIs of cerebral cortices defined in the Centiloid Project

 Conclusion

Statistical image analysis using 3D-SSP or SPM 
is a very useful aid in the interpretation of molec-
ular imaging of the brain. These methods involve 
converting the individual brain into standard 
space with anatomical standardization, voxel-by- 
voxel statistical analysis, and the production of 
z-score images that can then be used as aids in 
clinical diagnosis.
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14Artificial Intelligence Approaches 
to the Imaging 
of Neurodegenerative Diseases

Greg Zaharchuk

Key Points
• AI is posed to revolutionize neuroimaging 

broadly and has many applications for molec-
ular imaging.

• AI approaches cover a wide spectrum of appli-
cations, including image acquisition improve-
ment, cross-modality image translation, and 
prediction of current and future biomarkers 
and disease states.

• Challenges with AI adoption include the lack 
of large, publicly-available datasets, general-
izability issues, bias in predictions, and 
explainability.

 Introduction

The past 10 years have been described as a golden 
era for artificial intelligence (AI) research [1]. We 
have seen the rise of deep learning and convolu-
tional neural networks as well as large founda-
tional models that demonstrate ever increasing 
performance. These advances are beginning to 
pervade the medical domain, which tend to lag 
other fields due to the lack of large, shared datas-
ets and conservative nature of medicine. In this 
chapter, we will discuss the application of mod-
ern AI techniques to structural and quantitative 

neuroimaging for the purposes of improving the 
care of patients with neurodegenerative disease. 
Potential applications span the spectrum of care, 
starting with improved quality and reduced cost 
of neuroimaging and extending to the prediction 
of current and future dementia biomarkers. 
However, there remain significant challenges 
with these techniques, including their generaliz-
ability and potential bias, which must be consid-
ered and addressed to realize the promise of these 
exciting new technologies.

 AI in Medicine

What do we mean when we talk about AI as a 
tool in clinical medicine? Technology has gone 
hand in hand with advances in medicine for 
decades if not centuries. AI is often described as 
a device or algorithm that can perform a task that 
is thought to be uniquely human [2]. As such, this 
definition has changed over time, and would 
encompass applications as diverse as the abacus 
and AlphaFold [3], a computer program capable 
of deciphering the 3D structures of all known 
proteins. Into this category fall many post- 
processing algorithms that are used routinely in 
medical imaging, from physics-based reconstruc-
tion to rules-based segmentation tools.

Increasingly, when we speak of AI, we are 
referring specifically to machine learning meth-
ods where computers learn patterns in data with-
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out explicit programming of rules. As such, they 
“let the data speak for itself” and therefore are 
sometimes called “data-driven” algorithms. 
Many of these still require humans to identify the 
most salient features in the data. At the simplest 
end of the spectrum is multivariate linear regres-
sion, in which human-defined features are 
 associated and combined with weights so as to 
minimize the error in the prediction of an output 
variable of interest. More complex versions of 
this basic approach include increasingly complex 
algorithms meant to minimize the errors in pre-
diction and overcome the assumptions of linear-
ity in data, which is not always present. These 
include techniques such as principal component 
analysis, support vector machines, and tree-based 
decision systems such as random forest.

All of these methods share the requirement 
that humans must define the input features of 
interest for the model. Such models have been 
successful, but an important assumption is that 
the chosen features are relevant and important for 
predicting the output. The identification of appro-
priate features has often been performed by bio-
medical scientists using their domain knowledge, 
usually relying on an underlying, mechanistic 
hypothesis of the underlying biology. However, 
this can be problematic. Informative features 
might not be known or might be excluded from 
models due to bias or lack of understanding. Or 
there may be complex inter-relationships that we 
as humans cannot identify. One approach to cir-
cumvent this need to define features manually 
has been to use radiomics approaches which 
return thousands of features, at least some of 

which are hoped to be relevant to predicting the 
output variables of interest [4]. For these reasons, 
such feature-driven algorithms have inherent 
limitations.

It is only in the last 10  years that we have 
developed robust tools to solve these problems 
without making assumptions about the relevant 
features. The meteoric rise of deep learning has 
been due to a confluence of several factors, 
including big datasets, improved software algo-
rithms, and reduced cost of computational hard-
ware such as GPUs that significantly reduce the 
time for training [5, 6]. Deep learning builds on 
the success of neural network architectures that 
bear some resemblance to those seen in biologi-
cal systems. These networks can be self-trained, 
with the “deep” in the name referring to multiple 
hidden layers of neurons that allow them to rep-
resent even complex features. When applied to 
images, computational efficiency favors the use 
of convolutional neural networks (CNNs), which 
when combined into multiple layers can repre-
sent different size scales of features in a location- 
invariant way. This turns out to be advantageous 
for processing images, where the location of 
important features cannot generally be predicted 
in advance. A typical deep neural network is 
shown schematically in Fig. 14.1.

There are several important advantages of deep 
CNNs. One is that they are largely agnostic to 
inputs and outputs, which can be swapped in and 
out easily to perform new tasks. This facilitates 
the rapid testing of many hypotheses without 
wholesale changes in network architecture. The 
second is that the features are derived through the 

Fig. 14.1 Schematic of a deep convolutional neural net-
work using a supervised learning framework. Input 
images are fed into an algorithm that performs multiple 
stages of non-linear filtering, usually with small convolu-
tional kernels (3 by 3 in this example) that serve as filter 
weights. Multiple kernels create multiple channels that 
typically increase in number as the network gets deeper. 
Application of these filters produces an output, which is 

then compared to the true output, usually a gold standard 
of some sort. The difference between true and predicted 
outcomes, operationalized in terms of a mathematical 
estimate of error known as the cost function, is used to 
iteratively adjust the weights of the non-linear filter banks 
to improve future predictions. Through this process, the 
network is trained and can then be applied to new, unseen 
inputs
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Table 14.1 Overview of upstream and downstream AI

Upstream Downstream
Common tasks    • Image quality improvement

   • Scan time reduction
   • Cross-modality image synthesis
   •  Prediction of future imaging 

appearance

   •  Prediction of presence/absence of 
disease

   •  Classification into different 
disease groups (or normal)

   •  Prediction of an imaging 
biomarker

   • P rediction of future disease 
(prognosis, survival)

Inputs    • Images
   •  Raw sensor data (k-space, sinograms, 

etc.)

   • Images
   • Demographics
   • Clinical information
   • Genetics

Outputs    • Images
   • Segmentations (lesion/not-lesion)
   • Anatomic regions
   • future images

   • Disease class
   • Biomarkers
   • Future biomarkers, disease class

Example applications    • Faster imaging (MRI, PET)
   • Lower dose imaging (CT, PET)
   • MR attenuation correction for PET
   • Fracture detection on MRI

   •  Diagnosing presence/absence of 
Alzheimer’s disease

   •  Predicting fast and slow disease 
progressors

training of the network when multiple examples 
of available inputs and desired outputs are pro-
vided to the algorithm. A loss function represent-
ing the error in the prediction for an individual 
training example can be back- propagated through 
the network to change the weights that connect 
the neurons slightly during every iteration to 
improve the prediction of the model. With enough 
training data, the network weights will converge 
to identify meaningful features in the data without 
human guidance. This process can be quite time-
consuming. However, once the model training is 
complete, the weights between the neurons in all 
the layers are fixed. This means when a new input 
example in an independent test set is given to the 
model, the inference process can rapidly produce 
the predicted outcome, which can be compared 
with the ground truth to assess the performance of 
the model. As such deep learning models have 
advantages over traditional iterative methods in 
neuroimaging that are plagued by long recon-
struction times [7].

This chapter will focus on deep learning appli-
cations to modern neuroimaging. These can be 
applied at multiple levels in the radiology value 
chain, starting with image reconstruction, encom-
passing data post-processing, and extending to 
biomarker measurements and clinical classifica-

tion of patients into different disease states 
(Table 14.1). One exciting potential application is 
the use of historical datasets to predict disease 
trajectories and prognoses.

 Upstream AI for Neuroimaging 
of Neurodegenerative Disease

 Faster Imaging and Reconstruction

Imaging is one of the most important advances in 
medicine over the past several decades but there 
remain multiple challenges [8, 9]. It still often 
involves radiation, which can cause secondary 
malignancies. For example, the estimated added 
risk of cancer from the radiation in a standard 
PET/CT has been estimated to be 0.5–0.6% [10]. 
While this might be acceptable in patients with 
terminal primary malignancies, it is suboptimal if 
molecular imaging with PET is to be extended to 
patients with non-terminal conditions or those in 
which life expectancy may still be measured in 
decades, for example, neurodegenerative dis-
eases. In fact, radiation (along with cost) is a lim-
iting factor when discussing screening programs, 
as could be envisioned for early diagnosis of 
dementia.
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Another problem with imaging is its high cost. 
This is multifactorial, but one reason that 
advanced imaging methods such as PET and 
MRI are expensive is because of the limited num-
ber of patients that can be scanned per day. 
Despite advances in MRI over the past 30 years, 
the average length of an exam in the USA has not 
changed significantly [9]. Faster imaging tech-
niques have been proposed, and are often uti-
lized, but additional contrasts have been added to 
extract more value from the MR examination. 
Finally, the volume of medical imaging continues 
to increase [11], due in part to the recognition of 
the central role of imaging in patient diagnosis 
and expeditious triage. For all these reasons, 
methods to reduce the cost and risks of imaging 
are desirable.

It took several years after the explosion of 
interest in computer vision using neural networks 
as evidenced by the success of AlexNet in the 
2012 ImageNet Challenge before it was realized 
that neural networks would be transformative for 
medical imaging reconstruction [12]. Initial 
applications were the use of AI for the denoising 
of medical images that required multiple repeti-
tions for signal averaging, such as arterial spin 
labeling [13]. Other approaches used iterative 
methods on raw MRI data to replace simple 
rules-based compressed sensing type acquisi-
tions with neural network regularizers [14, 15]. 
Another popular application was image super- 
resolution, in which faster, low-resolution images 
could be transformed into higher resolution based 
on a deep learning framework [16]. Multiple 
start-up companies and established scanner ven-
dors have obtained FDA clearance for products 
that provide faster imaging with minimal to no 
degradation of image quality [17].

 Advantages for PET Imaging

Beyond MRI, other medical imaging reconstruc-
tion problems proved amenable to deep learning. 
AutoMAP, a sequence initially developed for 
MRI which learned the mapping between raw 
scanner acquisitions and image space, was shown 
to applicable to other imaging modalities such as 

CT and PET [18]. There was a proliferation of 
papers showing that MR-based attenuation cor-
rection for PET could be learned by neural net-
works trained on pairs of MR and co-registered 
CT images [19–21]. PET reconstruction from 
sinograms was also shown to be equivalent to the 
typical iterative reconstruction methods, usually 
with better performance and massively-reduced 
reconstruction times [7].

Since PET scanners are essentially cameras 
for gamma rays, the advantages provided by deep 
learning can be translated to either reduced bed 
times, reduced radiotracer dose, or a combination 
of the two. These can be traded off against each 
other depending on the application. For example, 
a patient who cannot tolerate lying still for a stan-
dard PET study could receive a faster scan. 
Additionally, reduced time of the exam could 
translate into more availability at a particular 
imaging site to accommodate more patients with-
out increasing hours of operation or paying for 
additional technologist support. In the long term, 
this could lead to lower costs to perform PET 
imaging, which is one of the most expensive 
imaging modalities. Alternatively, the increased 
sensitivity afforded by deep learning could be 
used to image reduced radiotracer dose. This 
might be used in a setting where a patient arrives 
late and the dose has decayed. Or it might be pre-
ferred in a patient in whom the risk of secondary 
malignancy is a concern, such as in young 
patients expected to survive their acute condition. 
Other opportunities include the ability to do more 
frequent longitudinal follow-up studies or to per-
form multiple radiotracer studies. Many of the 
benefits due to low dose are relevant to patients 
undergoing PET for neurodegenerative disease 
diagnosis, treatment, and monitoring [22].

Finally, from an accessibility aspect, PET 
scanners remain concentrated in major metro-
politan areas and are not available to patients who 
live in rural locations without significant travel 
and disruptions. Partly this is due to the cost of 
PET, but another important issue is that radio-
tracer delivery is not possible in many rural loca-
tions, because of the logistics of transporting 
doses over long distances. The ability to image at 
significantly lower dose would enable transport 
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of doses over much longer distances, making 
PET studies feasible in a much wider area. Such 
applications show that AI for PET can improve 
health equity.

A recent prospective, multicenter study has 
shown the potential to perform PET at four-fold 
dose reduction, with equivalent diagnostic per-
formance for whole body FDG cancer interpreta-
tion [23]. By combining low-dose PET with 
simultaneously acquired MRI, it was shown that 
amyloid imaging could be performed at 1–2% of 
standard dose, both through the use of simula-
tions and with actual reduced dose [24, 25] 
(Fig. 14.2). Finally, a study evaluated the use in 
patients with lymphoma to show that simulated 

reduced dose of up to 50% could be used without 
changing scan interpretation or patient triage 
[26]. Such methods are also FDA cleared and 
have entered the routine workflow in many sites 
in the US and Europe.

 Cross-Modality Image Synthesis

Due to the flexible nature of neural network 
architecture, it is possible to swap in different 
modalities at the input and output of the network. 
This application essentially aims to synthesize 
one modality from another (Fig. 14.3). This has 
advantages if the synthesized modality is expen-

Amyloid positive

Amyloid negative

Fig. 14.2 Low-dose PET imaging of dementia. Using a 
deep learning network to enhance low-dose 
18F-florbetaben (amyloid) PET imaging improves image 
quality. In this case, simulations of 1% dose in an amyloid 
positive and negative patient are shown. While image 

quality improvements are present for the network which 
only took the ultralow-dose PET images as input, better 
image quality can be achieved if the inputs also include 
MRI structural images (T1, T2 FLAIR)
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a

b

Fig. 14.3 Cross-modality image synthesis with deep 
learning. In this case, a deep learning model using MR 
images as input (including both structural and functional 
[i.e., arterial spin label] images) were used to predict gold 

standard cerebral blood flow maps created from oxygen-
 15 water PET in (a) a healthy subject and (b) a patient 
with a chronic infarct (red arrows)

sive, risky, or not available for the patient. One 
example of this is the use of MRI to predict CT, 
obviating the need for radiation or extra scan cost 
[27–29]. This has been shown possible for the 
diagnosis of some conditions that have tradition-
ally been CT-based, such as evaluating the pedi-
atric cranial structures without radiation [30]. 
Another example is the prediction of gold stan-
dard oxygen-15 water PET cerebral blood flow 
from simultaneously acquired MR imaging, 
using structural and perfusion MR. [31] More 
recent work has shown the potential to synthesize 
FDG brain PET from MRI alone, which may find 
value in the imaging of patients with or at risk of 
dementia in a radiation-free manner [32]. The 
presumption in cross-modality synthesis is that 
the relevant information exists in the input scans 
to predict the second modality, even if it is not 
immediately obvious to the trained radiologist. 
Importantly, this is something that can be tested 
easily using standard AI methodology.

 Classification of Disease with AI

Downstream AI can be defined as classifying 
images based on patient characteristics or disease 
states. This use of AI is most similar to many 
computer vision challenges, such as the ImageNet 
challenge, in which the task is to define the mean-

ingful content of a natural image. While it is nat-
ural to apply such approaches to medical images, 
there are important differences between natural 
and medical images. For example, the natural 
imaging task often has a central object that has 
good contrast with the background, but this is 
often not the case for medical images, where 
small changes in signal intensity or shape either 
focally or diffusely may convey the crucial evi-
dence of disease presence or absence (Fig. 14.4). 
Another difference between nature image predic-
tion and medical image disease diagnosis is the 
relatively small size of medical imaging datasets. 
For example, one of the largest datasets put 
together for classification of brain tumors 
includes 40,000 cases [33]; this is 350 times 
smaller than the number of examples in ImageNet 
(14  M). Finally, disease prevalence is low for 
many conditions; this is very relevant for real-life 
use, since in a low prevalence environment, very 
high sensitivity and especially specificity are 
required for the algorithm to add clinical value. 
For these reasons, predicting disease on medical 
images is substantially more challenging. Several 
recent review articles give a nice overview, focus-
ing primarily on neurodegenerative disease [34, 
35].

Despite this, there have been scores of efforts 
to perform disease diagnosis from medical imag-
ing datasets. The most studied area for tomo-
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Fig. 14.4 Challenges of classifying medical images. (a) 
Typical ImageNet example, with a dominant object in the 
foreground of the image. (b) Typical medical imaging 

example, where subtle global atrophy is the defining fea-
ture of this patient with Alzheimer’s disease

graphic studies has been the detection of critical 
abnormalities on non-contrast CT.  The largest 
study to date has been the study from 
Chilamkurthy et al., who trained a network using 
313,318 head CTs to predict five different types 
of brain hemorrhage, calvarial fracture, midline 
shift, and mass effect [36]. They reported their 
performance on a dataset of 500 cases selected to 
have a broad distribution of the abovementioned 
entities drawn from two different centers, using a 
gold standard of consensus of three radiologists. 
Using their high sensitivity threshold, they 
showed sensitivities ranging between 0.91 and 
0.95. Specificity was much lower, between 0.67 
and 0.89. Therefore, for entities with low preva-
lence, most of the positive predictions will be 
false positives. An example of this difference in 
real-world versus test set performance was seen 
by Arbabshirani et  al. [37], who developed an 
algorithm specifically for identifying intracranial 
hemorrhage. In the retrospective test dataset, the 
area-under-the-curve (AUC) performance was 
0.85. When applied to a prospective cohort, ICH 
was flagged in 94 of 347 studies, of which 60 
were in agreement with radiologist reports. The 
rest (34 out of 94, 36%) were false positives. Of 
note, 9% of radiologist-determined ICH was 
missed by the algorithm. It is likely that most 

environments in which an ICH detector would be 
helpful would have much lower prevalence even 
than this study (25%), which would increase the 
number of false positives. Such issues are impor-
tant to consider to fully understand the challenge 
of disease diagnosis tasks and their potential 
value in the clinical setting.

 Predicting Along the Alzheimer’s 
Disease Continuum

So far, the most common applications in the neu-
rodegenerative space have been focused on the 
detection and classification of dementia, primar-
ily Alzheimer’s disease (AD). There are several 
reasons for this, including the fact that AD is the 
most common cause of dementia. Another is the 
existence of the large, public Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) dataset, which 
has proven to be a prescient and invaluable 
resource for AI studies that require big data. 
Particularly valuable has been the longitudinal 
data, sometimes over 10 years, which enables the 
development of prognostic models.

The simplest task is to predict the presence or 
absence of AD, or to further classify into finer 
groups, such as normal, mild cognitive impair-
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ment (MCI), and AD. Another interesting task is 
to separate out patients with MCI into those who 
are stable versus those who progress to AD within 
a pre-defined time period. One early example is 
the work of Liu et al. [38], who used an autoen-
coder with MRI as an input to classify 311 sub-
jects drawn from ADNI.  They presented good 
results for distinguishing healthy controls from 
AD, with an accuracy of 88%. This fell to 77% 
for distinguishing MCI patients from healthy 
controls, as might be expected. For separating 
their four classes (further separating MCI into 
stable and progressive forms), predictive accu-
racy fell to 47%, highlighting that it is easier to 
predict two widely separated classes (i.e., healthy 
control and AD) than more relevant clinical tasks 
such as predicting MCI or different progression 
within the MCI class. Some groups have tried to 
add clinical and genetic information to imaging 
to improve predictions. For example, Venugopalan 
et al. studied different models (deep vs. conven-
tional machine learning) and different combina-
tions of clinical, genetic, and MR imaging data to 
distinguish AD, MCI, and control patients in 
ADNI [39]. They found that the best performance 
for distinguishing these three classes was using 
all three sources of data using a deep learning 
model, measuring an accuracy of 78% in their 
external test dataset. Therefore, it appears that 
performance for this task using historical data 
has reasonable accuracy, though it remains debat-
able whether 80% accuracy is sufficient for clini-
cal use.

 Application to Non-Alzheimer’s 
Disease Conditions

Often, the relevant question is not whether 
patients have dementia, but whether it reflects 
AD or some other neurodegenerative condition. 
To this end, several authors have examined the 
question of distinguishing AD from non-AD 
dementias. These studies tend to be more recent 
and involve smaller numbers of patients. Wada 
et al. examined whether it would be possible to 
distinguish dementia with Lewy bodies (DLB), 
AD, and healthy controls using a deep learning 

framework examining the MR connectome as 
derived from resting-state functional MRI in a 
relatively small cohort [40]. They found an accu-
racy of 73% for this classification task, and inter-
estingly predicted the relative probability/
contribution of these three “components” in each 
patient. This is particularly interesting since it is 
known that patients can have more than one cause 
for dementia. Another article addressed this ques-
tion by using data from single photon emission 
computed tomography (SPECT) using 99Tc-ethyl 
cysteinate dimer (ECD), a blood flow agent [41]. 
They found excellent performance of 94–95% 
accuracy for distinguishing either of the demen-
tia conditions from the healthy controls, but 
unsurprisingly found separating AD from DLB 
more challenging, with an accuracy of 74%. 
Interestingly, they used 18F-FDG images from 
ADNI to pre-train the network, which was then 
fine-tuned on their own data.

Another relevant task is separating AD from 
frontotemporal dementia (FTD). 18F-FDG imag-
ing has high diagnostic performance for this task 
[42]. Sadeghi et al. proposed the use of a decision 
tree algorithm that relies on FDG imaging to 
make this classification [43]. Using activity based 
on stereographic surface projections in 48 patients 
with AD or FTD, they found a range of accuracies 
between 67 and 94% for different parameteriza-
tions of the model. This was similar to the accu-
racy of six neurologists on this dataset (89%). 
Since regional atrophy is known finding that can 
help with diagnosis of these two entities, it is pos-
sible also to use T1-weighted MRI for this classi-
fication [44]. Using a dataset composed of cases 
from ADNI and the Frontotemporal Lobar 
Degeneration Neuroimaging Initiative, they found 
an accuracy of 93% for distinguishing the two 
conditions using a deep CNN architecture.

 Future Prediction 
of Neurodegenerative Disease 
Trajectories

While the last section detailed how AI can be 
used to classify disease based on neuroimaging, 
the methods used can be easily modified to take 
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on the question of prognosis. This can range from 
predicting events (e.g., survival, toxicity), a clas-
sification task, to predicting future biomarkers 
(regression task) and even future imaging studies 
(image transformation). From a methodological 
perspective, training such models is straightfor-
ward if longitudinal data is available. In this case, 
imaging or demographic data from a prior point 
in time can be used as input to the models, while 
the output is the variable of interest at a later time 
point. Once trained, when applied to data 
acquired in the present, the model can make a 
prediction about the future.

Identification of patients with more or less 
aggressive disease course is valuable, not least of 
all for the patient’s expectation and resource 
planning. Another key value add is the potential 
to stratify patients with different future disease 
course. For example, patients with more aggres-
sive disease courses might be offered treatments 
that are accompanied by a higher degree of risk 
or toxicity. At minimum, such methods could 
help inform patient-physician decision making in 
a more personalized manner.

Another compelling benefit of AI-based future 
disease course prediction would be for clinical 
trial patient selection. It is well documented that 
the cost of clinical trials is an impediment to the 
development of novel therapeutics. Two large 
drivers of cost of clinical trials are their size and 
duration. If AI could be used to select patients 
who are likely to have severe disease and who are 
likely to progress quickly, the number of patients 
required to show a positive effect of the therapy 
can be reduced. Furthermore, if they progress 
faster than the average patient, it is possible that 
the length of the clinical trial can be reduced. 
There are challenges with any metrics that are 
used to select patients, since the performance of 
the drug in a larger, unselected population cannot 
be assessed. However, once proof of efficacy of a 
treatment is established, it de-risks subsequent 
studies on a broader population.

Finally, AI can be applied retrospectively to 
already completed clinical trials to understand 
the difference between treatment and non- 
treatment (or between two different treatments) 
at the individual level. The basic idea is that two 

prognostic models can be developed, one in the 
patients in the treatment arm and one in the pla-
cebo arm [45, 46]. Assuming the populations are 
drawn from the same representative sample, the 
output of the two different models should give an 
estimate of how the patient will progress with 
and without treatment. Patients in whom there is 
not much difference between the two arms might 
be able to avoid the treatment, which could 
reduce their risk and cost of care. Patients in 
whom the model-predicted poorer outcome could 
be actively steered away from the treatment. 
Finally, patients who have a better model- 
predicted outcome would be ideal patients to 
treat. In this way, patients can act as their own 
virtual controls, leading to a maximally personal-
ized treatment plan that is based on the historical 
data.

Several studies have used this basic premise, 
using neuroimaging to predict future outcomes 
and biomarkers. For example, Ding et al. trained 
a network using the ADNI dataset to predict the 
presence of AD from FDG PET brain imaging 
[47]. They then applied this to a small external 
cohort of patients with clinical diagnoses docu-
mented an average of 6–7 years after the imag-
ing, demonstrating 82% sensitivity and 100% 
specificity to classify patients into AD versus 
non-AD. Such a model could in theory be used as 
a screening tool for patients to predict the pres-
ence or absence of disease in the future. If a phar-
maceutical was being developed to prevent the 
development of AD, a clinical trial might con-
sider only enrolling patients who were predicted 
to have AD in the future without treatment, 
reducing the enrollment of patients who will not 
progress regardless of the efficacy of the 
treatment.

Instead of predicting an outcome, another 
option is to predict a biomarker. This may be 
more objective than predicting an outcome, and 
the quantitative range of the biomarker might 
provide more information to the model during 
training than compared to a less-informative clas-
sification approach. One example here is the 
work of Reith et  al., who also used the ADNI 
dataset to predict the change in amyloid burden 
as measured by the SUVR value within a com-

14 Artificial Intelligence Approaches to the Imaging of Neurodegenerative Diseases



216

posite cortical region on 18F-florbetapir PET 
imaging [48]. The input to the model was the cur-
rent florbetapir image and several clinical, demo-
graphic, and genetic features; the output to the 
model was the SUVR change over a 2–8  year 
period. Deep features for the amyloid imaging 
were obtained by predicting current amyloid 
SUVR from the images [49]. These were then 
combined with the non-imaging features using a 
gradient-boosted decision tree machine learning 
method to make a final prediction of the SUVR 
change. Using this strategy, it was shown that it 
was possible to better select the fastest progress-
ing patients (defined as the top 10% of patients 
with the highest SUVR increase) by almost four- 
fold over random selection. Such an approach 
could be used as entry criteria to a clinical trial to 
enrich the population of fast progressors with the 
goal of shortening the length of a clinical trial.

 Remaining Challenges

While there is much to be optimistic about given 
the current advances in AI for neuroimaging, mul-
tiple challenges remain (Table 14.2). AI benefits 
immensely from very large datasets; one unex-
pected attribute of deep learning, for example, is 
its ability to continue to improve as data sizes 
increase. Therefore, the full benefit of these tech-
nologies may not be realized due to the sequestra-
tion of imaging data amongst different institutions 
due to concerns about patient privacy. Another 
increasingly obvious barrier to sharing is also that 
institutions are beginning to realize the value of 
the data that they possess and want to either 
reserve it for their own researchers or monetize it. 
Larson et  al. suggest an ethical framework that 
once clinical data is used for its intended use of 
treating the patient, it should be available as a 
public good [50]. The fact that much of the 
research that occurs is funded by taxpayer dollars 
implies that such data should be freely available. 
For molecular imaging of neurodegenerative dis-
ease, ADNI itself is an excellent example of the 
value of broad sharing and has been the focus of 
many AI studies. Federated learning, in which 
models are shared between institutions rather than 

data, can avoid the need to share patient data and 
potentially mitigate privacy issues [51]. However, 
such collaboration between institutions is some-
what limiting, as only one or a few models and 
questions can be explored. In this author’s opin-
ion, open sharing of neuroimaging datasets is less 
limiting and a more democratic way of enabling 
larger and more diverse populations. This better 
promotes collaboration with our colleagues out-
side of imaging (i.e., computer science, data sci-
ence), allowing them to participate fully in the 
development of AI-assisted technologies, and as 

Table 14.2 Outstanding challenges in the application of 
AI to medical imaging

Problem Example Mitigation
Lack of 
availability of 
large-shared 
datasets

Training a 
classification 
algorithm is 
challenging 
without 
enough 
training 
examples

• Improving 
sharing culture of 
radiology

• Sharing model 
weights rather 
than data 
(federated 
learning)

• Unsupervised 
and semi- 
supervised 
learning

• Models 
optimized for 
small datasets

Generalization Algorithms 
developed at 
one institution 
may work 
poorly in 
other settings

• Training on 
multi- 
institutional 
datasets

• Periodic 
reassessment and 
re-calibration

Bias Methods 
developed 
using 
non- 
representative 
training sets 
may not 
perform well 
in less 
represented 
classes

• Testing on 
representative 
populations

• Broadly 
representative 
training (if 
required)

Fair evaluation An image 
enhancement 
algorithm fails 
to capture an 
important 
clinical detail

• Multi-reader 
studies

• Performance on 
automated tasks 
(segmentation, 
biomarkers, etc.)

G. Zaharchuk



217

such should be encouraged. It is heartening to see 
that the National Institutes of Health will begin to 
require data sharing more broadly for awards sub-
mitted in 2023 [52]; it will be important that such 
requirements are enforced in a meaningful way.

Another challenge is that of data drift. 
Standardization of imaging data is challenging. 
Each scanner and each institution may have dif-
ferent scanners and acquire images in slightly 
different ways. If disease prevalence is different 
at different institutions, AI algorithms may rely 
on statistical correlations or shortcuts to make 
their predictions based on an identification of site 
or scanner [53]. Furthermore, imaging scientists 
are keenly aware that technologies change over 
time. It is likely that algorithm performance may 
be significantly influenced using new data input 
with different underlying characteristics, even if 
it is of nominally better quality. Non-imaging 
factors may also change over time, such as preva-
lence of disease or the effects of new treatments. 
It is likely that some sort of continuous learning 
or periodic re-certification of AI algorithms may 
be needed to address these issues. One unsolved 
problem is determining when this is necessary 
and who will pay for these evaluations. It should 
be noted that most algorithms currently used in 
radiology suffer from similar issues and no 
requirements exist for them to be periodically re- 
certified or modified.

The last challenge to be aware of is that of 
bias. AI that has been trained on historical datas-
ets has been shown to replicate any pre-existing 
biases [54]. While we may believe that imaging 
data is more objective, it is known that algorithms 
can determine patient sex and even ethnicity from 
imaging data. This should not be too surprising, 
given that different national organizations have 
developed separate brain templates that more 
faithfully represent the characteristics of their 
populations [55]. As such, it is possible that AI 
outputs could use such intermediate steps as 
shortcuts for predicting disease or response to 
treatment in inappropriate manners. Training 
data for models may under-represent certain pro-
tected groups, as the demographics of patients 
who receive advanced imaging does not match 
the demographics of the community as a whole. 

Possibly because of this, performance of algo-
rithms may differ by protected group status, 
which is obviously undesirable. Attention to 
these issues is somewhat new for the imaging 
community but are important to make sure that 
algorithms are maximally fair to different pro-
tected groups.

 Summary

AI holds much promise for neuroimaging appli-
cations, particularly those involving molecular 
imaging and applied to neurodegenerative dis-
ease. We are still in early days in terms of harness-
ing these technologies. Deep learning in particular 
enables a data-driven way to combine imaging 
and non-imaging data without the need for human 
feature selection and will likely dominate in terms 
of applications for the immediate future. 
Applications span a wide range, from image 
acquisition, to segmentation and post- processing, 
all the way to disease classification and biomarker 
prediction. Using historical longitudinal data 
offers the unique ability to make statements about 
future disease and personalize treatment. While 
some challenges and potential pitfalls of AI tech-
nology need to be considered, it is likely that we 
are only seeing the beginning of what these tech-
nologies are capable and their potential to benefit 
patients with neurological disease.
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15Molecular Imaging in Pediatric 
Neurodegenerative Disorders

Harry T. Chugani

 Why Has Molecular Neuroimaging 
of Neurodegenerative Disorders 
Lagged in Children?

In general, neuroimaging in children has been 
considered cumbersome for several reasons, the 
most important being that young children typi-
cally move during the procedure and therefore 
need to be sedated. However, compared to MRI 
scans, the period of sedation at least for 2-deoxy- 
2(18F)fluoro-D-glucose (FDG) PET scans is actu-
ally quite short. Indeed, current high-resolution 
high-sensitivity PET scanners require sedation 
for less than 20  min to acquire static glucose 
metabolism images. During the “uptake” period 
of 30–40  min, the child actually needs to be 
awake in a separate quiet room. Furthermore, 
some movement by the child during image acqui-
sition can be corrected using software tools.

Excessive radiation exposure has often been 
cited as an obstacle when applying molecular 
imaging in children, but the actual exposure is 
minimal and has been accepted by radiation 
safety agencies for more than three decades in 
clinical studies on children with refractory epi-
lepsy. Since many hospitals now have good 
access to PET scanners for oncology imaging 
and the 18FDG radiotracer for studies of glucose 

metabolism is purchased (around US$120 per 
dose) and delivered on the same day as the sched-
uled scan, access to PET scanners should no lon-
ger be considered an obstacle. Therefore, 
although children remain admittedly more diffi-
cult to study than adults, with relatively minimal 
additional effort they should not be denied the 
benefits of molecular neuroimaging.

 Importance of Molecular Imaging 
biomarkers in Pediatric 
Neurodegenerative Disorders

MRI scans remain the first line neuroimaging test 
and may assist in the initial diagnosis of neurode-
generative disorders. However, with few excep-
tions, MRI does not provide useful biomarkers to 
assess disease progression or response to treat-
ment. In contrast, molecular neuroimaging allows 
biochemical/physiological changes to be quanti-
fied thus providing a more accurate window of 
the rate of neurodegeneration through serial stud-
ies. It is timely to discuss this advantage because 
current advances in precision medicine are intro-
ducing new treatments for some of the rare neu-
rodegenerative disorders in children. At present, 
although some molecular imaging biomarkers 
appear to be sensitive to progression, the num-
bers of patients studied thus far are small.

This concept is well illustrated in the case of 
Dravet syndrome, an epileptic channelopathy 
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Fig. 15.1 FDG PET 
images in a child with 
Dravet syndrome 
(SCN1A pathogenic 
mutation) at 2 time 
points. At age 1 year, 
glucose metabolism 
appears normal, whereas 
at age 5 years there is 
severe hypometabolism 
in frontal, parietal and 
temporal cortex, and 
thalamus with relative 
sparing of the occipital 
cortex and basal ganglia

caused in 70–80% of cases by a pathogenic muta-
tion in the SCN1A gene. Other gene alterations 
also resulting in Dravet syndrome include 
PCDH19, GABARG2, SCN1B, and probably 
others. MRI scans in these children typically 
show normal findings in the early stages and, 
eventually, nonspecific brain atrophy.

In contrast, FDG PET is far more useful clini-
cally. In 4 of 8 children with Dravet syndrome, 
Ferrie et  al. [1] reported PET abnormalities 
 (unilateral, bilateral, diffuse hypometabolism) in 
brain regions suspected to be abnormal based on 
seizure semiology. In our longitudinal molecular 
imaging study on three children with Dravet syn-
drome (documented SCN1A gene mutations), we 
reported a normal pattern of glucose metabolism 
when the children were 1 year of age or younger 
[2]. However, when studied again at 4 years of 
age or later, all three children had developed 
bilateral glucose hypometabolism, most pro-
nounced in frontal, parietal, and temporal cortex 
and thalamus without significant focal features 
(Fig. 15.1). These findings are further supported 
by Haginoya et  al. [3] who similarly evaluated 
eight children with Dravet syndrome with a sin-
gle PET scan after the late infantile period and 
reported extensive cortical hypometabolism. 
Thus, FDG PET provides a unique tool to study 

the dynamic course of Dravet syndrome. An 
important question to be asked is whether the 
PET changes are reversible (or can be altogether 
prevented) with treatment and could thus serve as 
a biomarker. This question becomes extremely 
relevant now that new pharmacological treat-
ments (e.g., fenfluramine, cannabis) have been 
introduced for the treatment of Dravet syndrome 
[4].

This illustration in Dravet syndrome will be 
the central theme of this chapter in which we will 
explore the same principles in a number of pedi-
atric neurodegenerative disorders in which PET 
has been performed. We analyze its contributory 
role toward diagnosis and clinical management 
including the search for molecular imaging bio-
markers as new treatments become available.

 Inborn Errors of Metabolism

Inborn errors of metabolism form a large class of 
genetic diseases the majority of which are due to 
defects of single genes that code for enzymes 
which facilitate conversion of various substrates 
into other chemicals. Failure of this conversion 
results in accumulation of various substances and 
neurotoxicity.
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Most of the case reports and small series on 
PET imaging in the inborn errors of metabolism 
have come from King Faisal Specialist Hospital 
in Saudi Arabia. The high incidence of parental 
consanguinity in Saudi Arabia, together with the 
rich resources in medical technology, make this 
country an ideal setting to investigate a number 
of rare inherited neurodegenerative disorders, 
which often arise from consanguineous union. 
Not surprisingly, brain glucose metabolism has 
been studied in Saudi children with diverse 
inborn errors of metabolism using PET. Although 
the numbers of children studied are small, and 
sometimes described in case reports, the potential 
of PET scanning to further our understanding of 
pathophysiology, and to monitor disease progres-
sion and response to new treatments is empha-
sized repeatedly in these publications.

Al-Essa et  al. [5] studied eight patients with 
glutaric aciduria type 1, an organic aciduria 
where the body is unable to metabolize the amino 
acids lysine, hydroxylysine, and tryptophan. 
Excessive levels of these amino acids and their 
intermediate breakdown products are neurotoxic, 
particularly to the basal ganglia. Both MRI and 
PET showed involvement of the putamina in all 
eight subjects studied. The PET scans demon-
strated hypometabolism in the head of the cau-
date nuclei in all of the patients. Brain atrophy 
and the “open” Sylvian fissures were better dem-
onstrated by MRI, whereas the cerebral cortex 
and thalami appeared structurally normal in all 
patients. PET showed decreased FDG uptake in 
the cerebral cortex in seven, and in the thalami in 
three patients. The authors concluded that both 
PET and MRI are clinically useful when evaluat-
ing children with glutaric aciduria type 1.

Al-Essa et al. [6] also performed PET studies 
in four patients with 3-methylglutaconic acid-
uria, another organic aciduria which consists of 
at least five metabolic disorders impairing energy 
production in the mitochondria, leading to the 
build-up of 3-methylglutaconic acid and 
3- methylglutaric acid. These investigators found 
three patterns of abnormality which allowed 
them to classify the progression of the disorder 
into three stages (Fig. 15.2). In stage I, there was 
absent uptake in the heads of the caudate, accom-

panied by mildly decreased thalamic and cerebel-
lar metabolism. In stage II, there was absent 
uptake in the anterior half and posterior quarter 
of the putamina, in addition to mild-moderate 
hypometabolism in the cerebral cortex especially 
in the parieto-temporal region and with contin-
ued progression of thalamic and cerebellar hypo-
metabolism. The characteristic feature of stage 
III was a total absence of metabolic activity in the 
putamina and severe hypometabolism of the 
cerebral cortex and cerebellum consistent with 
brain atrophy seen on MRI. This study demon-
strates that PET could identify useful molecular 
imaging biomarkers to allow staging of the dis-
ease, and these patterns can be used to monitor 
disease progression. However, it should be noted 
that the disorder itself is heterogeneous (at least 
five subtypes) and therefore it is conceivable that 
different subtypes were being studied. Clearly, 
much more remains to be done in order to sort out 
disease progression through serial studies in the 
same patient.

Indeed, serial MRI and PET scans of brain 
glucose metabolism were performed by Al-Essa 
et al. [7] in five children with proprionic acide-
mia, an organic aciduria in which mutations in 
the PCCA or PCCB gene disrupt the function of 
the enzyme propionyl-CoA carboxylase thus pre-
venting the normal breakdown of certain proteins 
and fats. These investigators found early PET and 
MRI scans to be normal. As the disease pro-
gressed, MRI showed atrophy and abnormal sig-
nal in caudate and putamen with normal thalami, 
whereas PET showed increased uptake in basal 
ganglia and thalami with further progression to 
decreased uptake in basal ganglia. The serial 
studies uncovered a period of transient hyperme-
tabolism in the basal ganglia demonstrating that 
the neurodegeneration process in this disorder 
follows a dynamic course characterized by 
molecular signals visible on neuroimaging. This 
very important study allows various hypotheses 
to be formulated, including clinical staging, halt-
ing progression or even reversing the molecular 
signals with treatment.

There have also been a number of case reports 
of FDG PET scanning in various other inborn 
errors of metabolism. A 2-year-old boy with eth-
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a b

c d

Fig. 15.2 FDG PET images in a child with 
3- methylglutaconic aciduria. (a) Stage I: absent 18FDG 
uptake in the head of the caudate, mild decreased thalamic 
and cerebellar metabolism. (b, c) Stage II: absent uptake 
in the anterior half and posterior quarter of the putamina, 
the heads of the caudate, decreased uptake in the cerebral 
cortex more prominently in the parieto-temporal lobes, 

and progressive decreased thalamic and cerebellar uptake. 
(d) Stage III: absent uptake in the putamen and heads of 
the caudate, and severe decreased cortical uptake consis-
tent with brain atrophy. There was further decreased cer-
ebellar uptake. The thalamic activity seems to increase (at 
least relatively) as compared with cortical activity. 
(Reprinted with permission from Elsevier from [6])

ylmalonic aciduria (an inborn error of short chain 
fatty acid β-oxidation) showed a normal MRI 
scan but bilateral intense hypermetabolism in the 
caudate and putamen on PET (Fig.  15.3). One 
year later, PET showed bilateral hypometabolism 
in the putamen, caudate head, and frontal cortex, 
whereas MRI showed atrophy and infarcts in the 
basal ganglia [8]. These findings are consistent 
with the selective vulnerability of the basal 
 ganglia in this disorder. An obvious issue to be 
addressed here is the timing of the hypermetabo-
lism and its relation to the clinical course.

It can be seen from above that various inborn 
errors of metabolism show somewhat different 
patterns of abnormality in glucose metabolism, 
depending upon which areas of the brain are most 
affected (or selectively vulnerable) to the accu-
mulated toxins. These patterns of abnormality 
provide important clues toward our understand-
ing of the pathophysiologic processes involved in 
injury to the brain from the metabolic errors. 
However, to identify precise biomarkers in these 
disorders will require larger numbers of patients 
to be studied, perhaps in multicenter collabora-
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1b

2b

Fig. 15.3 (a, b) FDG 
PET images in a 
6 months-old-infant with 
ethylmalonic aciduria 
showing intense bilateral 
hypermetabolism in the 
caudate nucleus and 
putamen and mild 
frontal cortex 
hypometabolism. (a, b): 
Repeat PET at 
20 months of age 
showed evolution to 
hypometabolism in 
caudate and putamen 
reflecting progressive 
basal ganglia 
degeneration. The 
frontal lobe 
hypometabolism has 
also worsened. 
Reprinted with 
permission from 
Elsevier from [8]

tions due to the rarity of these disorders or per-
haps in countries where certain of these disorders 
are more prevalent. An exciting and clinically 
translatable aspect of this research is to deter-
mine whether the PET abnormalities described 
above for various inborn errors of metabolism 
might show an improvement (or even normalize) 
following treatment interventions but, 
 unfortunately, to date there have been no such 
published studies.

• There are many inborn errors of metabolism 
other than the organic acidurias described 
above. “Pediatric neurotransmitter disease” 
includes a group of genetic disorders affecting 
the synthesis, metabolism, and catabolism of 
neurotransmitters in children. These inborn 
errors of metabolism affect the central ner-
vous system in children and if left untreated 
can lead to severe neurological abnormalities.

Succinic semialdehyde dehydrogenase 
(SSADH) deficiency is an autosomal recessive 

inborn error of metabolism caused by mutations 
in the ALDH5A1 gene. This disorder is also 
known as 4-hydroxybutyric aciduria. The muta-
tion results in a failure to break down the neu-
rotransmitter GABA and, as a result, there is 
accumulation and toxicity from excess GABA 
and a related chemical gamma hydroxybutyrate 
(GHB). The symptoms are variable and may 
include intellectual disability, seizures, ataxia, 
hypotonia, and nystagmus. MRI scan in these 
children may show atrophy of the cerebellar ver-
mis. Indeed, FDG PET in one such child revealed 
a marked decrease in cerebellar metabolism [9].

Since molecular imaging of GABA neuro-
transmission is available, Pearl et  al. [10] mea-
sured GABAA receptor binding using the 
radiotracer 11C-flumazenil in seven patients with 
SSADH deficiency. Reduced binding was 
observed in amygdala, hippocampus, cerebellar 
vermis, frontal, parietal, and occipital cortex in 
patients with SSADH deficiency compared to 
healthy controls (Fig. 15.4). These findings were 
interpreted as a downregulation of GABAA recep-
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a b

Fig. 15.4 11C-flumazenil PET scans in a patient with suc-
cinic semialdehyde dehydrogenase (SSADH) deficiency 
(a) and in a control subject (b). Note the severe reduction 

of GABAA receptor binding involving multiple regions in 
the patient. (Reprinted with permission from Wolters 
Kluwer Health, Inc. from [10])

tors in response to the high endogenous brain 
GABA levels. Further studies using transcranial 
magnetic stimulation and murine genetic models 
of mutations in the ALDH5A1 gene have led to 
therapeutic trials where 11C-flumazenil PET 
scanning might provide an important measure of 
treatment response [11].

 Neuronal Ceroid Lipofuscinosis 
(NCL)

At least 20 pathogenic gene alterations are associ-
ated with the various neuronal ceroid lipofuscino-
ses (NCL, sometimes called Batten disease), 
which were previously classified only according 
to age of onset. Symptoms vary widely depending 
on the specific type of NCL, and may include 
mental regression, blindness, epilepsy, ataxia, and 

various neuromuscular features ranging from 
decreased to increased muscle tone. Up until 
recently, management strategies consisted only of 
palliative care and attention to quality of life [12]. 
Even now, there is only one FDA-approved drug 
for NCL (Brineura), which is a cerebrospinal fluid 
administered enzyme replacement therapy with 
the active ingredient being cerliponase alfa [13]. 
Brineura is a recombinant form of human TPP1, 
the enzyme deficient in patients with the CLN2 
type of NCL and, therefore, applicable only to 
this NCL subtype. Since MRI scans are poorly 
sensitive to disease stages in NCL, showing only 
nonspecific brain atrophy which gradually wors-
ens, reliable biomarkers of disease progression 
could be incorporated immediately into the man-
agement of CLN2 and treatment with Brineura.

The first molecular neuroimaging study on 
NCL was performed by De Volder et al. [14] on 
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four siblings with NCL. FDG PET showed hypo-
metabolism in gray matter structures, most pro-
nounced in thalamus and posterior association 
cortex. There was a positive relationship between 
severity of hypometabolism and the degree of 
clinical impairment in these four children. 
Subsequently, our group described a similar pat-
tern of glucose hypometabolism in seven 
 unrelated subjects with Spielmeyer-Vogt disease, 
which is associated with mutations in the CLN3 
gene [15]. Five of the seven patients showed a 
distinctive age-related progression with hypome-
tabolism starting in the calcarine cortex and pro-
gressing rostrally to involve the entire cerebral 
cortex. In the advanced stages of the disease, glu-
cose metabolism remained only in the basal gan-
glia and brainstem with little to no FDG uptake in 
the cerebral cortex (Fig.  15.5), consistent with 

the classic findings of an isoelectric (flat) electro-
encephalogram (EEG) at this stage. These find-
ings have been replicated by others [16, 17], but 
there have been no large studies to further develop 
and validate this unusual pattern of glucose 
metabolism as a clinical tool or biomarker.

Molecular imaging of neurotransmitters has 
also been attempted in NCL.  For example, 
imaging of dopamine receptors in NCL has 
shown only nonspecific findings consisting of a 
mild decrease of D1 receptor binding with no 
change in D2 binding compared to controls 
[18]. We suggest focusing on a systematic serial 
FDG PET study on the various subtypes of NCL 
to determine “metabolic staging” and subse-
quently incorporating FDG PET into clinical tri-
als (e.g., Brineura trial) as they become 
available.

a

b

c

Fig. 15.5 (a) PET 
images of glucose 
metabolism in a 
12-year-old child with 
NCL, showing only very 
mild calcarine cortex 
hypometabolism 
(arrow); (b) Two years 
later, there has been 
progression of posterior 
cortex hypometabolism 
(arrowheads) with 
sparing of the frontal 
lobes; (c) 
hypometabolism is 
widespread in the 
advanced stages of the 
disease in a different 
child with activity 
remaining only in the 
striatum, brainstem and 
to some extent the 
thalamus

15 Molecular Imaging in Pediatric Neurodegenerative Disorders
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 Niemann-Pick Type C Disease

Niemann-Pick type C (NPC), sometimes referred 
to as “Childhood Alzheimer’s,” is a lysosomal 
storage disease associated with mutations in 
NPC1 and NPC2 genes. NPC affects an esti-
mated 1:150,000 people. Approximately, 50% of 
cases present before 10 years of age, but often the 
diagnosis is missed until much later. Clinical fea-
tures are broad, including progressive intellectual 
deterioration, hepatosplenomegaly, cerebellar 
ataxia, cataplexy, neuromuscular, and psychiatric 
symptoms. The first PET study of glucose metab-
olism in NMC was performed on identical 
4-year-old twin girls and this revealed mild dif-
fuse cortical hypometabolism, particularly in the 
medial frontal cortex (Fig.  15.6a) [19]. When 
studied again at age 6 years, there had been dra-
matic progression in both twins to severe hypo-
metabolism in medial and inferior frontal cortex, 
thalamus, as well as parietal (medial and lateral 

portions) and temporal cortex (Fig.  15.6b); the 
MRI scan remained normal (Fig.  15.6c). This 
unusual pattern of glucose hypometabolism had 
not been reported in other pediatric disorders 
and, therefore, sparked interest in using PET as a 
tool toward earlier diagnosis of NMC and, per-
haps to monitor disease progression and response 
to new interventions. As mentioned above, new 
treatments are emerging (albeit slowly) for the 
various pediatric neurodegenerative disorders 
and, for NMC, miglustat (Zavesca, Actelion 
Pharmaceuticals, Allschwil, Switzerland) is now 
in use [20]. This is a small iminosugar molecule 
which reversibly inhibits glycosphingolipid syn-
thesis. Longitudinal FDG PET studies in both 
treated and untreated patients will be of immense 
value in tracking disease progression.

This notion is supported by the study of 
Benussi et  al. [21], who reported monozygotic 
twins with NMC, one of who was severely 
affected while the other had only very mild 

a

b

c

Fig. 15.6 (a) PET images showing glucose hypometabo-
lism in medial frontal cortex (arrows) at age 4 years in one 
of the twins with Niemann-Pick C disease. (b) At age 
6 years, with clinical progression, there is now also meta-
bolic progression to include most of the frontal cortex 
(hollow arrows), thalamus (dotted arrows), temporal 

(arrowheads) and parietal cortex (thick short arrows). The 
deeper layers of the parietal cortex show relatively higher 
metabolism (long thin arrows). The pattern of hypome-
tabolism in parietal cortex is unique and has not been 
reported in other disorders of childhood. (c) Normal MRI 
scan
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impairment. PET scans in both twins showed 
frontal and temporal cortex hypometabolism, but 
the abnormality was more pronounced in the 
more affected twin. In addition, Huang et al. [22] 
reported MRI, MRS, and glucose metabolism 
PET findings in a 22-year-old male with NMC, 
showing progressive (age 19 and 22  years) 
 cerebral atrophy particularly in the frontal regions 
and white matter changes posteriorly. No major 
findings were seen on MRS, but the PET at 
22 years showed hypometabolism in the bilateral 
prefrontal cortex and dorsomedial thalamus.

There has been much recent interest in the 
molecular imaging of inflammation in the brain, 
since so many of the neurodegenerative disorders 
(both in adults and in children) are mediated by 
primary or secondary neuroinflammation. 
Various radiotracers that bind to the protein 
TSPO in the mitochondria of microglia have 
been developed. TSPO binding is upregulated 
when microglia are activated such as during 
inflammation. We studied a patient with NMC 
using PET with 11C-PK11195 (a first generation 
TSPO-binding agent) and reported increased 
uptake in and around the deep gray matter struc-
tures (Fig. 15.7) [23]. TSPO PET could be a very 
useful clinical biomarker to monitor disease pro-
gression and treatment response in neurological 
disorders associated with neuroinflammation. 
More sensitive second and third generation 

TSPO-binding radiotracers have been developed 
since our study and will likely significantly 
impact the management of these disorders. In the 
case of NMC, both glucose metabolism PET as 
well as TSPO PET could prove to be useful in 
monitoring efficacy of treatment with miglustat 
in children. There are a number of studies using 
PET in the adult form of NMC, discussed else-
where in this volume.

 Juvenile Huntington’s Disease

Even prior to brain atrophy on structural neuro-
imaging, FDG PET studies show hypometabo-
lism in the caudate nuclei of adult patients with 
Huntington’s disease (HD) [24]. An in-depth dis-
cussion of molecular neuroimaging in adults with 
HD is provided elsewhere in this volume.

There have been far fewer PET studies on 
children with HD, also referred to as juvenile 
HD, which has a different phenotype than the 
adult form. De Volder et al. [25] found markedly 
decreased glucose metabolism in caudate nuclei 
with sparing of the cerebral cortex in two chil-
dren with juvenile HD. This pattern of hypome-
tabolism is identical to that seen in adult HD 
subjects even though the phenotypes show dis-
tinct differences. Adult HD patients typically 
present with cognitive difficulties followed by 
gait disturbances and chorea, whereas juvenile 
HD patients are more likely to manifest epilepsy, 
muscle stiffness, and less often chorea. Our own 
studies have also found striking caudate nuclei 
hypometabolism in juvenile HD (Fig. 15.8), but 
Matthews et  al. [26] found additional hypome-
tabolism in the posterior thalamus. More recently, 
Zhou et al. [27] performed a dual PET study on a 
16-year-old boy with juvenile HD using both 
FDG and 18F-dihydrotetrabenazine (DTBZ, a 
measure of vesicular-monoamine-transporter- 
type 2 [VMAT2] binding). They reported hypo-
metabolism and decreased 18F-DTBZ binding in 
the striatum.

Of some relevance is the study of Diggle et al. 
[28], who reported germline PDE10A mutations 
in eight individuals from two families that mani-
fested early-onset hyperkinetic movement disor-

Fig. 15.7 PET scan using 11C-PK11195 in a child with 
Niemann-Pick C showing inflammation in and around the 
deep gray matter structures (arrows)
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Fig. 15.8 FDG PET 
images from a child with 
juvenile Huntington’s 
disease showing marked 
hypometabolism in the 
caudate nuclei (arrows)

der. PDE10A is a key regulator of striatal 
circuitry. One of the affected individuals had a 
PET scan using [11C]IMA107 to image PDE10A 
activity and this showed a significant decrease of 
PDE10A signal in the striatum, which appeared 
normal on MRI. Thus, [11C]IMA107 PET may be 
a useful new tool to investigate both adult and 
juvenile HD.

There has been little success in pharmacologi-
cal treatments for HD. However, there is consid-
erable effort in developing gene therapy, 
including antisense oligonucleotides, small inter-
fering RNAs, and gene editing for treating HD 
and, therefore, PET biomarkers will likely be 
integral to upcoming clinical trials.

 Dystonia

Dystonia is a symptom rather than a disease per 
se and can be caused by a number of progressive 
and non-progressive disorders. In children, the 
most common conditions manifesting with dys-
tonia include the inherited dystonias (mutations 
in DYT1, DYT6, DYT11, and other genes), met-
abolic disorders, toxins, some medications, auto-
immune disorders, and hypoxic-ischemic brain 
injury. Several studies have used PET methodol-
ogy to investigate dystonia in children. Szyszko 
et al. [29] performed FDG PET scans in 15 chil-
dren with primary (inherited) dystonia and 12 
dystonic children who had neurodegeneration 
with brain iron accumulation (NBIA, a metabolic 
disease). No major abnormalities could be appre-
ciated in either group upon visual inspection of 
the images. However, quantitative analysis 

showed higher uptake in posterior cingulate and 
posterior putamina, but lower uptake in occipital 
cortex and cerebellum in the NBIA subjects com-
pared to those with primary dystonia. A major 
confounding factor in this study was that the two 
groups of children did not show the same degree 
of dystonia, which was more severe in the NBIA 
group. These investigators proposed that the 
more severe dystonia in the NBIA group may be 
related to higher activity in the putamen and 
lower activity in cerebellum and that perhaps the 
putamen/cerebellum ratio of glucose metabolism 
might serve as a useful biomarker to monitor 
severity of dystonia.

The most common form of dystonia in chil-
dren is dystonic cerebral palsy, also known as 
athetoid cerebral palsy or dyskinetic cerebral 
palsy, which follows the “near-total” type of 
hypoxic-ischemic injury (HIE) during birth, such 
as with placental abruption, uterine rupture or 
umbilical cord prolapse. The dystonia in these 
children is static rather than progressive. We have 
reported an acute transient “hypermetabolism” 
on FDG PET in the basal ganglia followed by a 
unique pattern of severe hypometabolism in the 
lenticular nuclei and thalami when studied in the 
chronic stages and having developed dystonic 
cerebral palsy [30] (Fig. 15.9). This chronic pat-
tern on FDG PET was reported earlier by our 
group in five children with dystonic cerebral 
palsy [31] and is a reliable biomarker of the 
“near-total” type of HIE during birth, distinct 
from the “partial prolonged” asphyxia. Acute 
hypermetabolism in the basal ganglia supports 
the long-held notion of selective vulnerability of 
this region to “near-total” neonatal asphyxia, per-
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Control

Perinatal
asphyxia

Neonate 4 years old

Choreo-athetoid CP

Fig. 15.9 FDG PET scan of a child who suffered 
hypoxic-ischemic encephalopathy at birth and later devel-
oped dystonic/choreoathetoid cerebral palsy. The left 
image from the newborn period showed intense hyperme-
tabolism in the basal ganglia (solid arrows) compared to 
control. The right image at 5 years of age showed severe 
hypometabolism in the lenticular nuclei (solid arrows) 
and thalami (dotted arrows). Note the relative preservation 
of metabolism in the cerebral cortex

haps related to the transient excess of glutamate 
receptors seen in the newborn basal ganglia com-
pared to older children and adults [32]. We have 
suggested that the transition from hypermetabo-
lism to hypometabolism indicates the culmina-
tion of the brain injury due to excitotoxic 
mechanisms, which are mediated by glutamater-
gic neurotransmission. Furthermore, the in-depth 
study of these FDG patterns in new treatments of 
newborn HIE, such as brain or total body cool-
ing, may provide important insights into under-
standing cerebral palsy associated with HIE.

Since pharmacological manipulation of the 
dopamine system is widely used to treat dystonia, 
it seems logical to perform PET scans of dopa-
mine neurotransmission in dystonic subjects. 
Indeed, Rinne et al. [33] evaluated three aspects 
of the dopaminergic system (dopamine trans-
porter, D1 and D2 receptors) using PET and spe-
cific dopamine radiotracers. Their study 
population consisted of seven patients who suf-
fered from dopa-responsive dystonia, a diverse 
group of inherited dystonias which improve dra-

matically with levodopa treatment. All seven 
patients underwent the three PET studies of the 
dopamine system. Increased D2 receptor binding 
in putamen and caudate nucleus were seen in the 
patients compared to controls, but no changes 
were seen in D1 receptor or dopamine transporter 
binding. Thus, monitoring of D2 receptor bind-
ing with PET may be useful in assessing the vari-
ous types of dystonia.

Gene therapy is being developed for some dis-
orders that manifest dystonia. Recently, Onuki 
et  al. [34] evaluated eight children who under-
went gene therapy for aromatic l-amino acid 
decarboxylase (AADC) deficiency. Using PET 
with 6-[18F]fluoro-l-m-tyrosine (FMT), a specific 
AADC tracer, they were able to show a gradual 
increase of FMT uptake in the putamen. This is 
just one example of how molecular imaging will 
play an important role in gene therapy for pediat-
ric neurodegenerative disorders.

 Mitochondrial Disorders

Leigh syndrome and MELAS syndrome (mito-
chondrial encephalomyopathy, lactic acidosis, 
and stroke-like episodes) are two of the most fre-
quent mitochondrial diseases of childhood. Both 
are severe and disabling without cure, but various 
vitamins and supplements may offer some relief 
and slowing of the degenerative course. These 
include various combinations (mitochondrial 
cocktails) of coenzyme Q10, alpha lipoic acid, 
riboflavin, arginine (for stroke-like events), 
folinic acid, and L-carnitine.

PET methodology allows the study of mito-
chondrial function and dynamics, as well as stoi-
chiometry. Brain clearance of 11C-pyruvate was 
measured in two patients with mitochondrial 
encephalomyopathy and one with Leigh disease 
using PET [35]. These investigators reported 
increased uptake of the radiotracer in cerebral 
cortex, basal ganglia, and thalamus, as well as 
slower brain clearance of the 11C-pyruvate com-
pared to patients with epilepsy who served as a 
control group.

In another study, Yokoi et al. [36] examined 
pyruvate turnover from brain and epicranial 
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muscles using 11C-pyruvate PET in six patients 
with mitochondrial encephalomyopathy. The 
time- activity curve for 11C in both brain and 
muscle for both normal subjects and patients 
consisted of a fast and a slow component, likely 
representing the aerobic (mitochondrial) and 
anaerobic  (glycolytic) metabolism of pyruvate, 
respectively. In the brain and muscle of patients, 
the aerobic component was smaller whereas the 
anaerobic component was larger compared to 
the normal subjects. In general, the extent of 
this abnormality correlated with the severity of 
disease. A milder abnormality for [11C]pyruvate 
turnover was also seen in the brains of pres-
ymptomatic patients. Collectively, these very 
important studies provide evidence that 
11C-pyruvate PET may be useful for the evalua-
tion of brain mitochondrial energy metabolism 
in mitochondrial disorders and could be applied 
to monitor disease progression and response to 
treatments.

Using a different PET approach, Shishido 
et al. [37] measured cerebral blood flow (CBF), 
oxygen metabolism (CMRO2), and glucose 
metabolism (CMRGlc) in five patients with mito-
chondrial encephalomyopathy. The molar ratio 
between the oxygen and glucose consumptions 
was reduced diffusely, as CMRO2 was markedly 
decreased (due to impaired oxidative metabo-
lism) and CMRGlc was slightly reduced (anaero-
bic glycolysis relatively stimulated). There were 
no major changes in CBF.

Another interesting study [38] combined pro-
ton magnetic resonance spectroscopy (1H MRS) 
and FDG PET to evaluate brain energetics in two 
children with congenital lactic acidosis, which is 
often seen in pediatric mitochondrial disorders. A 
massive increase of glycolysis was seen, likely 
due to the high demand of energy consumption in 
the developing brain [39], resulting in lactate 
accumulation/acidosis.

Haginoya et al. [40] performed FDG PET in 
five children with Leigh syndrome, 4 of who had 
reported gene mutations in their mitochondrial 
DNA.  Hypometabolism was noted in the basal 
ganglia and cerebellum of the patients compared 
to controls, likely related to the dystonia and 
ataxia in the patients.

In summary, PET with various selected radio-
tracers is a potentially powerful tool to calculate 
the stoichiometry of mitochondrial function in 
children with mitochondrial disorders and moni-
tor progression of the disease. A better under-
standing of brain energetics will lead to new 
interventions for mitochondrial disorders. In this 
regard, combined PET/MRI data acquisitions 
using new hybrid PET/MR scanners provide a 
powerful clinical approach since both PET and 
MR datasets can be acquired in the same session 
and the child is sedated (if necessary) only once.

 Rett Syndrome

Rett syndrome is a neurodegenerative disorder 
that primarily affects girls. In the first 
6–18 months, development appears to be normal, 
then developmental progress is halted, followed 
by the rapid loss of previously acquired language 
and motor skills. Repetitive stereotypic hand 
movements, autistic features, apnea or hyper-
pnea, gait ataxia, apraxia, and seizures may also 
be seen. Classic Rett syndrome is caused by 
mutations in the MECP2 gene, although atypical 
forms associated with other mutations are also 
seen. Despite various treatments that have been 
attempted for symptom control, there is no cure 
for Rett syndrome.

Naidu et al. [41] performed a multimodal neu-
roimaging study on a number of subjects with 
Rett syndrome (unclear how many patients were 
studied). The tests included MRI volumetry, 
magnetic resonance spectroscopy (MRS), diffu-
sion tensor imaging (DTI), cerebral blood flow 
measurements with MRI, and FDG PET.  Brain 
volumetry showed reductions in both gray and 
white matter. The frontal lobe in Rett syndrome 
appeared particularly vulnerable as it showed a 
preferential reduction of blood flow on MRI, 
increased choline and reduced n-acetyl aspartate 
(NAA) on MRS, and hypermetabolism on FDG 
PET, which the authors attributed to increased 
glutamate cycling in synapses.

Studies evaluating nigrostriatal function in 
Rett syndrome have also been performed. Using 
PET in nine patients with Rett syndrome, Dunn 
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et  al. [42] found reduced fluorodopa uptake in 
caudate and putamen, but increased dopamine 
D2 receptor binding in the same regions. These 
observations suggested a mild presynaptic deficit 
of nigrostriatal activity. Further studies showed 
that D2 receptor density was significantly reduced 
in the striatum of women with Rett syndrome 
compared to control subjects and, moreover, 
dopaminergic dysfunction was also present in the 
MECP2-deficient mouse model of the disease 
[43]. These findings should be explored further 
and may lead to discovery of useful clinical bio-
markers as treatments become available for Rett 
syndrome. Finally, a recent review [44] provides 
an excellent summary of new radiotracers being 
developed preclinically that could be applied in 
the clinical arena for Rett syndrome.

 Lysosomal Storage Diseases

There are over 70 rare inherited metabolic disor-
ders resulting from defects in lysosomal func-
tion; collectively, these are known as lysosomal 
storage diseases. Lysosomes are cellular organ-
elles containing enzymes which digest large mol-
ecules and allow the fragments to be recycled 
within the cell. When one of the enzymes is 
defective due to a pathogenic mutation, the large 
molecules are not metabolized and will be 
“stored” in the cell resulting in toxicity and cell 
death. Because these are rare disorders, molecu-
lar imaging studies have been limited to case 
reports. Even so, some interesting observations 
have emerged. Again, these have been from pop-
ulations with high parental consanguinity.

FDG PET in a 2-year-old Saudi boy with 
infantile GM1 gangliosidosis revealed a mild 
hypometabolism in the basal ganglia, moderate 
to severe hypometabolism in thalamus and visual 
cortex, and a hypermetabolic focus in the left 
frontal lobe, presumed to be an epileptic focus 
[45]. Since the EEG was not monitored during 
the FDG uptake period, it is not clear whether the 
hypermetabolism was related to ictal activity ver-
sus some other process related to brain toxicity. 

The MRI scan showed only nonspecific findings 
of mild diffuse brain atrophy and dysmyelin-
ation/demyelination.

The pattern of injury is totally different in a 
patient with juvenile GM2 gangliosidosis where 
MRI at ages 2, 4, and 6 years revealed progres-
sive brain atrophy, particularly affecting the thal-
amus. FDG PET at age 6 years showed diffuse 
hypometabolism, also particularly involving thal-
amus (Fig. 15.10) [46]. Thus, selectively vulner-
able brain regions are dependent upon the type of 
unmetabolized molecule, in at least the gangliosi-
doses and probably also in other lysosomal stor-
age disorders. If confirmed in larger studies, 
these metabolic features on PET scanning may 
be useful as diagnostic aids as well as 
biomarkers.

In a 2-year-old Saudi boy with infantile 
Krabbe’s disease, MRI revealed nonspecific find-
ings of mild brain atrophy and white matter dis-
ease mainly in the centrum semiovale. In contrast, 
FDG PET showed marked hypometabolism in 
the left cerebral cortex and no uptake in the cau-
date heads, but the thalami, lentiform nuclei, and 
cerebellum appeared normal [47]. The severe 
hypometabolism in the heads of the caudate 
nuclei may be related to the neuromuscular fea-
tures of this disorder and could be useful in moni-
toring disease progression.

Increased understanding of the genetics and 
molecular biological mechanisms contributing 
to the pathophysiology of the lysosomal stor-
age diseases have led to active investigations 
in search for new treatment approaches, such 
as enzyme replacement therapy and gene ther-
apy [48]. For example, preliminary studies in 
Krabbe’s disease suggest that hematopoietic 
stem cell transplantation (umbilical cord blood 
stem cells) may be an effective treatment in 
affected babies who are presymtomatic and in 
older people with a milder form of the disease. 
Molecular neuroimaging with PET may pro-
vide much needed biomarkers in the lysosomal 
storage disorders to monitor the natural his-
tory as well as the effects of emerging 
treatments.
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Fig. 15.10 MRI and 
FDG PET scans in a 
child with juvenile GM2 
gangliosidosis. The MRI 
scans at ages 3 (a), 4 (b) 
and 6 (c) years showed 
progressive cerebral 
atrophy, particularly 
involving thalamus. 
Glucose metabolism 
PET scan at age 6 years 
(a, b) showed diffuse 
cerebral 
hypometabolism, also 
particularly involving 
thalamus. Note relative 
sparing of basal ganglia. 
(Reprinted with 
permission from 
Springer Nature from 
[46])

 Dysmyelinating Disorders

Dysmyelination refers to the abnormal formation 
of myelin which, as a result, functions abnor-
mally. This is distinct from demyelination, where 
normal myelin formation has occurred but then, 
due to a disease process (often autoimmune), the 
myelin is broken down and functions abnormally. 
In children, dysmyelinating disorders are typi-
cally neurogenetic, resulting from various 
 pathogenic mutations. There is considerable 
overlap among these neurogenetic disorders so 
that a specific disease may be classified into more 
than on category. For example, Krabbe disease 

(discussed above) is classified as a lysosomal dis-
order but can also be classified as a dysmyelinat-
ing disorder.

Molecular neuroimaging with PET has been 
applied to several progressive dysmyelinating 
disorders in children. Sawaishi et al. [49] studied 
a 13-year-old boy with juvenile Alexander dis-
ease (an autosomal dominant leukodystrophy 
caused by GFAP gene mutation) using FDG PET, 
which showed hypometabolism in the frontal 
white matter corresponding to leukodystrophic 
regions, with preserved glucose metabolism in 
the overlying gray matter.

Salsano et al. [50] performed FDG PET on 12 
subjects with adrenoleukodystrophy. The adreno-
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leukodystrophy patients showed relative hyperme-
tabolism in frontal lobes compared to cerebellum 
and temporal lobes. These findings are consistent 
with those from a number of case reports pub-
lished earlier. It cannot be determined from visual 
inspection of the images whether there is an “abso-
lute” hypermetabolism in the frontal lobes versus 
an appearance of hypermetabolism due to the 
hypometabolism in posterior brain regions.

Our group [51] used 11C-PK11195 PET to 
study neuroinflammation in a single child with 
X-linked adrenoleukodystrophy. Increased tracer 
binding (i.e., inflammation) was seen in the 
occipital, parietal, and posterior temporal white 
matter, corpus callosum genu, bilateral posterior 
thalami, internal capsule posterior limb, bilateral 
cerebral peduncles, and brainstem (Fig.  15.11). 
There was only minimal 11C-PK11195 PET 

Fig. 15.11 FLAIR MRI, gadolinium enhanced 
T1-weighted MRI, 11C-PK11195 PET images superim-
posed on gadolinium enhanced T1-weighted MR images 
(small white arrows) and 11C-PK11195 PET images in 
child with X-linked adrenoleukodystrophy. Increased 11C- 

PK11195 binding is seen in the occipital, parietal and pos-
terior temporal white matter (1), posterior limb of internal 
capsule (2), genu of corpus callosum (3), bilateral poste-
rior thalami (4), bilateral cerebral peduncles and brain 
stem (not shown here)

15 Molecular Imaging in Pediatric Neurodegenerative Disorders



236

uptake in the cerebellum (i.e., minimal inflamma-
tion), despite previous observations of cerebellar 
hypometabolism. Therefore, FDG PET seems to 
be much less useful than 11C-PK11195 PET in 
this disorder. We believe that 11C-PK11195 PET 
may be a powerful tool to evaluate the inflamma-
tory burden, disease evolution and response to 
novel therapeutic interventions for X-linked 
adrenoleukodystrophy.

 Glucose Transporter Glut1 
Deficiency

In Glut1 deficiency syndrome, transport of glu-
cose across the blood–brain barrier is impeded 
due to a mutation in the SLC2A1 gene. Affected 
children may have developmental delay, intellec-
tual disability, microcephaly, spasticity, ataxia, 
epilepsy, and involuntary eye movements. 
Although there is no cure for Glut1 deficiency 
syndrome, treatment with the ketogenic diet can 
lead to significant improvement.

Pascual et al. [52] performed FDG PET scans 
on 14 patients with the Glut1 deficiency syndrome 
based on genetic testing. Other than microceph-
aly, the MRI scans showed normal findings. In 
contrast, the PET scans showed diffuse hypome-
tabolism in the cerebral cortex, particularly medial 
temporal regions and thalami, whereas the basal 
ganglia appeared normal. The authors suggested 
that this pattern of glucose metabolism may be a 
radiological “signature” and aid in diagnosis of 
this disorder. Recently, however, Natsume et  al. 
[53] reported that the age-adjusted lenticular 
nuclei/thalami radioactivity ratio on PET may be 
a more accurate measure in diagnosing patients 
with Glut1 deficiency syndrome.

 Lesch-Nyhan Disease

Lesch-Nyhan disease is an X-linked recessive 
genetic disorder that affects almost exclusively 
males. This disorder is caused by mutations in the 
gene coding for the enzyme hypoxanthine- 
guanine phosphoribosyltransferase (HPRT), 
leading to deficient enzyme activity. As a result, 

there is often a marked increase in the production 
of uric acid and hyperuricemia.

The main symptoms are impaired kidney func-
tion, acute gouty arthritis, dystonia, and self- 
mutilating behaviors such as lip and finger biting 
and/or head banging. A deficit in basal ganglia 
dopamine, homovanillic acid, and dopa decarbox-
ylase has been found in postmortem studies and 
further shown by PET studies. Using PET with 
the presynaptic radiotracer 18F-fluorodopa in 12 
patients with Lesch-Nyhan disease, Ernst et  al. 
[54] reported decreased uptake in putamen (31% 
of control values), caudate nucleus (39%), frontal 
cortex (44%), and ventral tegmental complex 
(substantia nigra and ventral tegmentum; 57%) in 
the patients compared to uptake in 15 healthy 
control subjects. In another study, which used the 
PET radiotracer 11C-WIN-35,428 to image dopa-
mine transporters, Wong et al. [55] found 50–63% 
reduced binding in the caudate, and 64–75% 
reduced binding in the putamen of Lesch-Nyhan 
patients compared to a normal control group.

Currently, there is no specific treatment for the 
nervous system manifestations of Lesch-Nyhan 
disease. However, recent attempts using deep 
brain stimulation of the globus pallidi internus 
have shown promising results [56]. PET studies 
of dopamine function may provide useful bio-
markers to monitor not only the disease course, 
but also response to treatment.

 “Biomarkers” in Search of a Disease

FDG PET scans are increasingly being performed 
clinically on children with poorly controlled epi-
lepsy in search for an epileptic focus for surgical 
treatment. For example, children with uncon-
trolled infantile spasms often undergo FDG PET 
scans as part of their surgical evaluation [57]. In 
performing such studies, we have observed a pat-
tern of bitemporal hypometabolism with a con-
sistent phenotype which included autism. These 
patients are not surgical candidates. We followed 
18 such subjects with bilateral temporal hypome-
tabolism for up to 10 years. Analysis of outcome 
in 14 of the 18 subjects revealed a relatively 
homogeneous phenotype: (1) all had severe 
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developmental delay; (2) language development 
had been minimal or absent; (3) 10 of the 14 met 
the DSM-IV criteria for autistic disorder. 
Therefore, in patients with infantile spasms, we 
can offer a likely prognosis based on the FDG 
PET pattern even without a specific etiology for 
their spasms [58].

In another study, we searched for children in 
our FDG PET database who had any type of epi-
lepsy and showed a more diffuse pattern of corti-
cal hypometabolism [59]. Many of these children 
have developmental delay, and some have neuro-
degenerative conditions. All had failed to show 
an epileptic focus on PET. We found 31 patients 
showing severe bilateral diffuse cortical hypome-

tabolism. Of these, 14 patients were lost to fol-
low- up and 1 patient was deceased. The remaining 
16 patients (9 males) were contacted (follow-up 
period: 15 ± 4.8 years). MRI was normal in 12 
and showed nonspecific changes in 4, not provid-
ing diagnostic information. Four of the 16 
patients had a specific diagnosis, consisting of 
Mecp2 gene duplication, Lafora disease, 4  MB 
deletion of mitochondrial genome, and 
Sanfillipo’s disease. Not surprisingly, 14 of the 
16 patients continued to have seizures, likely due 
to patient selection bias in an epilepsy center. 
Twelve patients remained without an etiology. 
Analysis of the PET scans showed six patterns of 
glucose hypometabolism (Fig. 15.12).

a b c
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Fig. 15.12 Different patterns of bilateral diffuse glucose 
hypometabolism on PET scans. (a) Diffuse hypometabo-
lism involving all the lobes. (b) Diffuse hypometabolism 
sparing medial occipital cortex. (c) Diffuse hypometabo-
lism sparing portions of frontal cortex. (d) Diffuse hypo-

metabolism sparing motor cortex. (e) Diffuse 
hypometabolism sparing auditory and occipital cortex. (f) 
Diffuse hypometabolism sparing medial frontal and 
medial occipital cortices
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Unfortunately, in both of the above studies, 
advanced genetic testing was not available, most 
often due to insurance denial and, therefore, a 
correlation between genotype and PET pheno-
type could not be made. Because of the symmet-
ric or diffuse patterns of hypometabolism on 
PET, it is unlikely that these diffuse and bitempo-
ral groups of patients have underling structural 
brain lesions (supported by negative MRI) and 
are, therefore, ideal subjects for the genetic stud-
ies. These PET patterns of abnormalities may be 
hidden biomarkers “in search of a disease.” We 
believe that next generation sequencing studies 
together with FDG PET on such patients will 
uncover useful biomarkers that may assist in 
diagnosis, clinical management, and prognosis.

 Reimbursement for PET scans 
in Children

Unlike in adults, at present the only type of brain 
PET scans in children that are reimbursed by 
insurance carriers are for epilepsy surgery evalu-
ation and for some brain tumors. Progressive 
cognitive deterioration (i.e., dementia), while 
reimbursed in adults, is not reimbursed for chil-
dren in the USA. In other words, most of the con-
ditions discussed in this chapter would not meet 
reimbursement criteria for a PET scan. One rea-
son is that most of these pediatric neurodegenera-
tive disorders are relatively rare and, therefore, 
large scale validation studies are not possible, 
unlike in adults with dementia. Therefore, reim-
bursement in children will never occur if one 
were to rely only on large scale validation stud-
ies. We believe that this policy is unethical since 
there are already a number of “potential” PET 
biomarkers which have been suggested in various 
small series or case reports of children with neu-
rodegenerative disorders. Furthermore, these 
PET biomarkers, at least for FDG studies, have 
diagnostic and management value, not to men-
tion the monitoring of new treatments already in 
place and on the horizon. The criteria for reim-
bursement must be modified for children for 
FDG PET. We agree that more specific PET scans 
to evaluate neurotransmitter and enzyme func-

tion, at least for now, should be assessed on a 
case-by-case basis, and should remain at a 
research level.

From a practical perspective, FDG PET imag-
ing in children for neurodegenerative disorders is 
both less cumbersome and less expensive than 
the reimbursed studies for intractable epilepsy 
because concurrent electroencephalogram (EEG) 
monitoring during the tracer “uptake” period is 
not necessary for most children with neurodegen-
erative disorders, whereas ictal activity is typi-
cally monitored with EEG in epileptic children 
since it can affect image interpretation. In con-
clusion, the time has come to revise the guide-
lines for reimbursement in children and to include 
FDG PET imaging for neurodegenerative disor-
ders. We believe that many of these unfortunate 
children will benefit from FDG PET evaluation.
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16Simultaneous PET/MR Imaging 
of Dementia

Ciprian Catana

 Introduction

As discussed in detail in the other chapters, posi-
tron emission tomography (PET) is extensively 
used for research and clinical applications in 
dementia, including in the assessment of cerebral 
glucose metabolism, amyloid and tau deposition, 
microglia activation, synaptic density, status of 
neurotransmitter systems, etc. Magnetic reso-
nance (MR) provides complementary informa-
tion about changes in anatomy, function, 
metabolism using techniques such as MRI volu-
metry, diffusion tensor imaging, functional MR 
imaging, MR spectroscopy, etc. While the PET 
and MR data can be obtained separately, some of 
the opportunities enabled by the simultaneous 
acquisition using the integrated clinical PET/MR 
imaging scanners developed over the last 15 years 
will be discussed in this chapter. Of particular 
interest to imaging of dementia, the simultane-
ously acquired MRI data can be used to improve 
the PET data quality, an approach termed 
MR-assisted PET data optimization. Specifically, 
examples of standard and machine learning 
methods developed for using MR-derived infor-
mation for PET attenuation and motion correc-

tions, image enhancement, and non-invasive 
radiotracer arterial input function estimation will 
be presented, particularly focusing on those that 
were applied to imaging of neurodegeneration. 
Finally, research and clinical applications that 
benefit from the simultaneous nature of the data 
collected using integrated PET/MRI scanners 
will be briefly discussed.

 Integrated PET/MR Imaging 
Hardware

The first human scanner capable of simultaneous 
PET and MRI data acquisition was the BrainPET 
prototype (Siemens Healthineers, Erlangen, 
Germany). This avalanche photodiode-based 
PET insert was designed to fit in the bore of a 
standard 3-Tesla MRI scanner [1]. Subsequently, 
three whole-body integrated PET/MR scanners 
capable of simultaneous data acquisition were 
introduced: Biograph mMR (Siemens 
Healthineers, Erlangen, Germany) [2], SIGNA 
TOF PET/MRI (General Electric Healthcare, 
Waukesha, WI, USA) [3], and uPMR790 (United 
Imaging Healthcare, Shanghai, China) [4]. The 
last two devices use silicon photomultipliers as 
the photon detector. All three whole-body devices 
are currently approved for clinical use by the 
FDA. The axial field of view of the PET compo-
nent of these scanners is at least 25  cm, which 
allows the imaging of the whole brain in one bed 
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position. Their spatial resolution at the center of 
the field of view is in the 2.72–4.3  mm range, 
with the uPMR790 having the best performance. 
Their sensitivity is in the 1.5–2.3% range, with 
the Signa PET/MRI having the best 
performance.

In addition, several efforts are ongoing around 
the world to develop MR-compatible PET inserts 
for brain imaging [5]. For example, a 7-Tesla MR 
compatible BrainPET with an order of magnitude 
higher sensitivity is currently developed by inves-
tigators from the Martinos Center, Siemens 
Healthineers, Hamamatsu Photonics, University 
of Tübingen, Complutense University of Madrid, 
University of Texas at Arlington, Boston 
University, and McLean Hospital. A spherical 
geometry was chosen for this device to achieve 
solid angle coverage of 71% and the expected 
sensitivity is 25% (without considering the time- 
of- flight sensitivity amplifier effect that is 
expected to contribute another factor of 2). While 
the primary goal of this project is to dramatically 
improve the temporal resolution of PET, the sub-
stantially higher sensitivity compared to existing 
devices will also lead to increased signal-to-noise 
ratio in the images, which can be traded to enable 
substantially higher spatial resolution PET imag-
ing. This will also make it one the highest spatial 
resolution scanners for human brain imaging, 
which will allow imaging of small structures 
such as thalamic and brainstem nuclei, midbrain 
structures (e.g., periaqueductal gray), hippocam-
pal subfields, raphe nucleus, and locus 
coeruleus.

 Methodological Opportunities

 Attenuation Correction

The 511  keV annihilation photons can interact 
with the subject before reaching the PET detec-
tors, leading to biased quantification, image arti-
facts, and increased noise. Obtaining the data 
needed for attenuation correction is particularly 
difficult in integrated PET/MRI scanners because 
the MR signal is related to proton density and tis-
sue relaxation times and not to electron density. 
One of the key factors that must be considered for 

implementing an accurate MR-based head atten-
uation correction is the need to accurately account 
for bone tissue. Countless approaches have been 
proposed over the years to generate head attenua-
tion maps starting from the data acquired with 
conventional and dedicated (e.g., ultra-short or 
zero echo time) MR sequences using segmenta-
tion or atlas-based techniques [6]. Eleven of these 
approaches have been tested in a multicenter set-
ting using data from patients and healthy volun-
teers who were scanned on the Biograph mMR 
and subsequently underwent low-dose computed 
tomography (CT) examinations. The cohort of 
subjects also included 201 patients with mild 
cognitive impairment (MCI), Alzheimer’s dis-
ease (AD) or clinical dementia who were scanned 
with [18F]FDG, [11C]PiB or [18F]-florbetapir. 
MR-based attenuation maps for a representative 
subject are shown in Fig.  16.1. Across all sub-
jects, the average bias in the estimation of the 
radiotracer concentration in relevant brain 
regions was within ±5% of the values obtained 
using the standard CT-based approach for most 
of the MR-based approaches methods included in 
the analysis. The authors cautiously concluded 
“that the challenge of improving the accuracy of 
MR-[attenuation correction] in adult brains with 
normal anatomy has been solved to a quantita-
tively acceptable degree, which is smaller than 
the quantification reproducibility in PET imag-
ing” [7].

More recently, deep learning methods have 
been used successfully for this purpose. For 
instance, an auto-encoder network was trained 
using 30 datasets to segment air, bone, and soft 
tissue from the high spatial resolution morpho-
logical MRI data. The average bias in the PET 
data was less than 1% in most brain regions, 
which was significantly lower than that observed 
for the Dixon- or CT-based template registration 
approaches [8]. Another method based on a 3D 
convolutional neural network (CNN) was trained 
and tested using a larger cohort of patients. The 
authors also investigated the qualitative and 
quantitative effects of using different MR 
sequence as input, training cohort size, and trans-
fer learning after a software upgrade. The attenu-
ation maps generated from the Dixon, 
T1-weighted and ultra-short echo time data were 
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Fig. 16.1 Head attenuation map generation: (a) CT-based 
attenuation map (b–l) MR-based attenuation maps gener-
ated using the 11 methods tested. The selected patient 

minimizes the difference of the overall brain error to the 
median error across all methods. (Figure originally pub-
lished in NeuroImage [7])

of excellent quality, even in the skull based and 
nasal cavities, regions that have been particularly 
challenging for MR-based approaches. Increasing 
the group size decreased the blurring and 
increased the image contrast and overall detail 
level in the attenuation maps. A total of 100 sub-
jects were required to outperform one of the con-
ventional methods that performed the best in the 
multicenter comparison mentioned above. There 
was a clear correlation between group size and 
model performance in terms of outliers at the 3% 
FDG PET error-level. Fine-tuning after a major 
software upgrade was necessary, but as few as ten 
subjects were sufficient for convergence, and 

incremental improvements were noted with 
increasing group sizes [9].

Nevertheless, it is still very difficult to qualify 
PET/MRI scanners for multicenter clinical trials, 
primarily because of lingering concerns about the 
accuracy of MR-based head attenuation correc-
tion methods. The additional challenge is that a 
PET/MRI scanner cannot be qualified in the same 
manner adopted for hybrid PET/CT devices 
because the attenuation properties of conven-
tional PET phantoms cannot be obtained from 
the MR data. A solution recently proposed is to 
separate the head attenuation correction from the 
other factors that affect PET data quantification 
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and use a patient as a phantom to assess the for-
mer. Guidelines for data acquisition, image 
reconstruction and analysis were proposed in a 
consensus paper, and the approach was success-
fully tested using data collected with the Biograph 
mMR and Signa TOF PET/MRI scanners [10].

 Motion Correction

Head motion is difficult to avoid in PET studies 
given the relatively long acquisition times (i.e., 
minutes to hours) needed to collect enough coin-
cidence events to reconstruct good quality 
images. This leads to blurring of the PET images, 
emission-attenuation data mismatch, and overall 
biased quantification. An opportunity opened by 
the simultaneous acquisition is to characterize 
the head motion using the MR information. 
Numerous MR-based head motion tracking 
approaches have been developed and the result-
ing motion estimates can be used to correct the 
simultaneously acquired PET data in integrated 
PET/MRI scanners.

Proof-of-principle studies were performed 
using the BrainPET prototype more than a decade 
ago [11]. The motion estimates were obtained 
from high temporal resolution navigators embed-
ded in several MR sequences or by registering 
echo planar imaging volumes acquired simulta-
neously every 3 s. The motion was accounted for 
by applying the MR-derived rigid-body trans-
formers to the lines-of-response joining the pairs 
of crystals in which the 511 keV photons were 
detected. After further optimization, this algo-
rithm was tested in dementia subjects. The vari-
ability in PET measurements was reduced after 
motion correction, especially in the group of sub-
jects that exhibited high motion during the scan, 
highlighting the need to perform motion correc-
tion in the case of less-compliant subjects [12].

As an alternative to modifying the MR 
sequences that are part of the standard protocol, 
motion navigators can be acquired between these 
sequences, which is practical but provides a limited 
number of motion estimates [13]. An even more 
straightforward approach consists of deriving the 
motion estimates from the morphological MR 
images/volumes (e.g., T1-weighted, T2-weighted, 

echo planar imaging, diffusion weighted imaging, 
arterial spin labeling, etc.) [14]. Both approaches 
have the disadvantage that intra-sequence motion 
cannot be characterized and accounted for.

Recognizing the potential clinical impact of 
head motion correction, the equipment manufac-
turers implemented their own versions. The algo-
rithm provided by Siemens for the Biograph 
mMR scanner, called BrainCOMPASS, uses a 
PACE-based navigators [15]. Motion is estimated 
each time its amplitude exceeds a threshold, and 
the rigid-body transformers are used to align the 
PET volumes corresponding to the motion-free 
frames. Alternatively, the correction can be 
accounted for before image reconstruction using 
a rebinning algorithm that applies the correction 
to the lines-of-response [16].

 Image Enhancement

The spatial resolution of PET is inferior to that of 
MR due to factors related to positron emission 
and annihilation physics (i.e., positron range and 
the non-collinearity of the annihilation photons), 
the performance of the detectors used to record 
the annihilation photons, and of the image recon-
struction algorithms. These and other factors 
contribute to the partial volume effects that lead 
to an underestimation of the activity concentra-
tion in structures that are smaller than 2–3 times 
the spatial resolution of the scanner (spill-out 
effect) and an apparent increase in the activity 
concentration in adjacent structures (spill-in 
effect). While partial volume effects need to be 
considered in neurological studies in general 
given the size of the structures of interest (e.g., 
the thickness of the cortical gray matter is 
approximately 1–2 mm), they are exacerbated in 
the case of dementia patients when brain atrophy 
is also present. Even before integrated PET/MRI 
scanners were developed, the high-resolution 
morphological information derived from MRI 
was used to account for these effects. The hard-
ware registration enabled by the simultaneous 
acquisition eliminates the need for software 
registration.

In a recent study, the impact of partial volume 
effects correction in 216 symptomatic individuals 
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on the AD continuum was investigated. Higher 
changes in [18F]-florbetapir standardized uptake 
value ratios (SUVR) and a better correlation 
between SUVR longitudinal changes and Mini 
Mental State Examination score decreases were 
observed after correction, suggesting the 
β-amyloid buildup curve in AD should be 
reshaped [17]. This correction is also relevant in 
other neurodegenerative disorders. For instance, 
in premanifest Huntington disease gene- 
expansion carriers, the influence of the correction 
was the largest in objects with the smaller abso-
lute MRI volumes [18]. In another example, 
patients with corticobasal syndrome showed 
higher differences in [18F]GE-180 SUV after par-
tial volume effects correction and smaller vol-
umes compared to healthy controls [19].

The morphological information derived from 
MR can also be incorporated directly in the PET 
image reconstruction. An approach for anatomy- 
aided reconstruction uses kernel features that are 
extracted directly from the MRI images without 
having to segment the structures of interest [20]. 
When this method and motion correction were 
applied to [18F]FDG PET data, the signal-to- 
noise ratio increased and the coefficients of varia-
tion were lowered in a composite cortical region 
consisting of areas with preserved metabolism in 
dementia patients. The contrast between hypo-
metabolic and preserved regions in each popula-
tion assessed using the Cohen’s d metric as a 
surrogate of the physician’s ability to separate 
these regions was also higher [21]. As shown in 
Fig.  16.2 for a representative subject, all the 

Fig. 16.2 MR-assisted PET data optimization. The MR 
information obtained using a morphological MR sequence 
with embedded motion navigators is used for attenuation 
and motion corrections, anatomy-aided reconstruction, 
region-based post-processing and analyses. The PET and 
MR images for a subject who moved during the examina-
tion are shown in the lower panel: before (PETorig) and 

after (PETMC) motion correction, after anatomy-aided 
reconstruction (PETAAR), and after applying all the correc-
tions (PETMaPET). The arrows point to the areas that 
showed the most improvement in the visualization of ana-
tomical structures after data optimization. (Figure origi-
nally published in The Journal of Nuclear Medicine [21])
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information required for performing the above- 
mentioned corrections as well as ROI-based anal-
ysis was derived from the data acquired in ~6 min 
using a single morphological MR sequence with 
embedded motion navigators. Alternatively, the 
anatomical information can be incorporated in 
image space using a deep learning approach, 
which has the advantage of not requiring modifi-
cations to the image reconstruction algorithm or 
access to the raw data [22].

A closely related group of methods are aimed 
at generating high- from low-resolution images 
with deep learning. Using two coupled genera-
tive adversarial networks, a self-supervised tech-
nique has been implemented to generate higher 
spatial resolution PET images using as inputs a 
low-resolution PET image, a high-resolution MR 
image, the axial and radial coordinates (needed to 
account for the spatially variant nature of the 
point spread function), and a high-dimensional 
feature set extracted from an auxiliary CNN 
which is separately-trained in a supervised man-
ner using paired simulation datasets. The deep 
learning approach outperformed the partial vol-
ume effects correction techniques [23].

Finally, one of the most popular topics in the 
image enhancement field is the generation of 
high-quality images from low-count data. For 

example, a CNN was trained to generate high- 
quality [18F]-florbetaben PET images from mul-
tiple MR and the low-count PET images. The 
synthesized PET images showed significantly 
reduced noise compared with the low-count PET 
images [24]. When generalized, this method can 
be applied to data acquired with different hard-
ware and protocols [25], which allows the model 
to be shared between different institutions to be 
trained on local datasets (Fig. 16.3). Eliminating 
the data sharing concerns addresses one of the 
biggest challenges in deep learning—the need for 
large training datasets.

 Non-invasive Radiotracer Arterial 
Input Function Estimation

Accurate quantification in PET requires an input 
function (i.e., the radiotracer plasma time- activity 
curve) to the compartment models used for esti-
mating parameters of interest. The “gold stan-
dard” method for measuring the input function is 
arterial blood sampling. As this procedure 
requires catheterization of the radial artery, its 
usefulness in routine clinical PET studies is lim-
ited. Instead, this information could be obtained 
non-invasively from a region of interest placed 

Fig. 16.3 Ultra-low dose PET amyloid imaging. The 
ground-truth PET and reference T1-weighted MR images 
for an amyloid-positive subject are shown in the first two 
columns. The difference images between the ground-truth 
and the other images are shown in the lower row. 
Compared to the low-count PET images shown in the last 
column, the images synthesized using the deep learning 

models had reduced noise. The images obtained by 
directly using a network trained with data from another 
site (Method A) are blurrier than those obtained with net-
works that were fine-tuned (Method B) or trained from 
scratch (Methods C and D). (Figure originally published 
in the European Journal of Nuclear Medicine and 
Molecular Imaging [25])
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across major blood vessels present in the field of 
view (e.g., carotid arteries in the case brain imag-
ing). The simultaneously acquired morphological 
MRI data could be used for identifying these ves-
sels and for correcting for confounding effects 
(e.g., partial volume effects, head motion). 
Determining the location and size of the vessels 
of interest can be accomplished using the per-
fectly registered anatomical images obtained 
using standard (e.g., those used for acquiring the 
high-resolution morphological data needed for 
identifying the brain structures of interest) or 
dedicated (e.g., time-of-flight angiography) MR 
sequences. Once the vessels are segmented, the 
bias introduced by partial volume effects needs to 
be accounted. Preliminary studies performed 
using data acquired on the BrainPET prototype 
demonstrated good correspondence between the 
[18F]FDG input functions obtained using the 
image-based and invasive techniques [26, 27]. 
Similar results were reported using the Biograph 
mMR in a sheep stroke animal model [28] and in 
healthy controls [29, 30].

As these techniques require perfect registra-
tion of the MR-derived vessel segmentations 
(that could be inaccurate in the absence of motion 
correction), a method that uses PET-derived 
angiograms was also proposed. To address the 
spill-over problem, the counts obtained from the 
cervical carotid and vertebral arteries were 
divided by the MR angiography derived true arte-
rial volume. The spill-in was estimated from the 
cervical arteries, to minimize the contribution of 
the brain parenchyma. This method tested using 
the GE Signa TOF PET/MRI scanner showed 
reproducible results in gray and white matter 
structures, with blood flow values consistent with 
those reported in literature at baseline and after a 
pharmacological challenge [31].

A semi-automatic software to estimate the 
input function and perform parametric Patlak 
mapping was developed to facilitate the use of 
these methods in routine clinical studies. This 
comprehensive software, called caliPER (para-
metric Patlak mapping using PET/MRI input 
function) was successfully tested in healthy vol-
unteers and frontotemporal dementia patients 
who underwent [18F]FDG PET/MRI studies 

using the Biograph mMR scanner. The net uptake 
rates and cerebral metabolic rates of glucose 
obtained non-invasively were within 2% of those 
obtained using individually-calibrated 
population- based input functions in relevant 
brain structures [32].

The input function can also be obtained non- 
invasively for other radiotracers. For example, 
the [11C]PiB input functions estimated from the 
PET and MRI data acquired using the Signa PET/
MRI scanner were used to calculate the distribu-
tion volumes in patients suspected of early 
dementia. Excellent correlation was reported 
between the distribution value ratios obtained 
using the Logan plot method and the image- 
derived input function and those calculated using 
the reference tissue graphical approach. As arte-
rial sampling was not performed in this study, 
metabolite correction was performed using a 
Hill-type function applied to the image-derived 
input function. Another limitation was that only 
patients without significant head motion during 
the 70-min scan were included in the analysis 
[33].

 Image-to-Image Translation

Image-to-image translation has been proposed for 
several tasks. First, synthetic images of less- 
common radiotracers can be generated from the 
images obtained with common radiotracers. As an 
example, deep learning methods have been imple-
mented for predicting [11C]UCB-J PET images of 
synaptic vesicle protein 2A from [18F]FDG PET 
data. Using [18F]FDG SUVR and Ki ratio images 
as the input to the U-Net model provided predic-
tions of [11C]UCB-J SUVR images that were 
deemed satisfactory visually and quantitatively 
[34]. Second, image-to-image translation strate-
gies can be used for data harmonization in multi-
center trials to minimize the variability when a 
different radiotracer is used at one of the sites. For 
example, a network was trained to generate [11C]
PiB from [18F]-florbetapir images. The synthetic 
SUVR images were more similar visually to the 
real [11C]PiB than the [18F]-florbetapir images 
[35]. Third, image-to-image translation can be 
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used to replace missing data when performing 
multimodal analysis. As PET data are missing for 
many subjects in the ADNI database, a 3D end-to-
end generative adversarial network was proposed 
to synthesize brain PET from MRI images [36].

 Applications

 Assess the Relationship Between 
PET- and MRI-Derived Biomarkers

The exact relationship between changes in cere-
bral glucose metabolism, structural changes/atro-
phy, and reductions in functional connectivity 
can be assessed using an integrated PET/MRI 
scanner. Previous studies using separately 
acquired data have shown both strong overlap 
and discrepancy between these biomarkers. 
Strong atrophy and relatively preserved metabo-
lism have been reported in the hippocampus, a 
finding that has been discussed to represent 
regional synaptic compensatory mechanisms, 
potentially leading to preservation of cognition to 
some degree. It was also shown that a stronger 
decrease in hippocampal connectivity is linked 
with higher metabolism in AD [37].

Simultaneous acquisition has allowed for a 
direct comparison between the brain’s glucose 
consumption and metrics of intrinsic neural activ-
ity. When investigating the relationships between 
[18F]FDG uptake and several metrics reflecting 
local and large-scale intrinsic functional connec-
tivity, statistically significant differences in corre-
lation values between the two groups of healthy 
old individuals and patients were observed, sug-
gesting the presence of bioenergetic coupling in 
healthy aging but a possible abnormal glucose 
utilization that differentially impacts neural infor-
mation transmission in AD [38].

[15O]-water PET is the “gold standard” in 
measuring cerebral perfusion, but MR-based 
methods such as arterial spin labeling (ASL) can 
be used for the same purpose. Using an integrated 
PET/MRI scanner for cross validating these tech-
niques has the advantage of assessing the flow in 
the same physiological state, which would be 
impossible using separately acquired data. 
Indeed, good agreement in terms of regional 
hypoperfusion patterns between 15O-water and 
the ASL methods and a strong correlation 
between region-based perfusion measurements 
were reported in frontotemporal dementia 
(Fig.  16.4) and primary supranuclear palsy 

Fig. 16.4 Cross- 
validation of MR and 
PET perfusion 
measurements. 
Perfusion maps 
generated by two 
ASL-MRI methods, and 
15O-water PET for one 
semantic variant 
frontotemporal dementia 
patient (top) and the 
average of all control 
participants (bottom). 
(Figure originally 
published in 
NeuroImage: Clinical 
[39])
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patients who were scanned on the Biograph 
mMR [39].

Once validated against the gold standard, the 
correlation between ASL-based perfusion mea-
surements and measures obtained from [18F]FDG 
PET could be examined. As [18F]FDG uptake 
reflects perfusion to some extent, it is reasonable 
to expect and even desirable to obtain similar 
information with ASL-MRI, a non-invasive tech-
nique, as this would allow PET to be used for 
studies with other radiotracers. When comparing 
the diagnostic utility of perfusion measurements 
obtained from ASL-MRI and [18F]FDG PET in 
ten frontotemporal dementia and healthy con-
trols, similar patterns of abnormalities and a 
strong correlation were observed between the 
two modalities. However, the diagnostic accu-
racy was significantly lower for ASL-MRI [40]. 
In a similar study performed in AD and MCI 
patients, there was overlap between hypoperfu-
sion and hypometabolism, but the latter measure-
ments had higher sensitivity in the detection of 
preclinical AD [41]. Higher performance for [18F]
FDG PET compared to ASL-MRI was also 
reported in patients referred for the diagnosis of 
dementia who underwent examinations on the 
GE Signa PET/MRI scanner [42].

 Improve Data Acquisition 
and Processing Workflow

Using an integrated PET/MRI scanner, all the 
data required for clinical purposes could be 
acquired in a single examination, which would 
greatly increase patient comfort, an issue particu-
larly important in the elderly and fragile demen-
tia patients. A “one-stop shop” data acquisition 
20-min protocol was suggested to obtain both 
pathology and neuronal injury biomarkers to sup-
port clinical diagnosis of AD [43]. Amyloid load 
was imaged using [18F]-florbetaben PET, and 
relative cerebral blood flow using ASL-MRI. A 
similar protocol was suggested for acquiring the 
[18F]FDG PET and morphological MRI data 
needed to identify the most common pathologies. 
Note that an additional amyloid PET scan was 
necessary to exclude atypical AD in a patient 

diagnosed with semantic dementia [44]. More 
than 1500 patients with possible cognitive 
impairment or dementia were examined using a 
25-min protocol at a single institution. In addi-
tion to obtaining complementary data needed for 
clinical purposes, integrated PET/MRI demon-
strated practical benefits for the patients, caregiv-
ers, as well as referring physicians and 
interpreting radiologists [45]. Combining these 
streamlined acquisition protocols with the 
MR-assisted PET data optimization workflow 
described above, the total scan duration might be 
reduced even further.

While acquiring dynamic data routinely for 
clinical purposes is not feasible, amyloid deposi-
tion could be assessed from dual time-point PET/
MRI data, which has the advantage of removing 
some of the blood flow dependency of the 
β-amyloid load estimates. Early images can be 
obtained from the data acquired between 0 and 
10 min after injection, and later images from the 
data acquired between 90 and 110  min after 
injection. In addition to parametric images and 
regional output parameters, two dual time-point 
metrics can also be obtained. Using this approach, 
the largest mean differences between amyloid- 
positive and amyloid-negative patients were 
observed for the frontal, parietal, insular and 
occipital lobes. The dual time-point metrics were 
significantly higher in amyloid-positive patients 
than in amyloid-negative patients [46].

 Increase Diagnostic Certainty

Combining the two sources of evidence was 
shown to increase the diagnostic certainty in typi-
cal patients with AD, semantic dementia, fronto-
temporal dementia, and posterior cortical atrophy 
(Fig.  16.5) [43]. When compared to PET/CT, 
combining the [18F]FDG PET data with informa-
tion derived from MRI changed the interpretation 
in a substantial fraction of memory clinic patients 
[47].

Machine learning approaches could also help 
in the early diagnosis of AD based on multimo-
dality MR and PET data [48]. For example, a par-
tial least squares method was proposed to 
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Fig. 16.5 Increased diagnostic certainty using multi-
modal data in common forms of dementia: (a) Alzheimer 
disease, (b) semantic dementia, (c) frontotemporal 

dementia, (d) posterior cortical atrophy. (Figure originally 
published in the Journal of Nuclear Medicine [43])

discriminate MCI converters from MCI non- 
converters using combined MRI, [18F]FDG PET, 
and [18F]-florbetapir PET. The tri-modality mod-
els had better classification accuracy compared 
with the single-modality and two-modality mod-
els. The performance was even higher when clin-
ical test scores were also considered [49]. AD 
classification can also be achieved using cas-
caded CNNs to learn the multi-level and multi-
modal features of MRI and PET brain images, 
with higher performance than the MRI- or PET- 
only approaches [50].

Instead of extracting and fusing features from 
the two modalities, the actual images could be 
fused to aid with AD diagnosis. Specifically, the 
gray matter tissue area of brain MRI and [18F]
FDG PET images were fused by registration and 
mask coding to obtain a new fused modality. The 
fused images were then used as inputs to CNNs 
that were trained to perform binary and multi- 
classification tasks. The model using futures 

extracted from the fused images showed superior 
performance compared to methods relying on 
unimodal and feature fusion, particularly in the 
case of the three-classification task [51].

 Monitor Treatment Response 
and Side Effects

Several antibodies that target amyloid-beta have 
been investigated for the treatment of early AD 
[52, 53]. The changes in amyloid and tau burden 
on PET were some of the secondary outcomes in 
the clinical trials. This suggests PET can provide 
critical information for patient selection and 
treatment monitoring. Amyloid-related imaging 
abnormalities were observed in a substantial 
fraction of the patients enrolled in these studies, 
which means MRI needs to be performed serially 
in patients being treated with these drugs. As lon-
ger and larger trials are necessary, PET/MRI pro-
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vides a perfect solution to the need for repeated 
MR and PET examinations. Combining two 
scans into one has a great benefit as patient dis-
comfort and willingness to participate are signifi-
cant issues in this patient population.

 Predict Disease Progression

Numerous studies have used machine learning 
approaches to predict MCI to AD dementia pro-
gression from imaging data [54], using publicly 
available data from the ADNI database. The 
most popular classification methods were based 
on support vector machines and CNNs, with the 
latter achieving a higher mean accuracy. For 
example, a CNN was implemented to predict 
cognitive decline from [18F]FDG and 
[18F]-florbetapir data [55]. Its sensitivity, speci-
ficity, and accuracy for classification between 
AD and normal controls were 93.5%, 97.8%, 
and 96.0%, respectively, significantly higher 
than the values obtained with the support vector 
machine classifier or the volume of interest-
based analyses. Sensitivity, specificity, and accu-
racy of the CNN-based approach for the 
prediction of MCI conversion was 81.0%, 
87.0%, and 84.2%, respectively. The accuracy of 
the CNN was significantly higher than volume of 
interest-based analysis of [18F]FDG PET and the 
support vector machine classifier. Interestingly, 
the same systematic review revealed that the 
approaches combining data from both MRI and 
PET achieved better results than those relying on 
a single-modality information [54]. In addition 
to conversion from MCI to AD dementia, the 
baseline imaging and clinical data can be used to 
predict future [18F]-florbetapir SUVR using a 
gradient-boosted decision tree algorithm [56].

 Conclusion

Integrated PET/MRI scanners with performance 
characteristics similar to the state-of-the-art 
stand-alone devices are currently commercially 
available from three equipment manufacturers. 
Attenuation correction, the most important meth-

odological challenge in the early days of PET/
MRI, has been adequately addressed for brain 
imaging. Moreover, many approaches that bene-
fit from the simultaneous nature of the data have 
been implemented. The perfect spatial registra-
tion enabled by the hardware acquisition and the 
MR-assisted motion correction facilitates the use 
of conventional and deep learning techniques that 
utilize the MR-derived information to greatly 
improve the PET image quality. Simultaneous 
PET/MRI has been evaluated for numerous 
research and clinical applications in dementia, 
including techniques cross-validation, stream-
lined data acquisition, early diagnosis and pre-
dicting disease progression. Very promising 
results have been obtained with machine learning 
approaches that extract additional information 
from the perfectly registered complementary 
datasets.
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17Case-Based Guide for Image 
Interpretation and Reporting

Karina Mosci, Tanyaluck Thientunyakit, 
Donna J. Cross, Gérard N. Bischof, Javier Arbizu, 
and Satoshi Minoshima

 Introduction

The brain is the most complex and intriguing part 
of the human body, and until recently our under-
standing was confined to what we could learn 
from post-mortem pathology studies and animal 
models. The acceleration of neuroscience research 
and development over the last few decades has 
given us exciting new technologies to better under-
stand brain function. Imaging modalities have 
become fundamental tools for the diagnosis and 
evaluation of brain pathologies as well as to 
improve our knowledge of normal brain functions. 

While conventional imaging, such as CT and MR, 
provide important structural and anatomic infor-
mation of the brain, molecular imaging offers the 
possibility to image and quantify brain function 
“in vivo,” to increase our understanding of normal 
physiologic and pathologic processes, with the 
prospect of more personalized patient care.

However, functional imaging interpretation 
may be challenging and requires an appropriate 
training. Single-photon emission tomography 
(SPECT) and positron emission tomography 
(PET) only detect structures with considerable 
perfusion, metabolism, protein deposition, or 
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receptor density depending on the radioligand uti-
lized, and possess a lower spatial resolution for 
identifying brain structures when compared to 
anatomic imaging methods such as magnetic reso-
nance imaging (MRI). Knowledge of normal 
radiotracer biodistribution, as well as brain struc-
tural and functional anatomy, is fundamental for 
the recognition of abnormalities. In fact, the iden-
tification of specific disease imaging patterns 
depends not only on the ability to detect the 
expected abnormalities, but also on an apprecia-
tion of the areas, which are usually not affected 
with specific disease entities. A thorough under-
standing of neuropathology and the potential asso-
ciation of the observed abnormalities with clinical 
information can improve the diagnostic accuracy. 
It is also recognized that the introduction of hybrid 
technologies with CT or MRI provides correlative 
anatomic imaging information to the functional 
imaging, but also requires additional training.

The intent of this chapter is to provide a guide 
for molecular brain interpretation, which is suit-
able for all levels of expertise. The content 
includes a teaching directory with fundamental 
knowledge, which includes an overview of struc-
tural and functional neuroanatomy, and a descrip-
tion of the normal biodistribution of most 
clinically available radiotracers, as well as physi-
ologic variants and technical artifacts to guide 
imaging interpretation. The tutorial of systematic 
imaging analysis is based on visual assessments 
and aided by semi-quantitate analyses to help 
improve disease pattern recognition. Suggestions 
for how to adequately report studies in each 
molecular imaging modality are presented in 
case mode. Clinical situations where molecular 
imaging can aid in the diagnosis of different neu-
rodegenerative pathologies are discussed.

 The Fundamentals

 Normal Structural and Functional 
Neuroanatomy for SPECT and PET 
imaging

In the Appendix, we provide images of cross- 
sectional neuroanatomy based on MRI and 
18F-FDG-PET (FDG-PET), for both beginners 

and experienced physicians. To learn more about 
brain anatomy readers should reference existing 
digital atlases, which are available through neu-
roimaging software toolsets or provided by inde-
pendent research groups. Before starting to 
navigate the three-dimensional brain images, 
note that the central nervous system (CNS) is 
organized along the rostrocaudal and dorsoven-
tral axes of the body. The terms for the major ana-
tomical axes within the brain are dorsal–ventral, 
rostral–caudal, and left–right, equivalent to supe-
rior–inferior, anterior–posterior, and left–right, 
respectively. In addition to these axes, the term 
lateral–medial is used to describe if a location is 
near a side edge (lateral) or near the center 
(medial) of the brain [1] (Fig. 17.1). A short over-
view of gross brain anatomy and function to pro-
mote familiarization with the essential structures 
is required for a meaningful and accurate inter-
pretation of molecular imaging studies in current 
clinical applications. For more comprehensive 
descriptions, readers can also refer to standard 
texts of neuroanatomy [2–8].

The brain is composed of neurons and glial 
cells, which provide the underlying substrate for 
a multitude of brain functions. The cell bodies of 
neurons constitute the gray matter, which is 
located in the cortex on the superficial layers, and 
myelinated axons, located more internally, com-
pose the white matter. There are also “islands” of 
gray matter within the subcortical white matter, 
such as the basal ganglia and thalamus, which 
form nodes that participate in a variety of brain 
networks [9]. The CNS includes the cerebrum, 
cerebellum, brain stem, and spinal cord 
(Fig. 17.2). One approach to a better understand-
ing of the CNS is to conceptualize that it is com-
posed of several functional modules: spinal cord, 
brainstem, cerebellum, diencephalon, cerebral 
hemispheres, basal ganglia, and limbic system, 
and to facilitate molecular imaging interpreta-
tion, focus will be given to these various modules 
(Fig.  17.3). Also noteworthy is the ventricular 
system, a labyrinth of fluid-filled cavities with 
supportive and chemical environment regulation 
functions, which can be very helpful as anatomi-
cal landmarks due to their location within each of 
the seven central nervous system divisions 
(Fig. 17.4).

K. Mosci et al.



257

Fig. 17.1 Brain anatomical orientation

Fig. 17.2 Representation  
of a sagittal view of the 
central nervous system

The cerebrum comprises most of the brain. 
With a highly convoluted surface, which is a 
result of an evolutionary adaptation to fit a greater 
surface area into the confined space of the cranial 
cavity, the cortex on the outer surface contains 
ridges and grooves, known as gyri and sulci. 

Brain anatomy is characterized by very deep 
sulci called fissures [10] (Fig. 17.5).

The cerebrum is divided into left and right 
hemispheres by a deep longitudinal fissure, 
known as the interhemispheric fissure. As a gen-
eral feature, each cerebral hemisphere is divided 
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Fig. 17.3 Representation of the functional modules of the central nervous system

into four separate lobes by the central and parieto- 
occipital sulci, and the lateral fissure. The central 
sulcus separates the frontal lobe from the parietal 
lobe and the parieto-occipital sulcus separates the 
parietal lobe from the occipital lobe. The lateral 
or Sylvian fissure separates the temporal lobe 
from the frontal and parietal lobes [11] (Fig. 17.6) 
(Table  17.1). A full description of all lobe gyri 
and sulci are beyond the scope of this review, and 
can be reviewed in standard texts of neuroanat-
omy [2–8], but we would like to highlight the 
locations of the precentral, postcentral, and cin-
gulate gyri, as well as the precuneus, which are 
important structures for imaging interpretation in 
neurodegeneration (Fig. 17.7).

The two cerebral hemispheres are connected 
by white matter tracts consisting of nerve fibers 
or axons, which are collectively referred to as 
commissures. The corpus callosum is the largest 

white matter tract and permits the cerebral cortex 
to operate as a coordinated structure. The anterior 
and posterior commissures are smaller bundles of 
nerve fibers which connect parts of the temporal 
lobes and midbrain regions. We highlight the 
importance of these two structures, as they col-
lectively form an important plane for cranial sec-
tional imaging. The anterior commissure/
posterior commissure line (AC-PC line), passing 
through the apex of the anterior and the inferior 
edge of the posterior commissures, provides reli-
able anatomic orientation and constitutes a com-
mon basis for standardized stereotactic reporting 
of neuroimaging findings [12] (Fig. 17.8).

The diencephalon is mostly composed of the 
thalamus and hypothalamus [13]. The thalamus 
functions as a relay for sensory and motor signals 
to the cerebral cortex and helps regulate impor-
tant processes such as consciousness, sleep, and 
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Fig. 17.4 Ventricular system in 3-dimensional represen-
tation: Note that each division of the central nervous sys-
tem (CNS) contains a portion of the ventricular system. 
The paired lateral ventricles, with components inside 
frontal, parietal, temporal, and occipital lobes, communi-
cate with the third ventricle in the diencephalon through 

the interventricular foramina. The third ventricle commu-
nicates with the fourth ventricle located in the pons and 
medulla through the cerebral aqueduct inside the mid-
brain. The fourth ventricle continues caudally as the cen-
tral canal of the caudal medulla and spinal cord

alertness [14]. It is easily recognizable in brain 
imaging, as a midline symmetrical egg-shaped 
gray matter structure, situated between the cere-
bral cortex and midbrain, forming the lateral wall 
of the third ventricle (Figs. 17.3 and 17.9). Note 
that all the ascending  pathways terminate in the 
thalamic nuclei, and their information is pro-
jected with some modifications onto specific 
regions of the cerebral cortex, on the same side 
[10]. In fact, the connections between many tha-
lamic nuclei and their projecting cortical areas 
are so strong that if such a cortical region is 
destroyed, the neurons in that particular thalamic 
nucleus subsequently atrophy [14].

The basal ganglia are a subcortical structures 
buried within the cerebral hemispheres, lateral 
and anterior to the thalamic nuclei, and include 
the caudate nucleus, putamen, globus pallidus, 
and subthalamic nucleus (Fig. 17.9). These nuclei 
are separated from the cerebral cortex by white 

matter but are functionally linked to the cerebrum 
[14]. The basal ganglia are important for motor 
function, notably the storage and replay of com-
plex motor activities, with cognitive and emo-
tional functions as well [6]. Collectively the 
putamen and caudate are called the striatum and 
are continuous in the anterior direction [14]. The 
putamen combined with the globus pallidus 
forms the lenticular nucleus, which is wedged 
between the external capsule and the anterior and 
posterior limbs of the internal capsule [15]. It is 
important to note that the internal capsule, com-
prised of the anterior and posterior limbs, and the 
genu, is one of the most important components of 
cerebral white matter. All fibers projecting from 
the thalami to the cerebral hemispheres pass 
through the internal capsule, while all fibers leav-
ing the cerebral cortex and going either to the 
diencephalon, basal nuclei, brain stem, or spinal 
cord must also pass through these tracts [14].
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Fig. 17.5 Brain coronal and transaxial slices representation demonstrating the hemispheres, cortex, white matter, sul-
cus, and gyri

Fig. 17.6 Representation  
of brain lobes and fissures 
in lateral view
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Fig. 17.7 Representation of the precentral gyrus, postcentral gyrus, cingulate gyrus, and precuneus location

Table 17.1 Brain structures and function

Structure Function
Frontal lobe Control of voluntary movement, involved in attention, short-term memory tasks, motivation, 

planning, speech
Parietal lobe Integrates proprioceptive and mechanoceptive stimuli; involved in language processing
Temporal lobe Mediates a variety of sensory functions and participates in memory and emotions
Occipital lobe Receives and interprets visual input
Insular cortex Processes and integrates taste sensation, visceral and pain sensation, and vestibular functions
Amygdala Participates in emotions and helps to coordinate the body’s response to stressful and threatening 

situations
Hippocampus Critical for the formation of new long-term memories; involved in the voluntary recall of past 

knowledge and experiences
Basal ganglia Important for motor function, notably the storage and replay of complex motor programs, and 

cognitive and emotional functions
Thalamus Relaying sensory and motor signals to the cerebral cortex; impacts consciousness, sleep, and 

regulates alertness
Cerebellum Functions at an subconscious level to coordinate voluntary motor functions; plays a role in higher 

brain functions, including language, cognition, and emotion

The limbic system is a group of structures, 
which are located along the border between the 
cerebral cortex and the hypothalamus. These 
structures are involved in the control of emotions, 
behavior, and drive, and also may influence 
memory formation. Anatomically, the limbic 
structures include the subcallosal, cingulate, and 
parahippocampal gyri, as well as the hippocam-
pal formation, amygdaloid nucleus, mammillary 
bodies, and anterior thalamic nucleus (Fig. 17.10). 
The alveus, fimbria, fornix, mammillothalamic 

tract, and stria terminalis constitute the connect-
ing pathways to this system [7]. The cingulate 
passes within the subcortical white matter on the 
medial surface of the cerebral hemisphere in the 
cingulate gyrus and connects the subcallosal, 
medial–frontal, and orbital–frontal cortices with 
the temporal lobe, occipital, and cingulate corti-
ces [14]. Recognition of the cingulate gyrus is of 
particular importance due to its early involve-
ment in some neurodegenerative disorders 
(Figs. 17.7 and 17.10). In fact, the anterior and 
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Fig. 17.8 Representation  
of a sagittal view of the 
CNS showing the anterior 
commissure/posterior 
commissure line (AC-PC 
line), passing through the 
apex of the anterior and 
the inferior edge of the 
posterior commissure, 
used for standardized 
stereotactic orientation 
and reporting of 
neuroimaging

Fig. 17.9 Transaxial representation of brain showing the 
basal ganglia, composed of the caudate and lenticular 
nucleus (putamen and globus pallidus), thalamus, and 
internal capsule

posterior cingulate cortices are distinguished his-
tologically and usually show a distinct pattern of 
involvement in several neurodegenerative dis-
eases such as Alzheimer disease (AD) and fron-
totemporal dementia spectrum disorders (FTD). 
While the anterior cingulum carries information, 
which is important for attention and volitional 
control of cognitive and motor function, the pos-
terior cingulate carries information, which plays 
an integrative role in visuospatial processing and 

memory [6]. The hippocampus is the posterior 
part of limbic lobe while frontal part is the 
 amygdala. The hippocampus can be distinguished 
externally as a layer of densely packed neurons, 
which curls into S-shaped structure on the edge 
of temporal lobe [16]. Functionally, anatomi-
cally, and cytoarchitecturally, hippocampus is 
quite different from the cerebral cortex, and is 
critical for the formation of new long-term mem-
ories as well as being involved in voluntary recall 
of past knowledge and experiences [6]. The 
amygdala lies dorsally to the hippocampal for-
mation and rostrally to the temporal horn of the 
lateral ventricle, and not only participates in 
emotional memory but also helps to coordinate 
the body’s response to stressful and threatening 
situations [10].

The cerebellum, situated posterior to the brain-
stem and inferior to the posterior aspects of the 
cerebral hemispheres, is like a miniature version 
of the cerebral cortex, having an outer layer of 
gray matter, which is very highly folded and white 
matter tracts running within (Fig.  17.11). The 
white matter tracts provide connections with the 
rest of the brain, as well as the brainstem. The cer-
ebellum is divided into two lateral hemispheres 
and the midline is the vermis. It coordinates vol-
untary motor functions so they occur smoothly 
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Fig. 17.10 Representation 
on the limbic system in 
sagittal view. The limbic 
structures include the 
subcallosal, the cingulate, 
and the parahippocampal 
gyri, the hippocampal 
formation, the amygdaloid 
nucleus, the mammillary 
bodies, and the anterior 
thalamic nucleus

Fig. 17.11 Cerebellum representation in sagittal and posterior view
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and accurately [14]. In addition, parts of the cer-
ebellum have roles in higher brain functions, 
including language, cognition, and emotion [10].

The ventricular system is composed of the two 
lateral ventricles, the third ventricle, the cerebral 
aqueduct, and the fourth ventricle. Within each 
cerebral hemisphere the relatively large lateral 
ventricle is connected to the third ventricle of the 
diencephalon through the interventricular 
 foramina (of Monro). The third ventricle in turn 
connects to the fourth ventricle of the pons and 
medulla through the narrow cerebral aqueduct (of 
Sylvius) in the midbrain. The fourth ventricle 
runs caudally as the central canal of the caudal 
medulla and spinal cord [17]. It is important to 
note, as previously mentioned, that each division 
of the CNS contains a portion of the ventricular 
system, which can provide useful anatomical 
landmarks (Fig. 17.4).

 Functional Areas of the Cerebral Cortex
A simple way to classify the functional areas of the 
cortex, which is suitable to interpret molecular 

imaging findings in relation to clinical symptoms/
disease presentations, is to assume that the cortical 
areas are organized into primary, secondary, and 
associative areas. The primary cortices are respon-
sible for basic motor or sensory processing, while 
the areas surrounding the primary cortices are the 
secondary processing regions, which receive affer-
ent projections from the corresponding primary 
areas as well as the thalamus. The association cor-
tices integrate, process, and analyze the various 
sensory stimuli, and integrate higher mental func-
tions [18]. Large areas of the cerebral cortex 
receive input from multiple sensory modalities as 
well as various secondary regions to create the 
associations between various kinds of sensory 
information. These include the multimodal asso-
ciation areas (posterior, anterior, and limbic asso-
ciation areas). The existence of these broad areas 
with multimodal integration, which combine sen-
sory and motor input with an emotional content, is 
what makes the human brain so distinctive and 
complex [14]. Please refer to Fig.  17.12 for the 
anatomical location of the following areas.

Fig. 17.12 Functional areas of the cerebral cortex
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In general, the frontal lobe is involved in 
diverse behavioral functions of cognition and 
emotions including executive or decision-making 
(Tables 17.1 and 17.2). The precentral gyrus is 
known as the primary motor cortex, which con-
trols the mechanical actions of movement. Notice 
that the primary motor cortex of one hemisphere 
controls movement on the contralateral side of the 
body, as 90% of motor axons cross the midline in 
the lower brainstem and upper cervical spinal 
cord. The premotor areas, which are important for 
motor decisions and movement planning, are 
adjacent to the primary motor cortex, anteriorly. 
The inferior frontal gyrus contains Broca’s area, 
in the left hemisphere (side of dominance) in most 
people, and is essential for the articulation of 

speech. One should note that much of the frontal 
lobe is an association cortex. The prefrontal asso-
ciation cortex, located in the most anterior portion 
of the frontal lobe, is important in thought, cogni-
tion, and emotions [10]. The medial frontal cor-
tex, sometimes called the medial prefrontal area, 
is important in arousal and motivation. The cingu-
late gyrus, medial frontal lobe, and most of the 
orbital gyri are primarily emotional processing 
association areas [10].

The primary somatosensory cortex, which is 
located in the postcentral gyrus of the parietal 
lobe, mediates our sensory perceptions of touch, 
pain, and limb position. The remaining portion of 
the parietal lobe constitutes the parietal associa-
tion cortices, including the superior and inferior 

Table 17.2 Functional neuroanatomy

Location Function
Limbic system Cingulate and parahippocampal gyri, hippocampal 

formation, amygdaloid nucleus, mammillary 
bodies, and the anterior thalamic nucleus

Involved in the control of emotion, 
behavior, and drive also appears to be 
important to memory

Anterior cingulate Anterior aspect of the cingulate gyrus Important in attention and volitional 
control of cognitive and motor functions. 
Mirrors frontal lobe functions

Posterior cingulate Posterior aspect of the cingulate gyrus Plays an integrative role in visuospatial 
processing and memory

Primary motor 
cortex

Precentral gyrus Participates in controlling the 
mechanical actions of movement

Premotor areas Anteriorly to the primary motor cortex Important for motor decision making 
and movement planning

Prefrontal 
association cortex

Most anterior portion of the frontal lobe Important in thought, cognition, and 
emotions

Medial prefrontal 
area

Medial frontal cortex Important in arousal and motivation

Primary 
somatosensory 
cortex

Postcentral gyrus Mediates our perceptions of touch, pain, 
and limb positioning

Parietal 
association cortex

Superior and inferior parietal lobules Processes and integrates somatic and 
sensory information

Primary visual 
cortex

In the walls and depths of the calcarine fissure Important in the initial stages of visual 
processing and awareness of visual 
stimulus

Visual association 
cortex

Surrounding the primary visual cortex Plays a role in visual stimulus analysis, 
including the perception of the shape 
and color of objects

Primary auditory 
cortex

Superior temporal gyrus on the gyri of Heschl Perception and localization of sounds

Broca’s area Inferior frontal gyrus (in most people in the left 
hemisphere)

Articulation of speech

Wernicke’s area Superior temporal gyrus (in most people in the left 
hemisphere)

Specialized for speech, including spoken 
and written language comprehension
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parietal lobules. The superior parietal lobule is a 
higher-order somatosensory area, for higher- 
level processing of somatic and other sensory 
information. The inferior parietal lobule inte-
grates diverse sensory information for processes 
such as perception, language, mathematical rea-
soning, and visuospatial cognition [10].

The occipital lobe has a more singular function, 
subserving vision. The primary visual cortex, 
located in the walls and depths of the calcarine fis-
sure on the medial brain surface, performs the ini-
tial stages of visual processing, including the 
awareness of visual stimulus. The surrounding 
higher-order visual areas are the visual association 
cortices, which perform visual stimuli analyses, 
such as the perception of shapes and colors [10].

The temporal lobe mediates a variety of sen-
sory processes as well as that of memory and 
emotions. The primary auditory cortex works 
with surrounding areas in the superior temporal 
gyrus as well as regions in the lateral and the 
superior temporal sulci, and the auditory associa-
tion cortex, for the perception and localization of 
sounds. Wernicke’s area, in the superior temporal 
gyrus and, in most people, in the left hemisphere 
(the side of dominance), is specialized for speech, 
and mediates spoken and written language com-
prehension. The primary olfactory cortex is 
located on the medial aspect of the temporal lobe, 
in the uncus, and connects directly to the limbic 
system. The middle temporal gyrus, particularly 
the portion close to the occipital lobe, is essential 
for the perception of visual motion, while the 
inferior temporal gyrus mediates the perception 
of visual form and color [10].

The insular cortex plays a role in the process-
ing and integration of taste, visceral and pain sen-
sation, and vestibular functions [10].

Note that the posterior association area is 
where visual, auditory, and somatosensory asso-
ciation areas meet, and the anterior association 
area includes the prefrontal cortex.

 Vasculature of the Brain and Vascular 
Disease
Brain function is critically dependent on an unin-
terrupted supply of oxygenated blood. The major 
vessels of the brain include the cortical branches 

of the anterior, middle, and posterior cerebral 
arteries (Fig.  17.13). The three major cerebral 
artery territories fit together like a “jigsaw puz-
zle”, as they supply the hemispheres. Areas of 
confluence between two territories are known as 
“watershed areas” and are particularly vulnerable 
to hypoperfusion.

The anterior cerebral arteries (ACA) supply 
most of the medial hemispheric surface, except 
for the occipital lobe. The ACA cortical branches 
supply the anterior two-thirds of the medial hemi-
spheres and convexity, and the penetrating 
branches supply the medial basal ganglia, corpus 
callous genu, and anterior limb of internal cap-
sule. The middle cerebral arteries (MCA) typi-
cally supply most of the lateral and superior 
surface of the brain, except for the convexity, infe-
rior temporal gyrus, and the anterior tip of the 
temporal lobe (although this may vary). Its pene-
trating branches, the medial lenticulostriate arter-
ies supply the medial basal ganglia, caudate 
nucleus, and internal capsule, while the lateral 
lenticulostriate arteries supply the lateral puta-
men, caudate nucleus, and external capsule. The 
posterior cerebral arteries (PCA) supply the 
occipital poles and most of the undersurface of the 
temporal lobe except for its tip, which is usually 
supplied by MCA.  Their penetrating branches 
supply the midbrain, thalami, posterior limb of 
the internal capsule and optic tract. The ventricu-
lar/choroidal branches supply the choroid plexus 
of the third/lateral ventricles, parts of the thalami, 
the posterior commissure, and the cerebral pedun-
cles. The splenial branches supply the posterior 
body and splenium of the corpus callosum [19].

It is advisable to recall the possibility of vas-
cular contribution to cognitive impairment when 
analyzing brain images in the context of neurode-
generation, as it implies a spectrum of age-related 
vascular pathologies, including not only stroke, 
but microinfarcts, microhemorrhages, leukoarai-
osis, and cerebral amyloid angiopathy [20]. The 
presence of comorbidities and coexisting dis-
eases, such as macro- and microvascular changes, 
must be taken into consideration, particularly 
when uncertain or atypical image patterns do not 
definitively fit to one of the known neurodegen-
erative diseases [21].
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Fig. 17.13 Vascular territories of the brain

 Molecular Imaging Radiotracers 
Approved for Clinical Use: Normal 
Physiology, Age Variants, Best 
Practices, and Artifacts

Normal Physiology
Knowledge of specific radiotracer biodistribution 
and normal variability is fundamental for the rec-
ognition of characteristic patterns of abnormalities 
and to perform adequate scan interpretation. 
Diagnostic accuracy can be improved with multi-
modality images, which combine SPECT and PET 
with CT or MRI, to better describe functional and 
spatial/structural information, and the addition of 
semiquantitative analyses may provide further 
benefit. However, these multimodal/multi-infor-
mational approaches can also introduce potential 
sources of interference and artifacts, which should 
be recognized to avoid potential misdiagnoses.

This section will describe the physiologic dis-
tribution of most of the readily available brain 
imaging radiopharmaceuticals, including perfu-
sion/metabolism, protein deposition (Amyloid 

and Tau) and nigrostriatal dopaminergic pathway 
integrity, as well as factors that can affect image 
quality and create potential artifacts.

 Metabolic and Perfusion Radiotracers 
Normal Physiologic Distribution
Current knowledge indicates that a variety of 
neurodegenerative disorders have global and 
focal effects on neuronal activity, which usually 
result in alterations of brain metabolism and per-
fusion. Glucose is the major source of energy for 
the brain, which does not have substantial storage 
capacity, and thus requires a continuous supply 
from plasma to maintain activity. Decreased neu-
ronal activity due to neurodegenerative processes 
can be detected directly or indirectly by either 
glucose metabolic and perfusion imaging, since 
regional neuronal activity and blood flow are 
tightly coupled with normal brain autoregulation. 
At present, metabolic tracers are widely available 
for PET, but only perfusion tracers are available 
for SPECT imaging. Perfusion SPECT can be 
applied in dementia workup and presents similar 
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pathologic findings as metabolic PET; however 
PET imaging is usually more accurate due to a 
combination of factors including a higher spatial 
resolution, sensitivity, improved attenuation cor-
rection, and nature of available tracers, as well as 
limitations to SPECT quantification.

The most widely used SPECT perfusion trac-
ers are 99mTc-labeled compounds ethyl- 
cysteine- dimer (ECD) and 
hexamethyl-propylene-amine-oxime (HMPAO). 
They possess very similar kinetic properties in 
normal brain tissue, but have differences in “in 
vitro” stability, uptake mechanisms, cerebral dis-
tributions, and dosimetry [22]. They are lipo-
philic compounds which penetrate an intact 
blood-brain barrier by simple diffusion and sub-
sequently remain in brain tissue due to conver-
sion into hydrophilic compounds [23].

In a normal cerebral perfusion SPECT scan 
(Image 17.1), there is up to a fourfold higher radio-
tracer uptake in cortical gray matter relative to white 
matter. Activity is also high in the subcortical gray 
matter, such as the basal ganglia, and is highest in 
the cerebellum. Typically, the activity is evenly dis-
tributed between the lobes of the brain with mostly 
left/right symmetry. There are differences in the 
perfusion patterns between 99mTc-HMPAO and 
99mTc-ECD, which is likely due to variation in the 
mechanisms responsible for their cerebral accumu-
lation [24]. Images with 99mTc-ECD seem to 
reflect metabolic activity more closely than those 
with 99mTc- HMPAO [24]. In the HMPAO-SPECT 
images, relatively high activity can be observed in 
the basal ganglia and cerebellum, while in ECD- 
SPECT images, high activity can be observed in the 
medial aspect of the occipital lobe [24]. Note that 
the variation in visual cortex activity may also be 
due to tracer uptake with open or closed eyes. When 
comparing the perfusion SPECT images to 
18F-fluorodeoxyglucose (FDG) PET images, the 
most prominent difference related to radiotracer 
distribution is the higher uptake in the cerebellum.

The PET radiotracer, FDG, is a glucose analog 
and hence the prime metabolic marker for neuro-
nal activity. Regional consumption of FDG 
reflects the demand of energy at rest and during 
brain activation. With respect to pathological pro-
cesses, FDG uptake reflexes glucose consump-
tion at the synapses. The tracer crosses the 

blood-brain barrier via the glucose transporter 
and is enzymatically altered in brain tissue by 
hexokinase-mediated phosphorylation, resulting 
in the substrate, FDG-6-phosphate, which cannot 
be further utilized for glycolic metabolism, and 
remains trapped in the cell. In addition, FDG 
brain uptake depends not only on neuronal activ-
ity, but also can reflect the consumption of glu-
cose by the astrocytes in support of neuronal 
function, transport mediated by the glucose trans-
porter 1 (GLUT1) across the blood-brain barrier, 
and possibly pathological inflammatory condi-
tions such as microglial activation [25]. 
Interestingly, when cortical projection neurons 
are affected by diseases such as stroke, epilepsy, 
and neurodegeneration, not only the primary 
lesion shows decreased FDG uptake, but also 
synapses in remote areas connected to the pri-
mary lesion can show decreased uptake [21].

In normal subjects, brain FDG uptake is usually 
symmetrical, but slight differences can be observed 
among different brain regions (Image 17.2). The 
most intense FDG uptake occurs in the primary 
visual cortex and posterior cingulate as well as the 
frontal eye fields. Uptake is usually higher in the 
frontal, parietal, and occipital areas than in tempo-
ral cortex. Metabolic activity is usually lower in 
medial temporal cortex, including hippocampal 
areas, than in neocortical regions [26]. The subcor-
tical putamen, caudate nucleus, and thalamus have 
relatively moderate uptake. With a lower preva-
lence, generally below 10%, slight asymmetries in 
FDG uptake can be observed in the Wernicke area, 
the frontal eye fields, and the angular gyrus [26]. 
The white matter is relatively photopenic.

 Normal Physiologic Distribution 
of Radiotracers for Protein Deposition 
(Amyloid and Tau)
Aberrant intracellular or extracellular deposition 
of self-aggregating misfolded proteins is a com-
mon finding in primary neurodegenerative disor-
ders. These abnormal proteinaceous deposits are 
characteristic disease features, which can provide 
information about the molecular pathogenesis of 
a neurodegenerative disorder. Over the past 
20  years, the amyloid cascade hypothesis has 
guided most research of Alzheimer’s disease 
(AD) suggesting that beta amyloid (Aβ) is the 
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Image 17.1 The normal distribution of a 99mTc-ECD perfusion SPECT in a healthy control is displayed in axial plane

initial trigger of the disease and precedes patho-
logical tau as well as symptom onset, by decades. 
However evidence indicates that tau deposition is 
more associated with neurodegeneration and 
cognitive decline [27].

The first PET tracer for imaging Aβ plaques 
was developed at the University of Pittsburg and 
was called 11C-Pittsburg Compound B (11C- 
PIB), but the short half-life of the C11 isotope pre-
sented limitations for widespread clinical use. 
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Image 17.2 The normal distribution of an 18F-FDG-PET in a healthy control is displayed in axial plane 

Subsequently, 18F-labeled tracers were devel-
oped and are now commercially available, with 
18F-florbetapir, 18F-flutemetamol, and 
18F-florbetaben approved for clinical imaging 

(Images 17.3, 17.4, and 17.5). It is important to 
remember that although these radiotracers share 
a common imaging target and present similar 
imaging characteristics, they differ in tracer 
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Image 17.3 The normal distribution of a negative 18F-florbetapir PET in a healthy control is displayed in the axial 
plane 

Image 17.4 The normal distribution of a negative 18F-flutemetamol in a healthy control is displayed in the axial plane 
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Image 17.5 The normal distribution of a negative 18F-florbetaben in a healthy control is displayed in axial plane

kinetics, specific binding ratios, and optimal 
imaging parameters, and have specific recom-
mendations for injected dose, time from injection 
to imaging, and scan duration [28].

Normal amyloid tracer biodistribution for a neg-
ative Amyloid-PET scan shows nonspecific white 
matter uptake and little or no binding in the gray 
matter, resulting in a very clear gray to white matter 
contrast. The uptake pattern resembles a blueprint 
of typical white matter anatomy, with numerous 
concave arboreal ramifications that do not reach 
the cortical ribbon. A clear, wide, irregular gap 
between the cerebral hemispheres is usually visi-
ble. The gray matter uptake intensity observed in 
the cerebellar cortex is less than that usually seen in 
the normal cerebral cortical regions due to closer 
proximity of white matter structures to the gray 
matter. Note that the amount of normal white mat-
ter uptake varies with the radiotracer used.

Research advances, particularly in the field of 
AD, have motivated investigations on the role of 
tau pathology in neurodegenerative disease. 
Several neurodegenerative diseases are character-
ized by tau aggregates, which can vary by disease 
in either morphological or ultrastructural confor-
mations. Accumulating evidence suggests a closer 

association between the density and neocortical 
spread of neurofibrillary tangles (NFTs) measured 
by Tau-PET with neurodegeneration and cognitive 
decline in AD in comparison to that of Amyloid-
PET [29, 30], despite the apparent presence of 
amyloid pathology prior to tau accumulation [31].

However, the development of Tau-PET tracers 
has been challenging, with limitations due to the 
intracellular target location, a relatively low target 
expression, and a high concentration of competing 
off-target binding sites [32]. Recently, the Tau-PET 
tracer, 18F-flortaucipir (previously known as 
AV-1451), with high affinity to paired helical fila-
ments and insoluble neurofibrillary tangles, was 
approved by the United States Food and Drug 
Administration (FDA) for clinical use [33]. The 
tracer retention pattern corresponds well with Braak 
staging of neurofibrillary tau pathology. However, 
18F-flortaucipir PET imaging faces challenges with 
off-target binding, especially in the basal ganglia, 
and has a higher affinity to “AD-like” tau aggre-
gates in comparison to other neurodegenerative 
tauopathies. Novel “second-generation” Tau-PET 
tracers have somewhat overcome these shortcom-
ings with respect to the known off-target binding 
sites, and in principle, may translate into a higher 
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Image 17.6 The normal distribution of 18F-flortaucipir 
in a healthy control (72 yo male Aβ−, MMSE 28) is dis-
played in axial plane. Images show no significant tracer 

uptake in cortical region with “off-target” binding in basal 
ganglia and thalamus, and in the choroid plexus

sensitivity for the detection of early secondary and 
primary tauopathies [34].

In cognitively normal young individuals, 
18F-flortaucipir PET shows little focal radiotracer 
retention besides the off-target binding in the 
brainstem, striatum, and retina [35] (Image 17.6). 
Second-generation tracers show significantly less 
off-target binding, as seen with 18F- PI- 2620 
(Image 17.7). Knowledge of radiotracer off-target 
binding is fundamental for an accurate interpreta-
tion of a Tau-PET scan (Image 17.8). Note that in 
elderly individuals with normal cognition, an age-
related increase in radiotracer retention following 
the anatomically specific patterns of neocortical 
susceptibility to tau deposition is expected [32].

 The Normal Physiologic Distribution 
of Tracers for Nigrostriatal Dopaminergic 
Pathway Integrity (18F-Fluorodopa PET 
and DAT-SPECT)
Dopaminergic function, presynaptic and postsyn-
aptic, can be assessed through molecular imag-
ing. However, in clinical practice, the most 
widely available tracers bind to presynaptic 

dopamine nerve terminals, with specific targets 
of dopamine synthesis, 18F-Fluorodopa PET 
(18F-DOPA-PET), as well as the dopamine trans-
porter, DAT-SPECT agents.

From a pathophysiological viewpoint, dopa-
minergic neurodegeneration as detected by 
18F-DOPA-PET tends to be less than that seen 
with DAT-SPECT. However, with regard to imag-
ing, both tracers can diagnose presynaptic dopa-
minergic deficits with excellent sensitivity and 
specificity, in early stages of Parkinson’s disease 
(PD) [36]. PET provides a higher spatial resolu-
tion than SPECT and is better for quantification, 
but SPECT is more affordable and more readily 
available in clinical practice. DAT-SPECT with 
123I–ioflupane (DaT scan) is mainly used in 
Europe and the US, while Asia and South 
America primarily use the 99mTc-labeled tro-
pane derivative (99mTc-TRODAT-1) for SPECT 
imaging. These tracers provide a measure of neu-
ronal integrity by binding to sites on the presyn-
aptic dopamine neuron, with highest density in 
the striatum.
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Image 17.7 The normal distribution of 18F-PI2620 in a 
healthy control (74 yo male Aβ−, MMSE 30) is displayed 
in axial plane. The images show no significant tracer 
uptake in cortical region and “off-target” binding in sub-

stantia nigra and choroid plexus. (Image courtesy of Prof 
Villemagne and Rowe, University of Melbourne, 
Australia)

Image 17.8 Areas of frequent 18F-flortaucipir off-target 
binding. (This image is a derivate from Sonni I, Lesman 
Segev OH, Baker SL, et al. Evaluation of a visual interpre-
tation method for tau-PET with 18F-flortaucipir. 

Alzheimers Dement (Amst). 2020;12(1):e12133. Published 
2020 Nov 28. doi:10.1002/dad2.12133, with permission 
from: John Wiley & Sons, Inc)
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In normal subjects, the striatal uptake is homo-
geneous and symmetrical, although a mild asym-
metry may be present in normal controls. The 
normal striata are comma-shaped structures, with 
symmetric well-delineated borders (Image 17.9).

With 18F-DOPA-PET the local maximum 
striatal uptake is normally in the putamen, while 
in DAT-SPECT, uptake appears more evenly dis-
tributed (Images 17.10, 17.11, and 17.12). 
Despite the higher spatial resolution with PET, 
extrastriatal uptake due to monoaminergic inner-

vation is low and usually undetectable. In cases 
where nigrostriatal degeneration is present, cate-
cholaminergic (locus coeruleus) and dopaminer-
gic (substantia nigra) nuclei may become more 
visible, exhibiting a kind of a “Mickey Mouse” 
shape in the midbrain, due to a global reduction 
of striatal uptake [37].

 Aging Effects on Imaging
Normal aging is associated with brain weight 
reduction, cortical atrophy, and altered white mat-

Image 17.9 Normal striatum in the axial plane is demonstrated in MRI (left), 18F-DOPA-PET (middle), and 
123I-DAT-SPECT (right)

Image 17.10 The normal distribution of 123I–ioflupane SPECT is displayed in axial plane
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Image 17.12 The normal distribution of 18F-FDOPA-PET is displayed in axial plane

Image 17.11 The normal distribution of 99mTc-TRODAT-1 SPECT is displayed in axial plane

ter, as well as molecular and functional changes. 
Knowledge of the expected normal aging variabil-
ity is essential for adequate study interpretation.

Tracers for Metabolism and Perfusion
Generally, the aging process is characterized by a 
progressive loss of brain volume, as indicated by 
prominent sulci and fissures, and is accompanied 
by varying degrees of hypoperfusion/hypometab-
olism in cortical and subcortical gray matter. 
Decreased cerebral glucose metabolism has been 
predominately reported in the frontal, cingulate, 

and temporal lobes with normal aging [38]. Age- 
related glucose hypometabolism seems to pre-
dominate in the medial frontal regions with brain 
atrophy in the lateral frontal and parietal regions, 
and parallel changes of both volume and glucose 
metabolism in the anterior cingulate gyrus [38] 
(Image 17.13). Imaging of cortical glucose 
metabolism is particularly altered when cortical 
thickness is further decreased. A common inter-
pretation error occurs in the superior aspects of 
the parietal cortex, which can appear to have 
diminished intensity in older patients, leading to a 
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Image 17.13 The 18F-FDG transaxial images reveal the 
evident sulcal widening within each hemisphere in aging 
cortical atrophy. Generalized atrophy can be assessed at 
the level of the lateral ventricles by examining the inter-
hemispheric fissure, and at the level of the third ventricle 

by examining the separation between the left and right 
sides of the thalamus, differently from young healthy sub-
jects, where left and right cerebral hemispheres, as well as 
left and right thalami, are in close apposition to each other

description of biparietal hypometabolism (Images 
17.14 and 17.15). These changes, if not carefully 
analyzed, can be a confounding factor in the dis-
tinction between a normal case and one with sub-
tle disease, particularly in cases of equivocal 
cognitive impairment [26]. In fact, if carefully 
analyzed, isolated superior biparietal hypometab-
olism should not be interpreted as Alzheimer’s 
disease, which characteristically affects the infe-
rior parietal cortex prior to the more superior por-
tion of the cortex. This pattern of superior 
biparietal hypometabolism occurs when atrophy-
driven sulcal widening affects the external face of 
the cortical ribbon. The resultant partial volume 
effect can be readily confirmed by examining the 
corresponding sagittal views. The metabolism of 
the cerebellum also tends to increase with normal 
aging, which can be appreciated visually, not only 
as a relative intensity caused by global hypome-
tabolism of the cortex, but also reflects an actual 

increased rate of glucose utilization by the cere-
bellum in absolute terms in elderly subjects [39].

Tracers of Protein Deposition
In amyloid imaging, an atrophied brain may lead 
to false-positive results due to an overestimation of 
radiotracer uptake in the thinned cortex, which can 
be based on the spillover activity from the white 
matter uptake (Image 17.16). However, in cases of 
severe atrophy, false-negative results due to an 
inability to differentiate the thin ribbon of amy-
loid-positive cortex from the adjacent white matter 
uptake can also occur, which can erroneously 
resemble the typical appearance of nonspecific 
white matter uptake in a healthy control subject 
[6]. The uncertainty related to the location or edge 
of the gray matter on the  amyloid- PET scan can be 
decreased with co-registration to CT or MRI.

In Tau-PET imaging, age-related increased 
radiotracer retention in the midbrain, caudate, 
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Image 17.14 18F-FDG-PET images in axial view demonstrating relatively low uptake in the superior part of parietal 
lobe due to sulcal widening caused by atrophy leading to partial volume effect

Image 17.15 CT, PET, 
and PET/CT 
co-registered images of 
the patient on Image 
7.14. Note the more 
prominent cortical 
atrophy in the superior 
aspects of the parietal 
cortex leading to an 
impression of 
hypometabolism, which 
can be readily confirmed 
by examining the 
corresponding sagittal 
views. Mildly decreased 
FDG uptake of isolated 
superior parietal lobes is 
less likely to represent 
Alzheimer’s disease 
which characteristically 
affects inferior parietal 
cortex before involving 
more superior portion of 
the neocortex
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Image 17.16 18F-florbetapir transaxial images in an 
elderly patient with significant cortical atrophy, particu-
larly in the left temporal cortex. Cortical atrophy may lead 
to misinterpreting the amyloid-PET images as false posi-

tive due to difficulty in gray–white matter differentiation. 
Review of the anatomical images is mandatory to prevent 
such pitfall

putamen, pallidum, and thalamus, which follows 
anatomically specific patterns of neocortical sus-
ceptibility to tau deposition, can be observed in 
elderly individuals with normal cognition [32]. 
Tau pathology is almost universally present in 
aging and may appear first in temporal lobe allo-
cortex/medial temporal lobe (MTL). The pathol-
ogy remains mostly confined to these regions 
with moderate spread into the neocortical tempo-

ral lobe, and minor infiltration into other neocor-
tical areas such as the ventral frontal cortex [35]. 
The spread of tau outside of the MTL, to the lat-
eral and inferior temporal, and other neocortical 
regions has been associated with increased Aβ 
pathology, which suggests that Aβ aggregation 
may play a facilitating role in the AD pathologi-
cal cascade [35] (Image 17.17).
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Image 17.17 Tau deposition in young healthy adults, 
normal aging adults, and AD patients. Surface projections 
and coronal slices are presented for young healthy adults 
(YA), older adults (OA) split into PiB- and PiB+ sub-
groups for illustration, and AD patients. Differences 
between cognitively healthy participants and young con-
trols were primarily localized in inferior and lateral tem-

poral subregions, while patient vs. young control 
differences extended into other temporal as well as pari-
etal and frontal cortical regions. (Reprinted with permis-
sion from [Elsevier]: [Neuron] (Schöll, Michael et  al. 
“PET Imaging of Tau Deposition in the Aging Human 
Brain.” Neuron vol. 89,5 (2016): 971–982. doi:10.1016/j.
neuron.2016.01.028))

Tracers of Nigrostriatal Dopaminergic 
Pathway Integrity
Age-related central atrophy may also alter the 
tracer binding, location, or appearance of the 
striatal structures. In fact, multicenter initiatives 
have demonstrated that normal aging is associ-
ated with a dopaminergic tracer signal reduction 
of about 5.5–6% per decade [40, 41] (Image 
17.18). Normal 18F-DOPA striatal uptake seems 
less dependent on age than that seen with the 
DAT-SPECT tracers. Special attention should be 
taken particularly when performing semiquanti-
tative analyses, as there is no universal age- 
dependent cutoff for determining normal versus 
abnormal. Ideally, each institution should estab-
lish their own reference values using a healthy 
control group or, when not feasible, have the pro-
cedure calibrated to a normal subject database 
[37]. Correlation with CT and MRI may be of 
fundamental importance to better delineate struc-
tural atrophy and identify anatomic lesions.

 Best Practices and Factors That Affect 
Image Appearance

With brain imaging, it is important to remember 
that, in addition to adequate study acquisition and 

processing, the correct image interpretation 
depends on adequate patient preparation. In gen-
eral, one should avoid any factors which may 
interfere with normal radiopharmaceutical distri-
bution. Such important aspects include the with-
holding of potentially interfering medications 
and adequate control of environmental variables. 
For example, FDG-PET and perfusion SPECT 
require a resting condition before the injection 
and during the tracer uptake phase, as specific 
stimulation can generate brain activation, in spe-
cific regions as well as in remote cortical and sub-
cortical areas. In addition, hyperglycemia can 
reduce whole brain FDG uptake (Image 17.19), 
with some evidence suggesting a more prominent 
reduction in the posterior parieto-occipital 
 cortices, which may affect study accuracy when 
evaluating patients suspected of AD [42]. With 
dopaminergic tracers, a significant pitfall is the 
need for the pre-administration of carbidopa to 
block the peripheral uptake of 18F-DOPA and to 
improve tracer availability in the striatum. There 
is also a significant list of medications and drugs, 
which can interfere with DAT uptake (Image 
17.20).

Of note, patients with neurologic deficits may 
require special care or even sedation, which 
should be performed with caution to avoid inter-
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Image 17.18 Representative 123I-FP-CIT DAT-SPECT 
images of healthy controls of different ages, which show 
age-related decline in striatal uptake, with the average 
decline of approximately 5.5% per decade. (Reprinted by 
permission from Springer Nature: European Journal of 
Nuclear Medicine: (European multicentre database of 

healthy controls for [123I] FP-CIT SPECT (ENC-DAT): 
age-related effects, gender differences and evaluation of 
different methods of analysis, Andrea Varrone et  al), 
(2013) Eur J Nucl Med Mol Imaging. 2013 Jan;40(2):213–
27. doi: 10.1007/s00259-012-2276-8. Epub 2012 Nov 16. 
PMID: 23160999)

ference with normal radiotracer distribution. For 
further information, it is advisable to check brain 
imaging guidelines of the major international 
societies of nuclear medicine, namely the Society 
of Nuclear Medicine and Molecular Imaging 
(SNMMI) and the European Association of 
Nuclear Medicine (EANM), for more details 
regarding patient preparation, precautions, image 
acquisition, dosimetry, and image processing 
[22, 25, 28, 37, 43].

 Technical Artifacts

An important first step for reading an imaging 
study is to assess the technical quality 
(Table 17.3). In brain imaging the most common 
artifacts are related to motion. Notably in elderly 
patients with cognitive disorders, motion may 

occur for a variety of reasons, particularly due to 
a lack of attention or from concomitant move-
ment disorders. Motion-related artifacts may 
cause blurred activity over brain structures and 
inaccuracies in quantification. Misregistration 
between the functional and anatomical images 
can lead to inaccurate attenuation correction and 
generate false areas of increased or decreased 
activity. These circumstances can potentially 
result in misdiagnoses (Images 17.21 and 17.22). 
Fortunately, recent advances in artificial intelli-
gence (AI) algorithms have promise to minimize 
motion-related artifacts by decreasing the image 
acquisition times as well as correcting for motion.

Another important issue for brain imaging is 
correct patient positioning, as a change in head 
orientation can make the proper identification 
of anatomical structures challenging, as well as 
in the evaluation of symmetry. This is particu-
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Image 17.20 A 64-year-old man with tremors had the 
initial Dopamine transporter single-photon emission com-
puterized tomography (SPECT) imaging (DaTscan) 
showing abnormally patchy striatal tracer distribution (top 
row). The patient was not instructed to stop methylpheni-
date before the examination. A repeat DaTscan, 25 days 
later with drug discontinuation, showed normal striatal 

features (bottom row). (Reprinted by permission from 
[Elsevier]: [Mayo Clinic Proceedings] [False-Positive 
DaTscan Features With Methylphenidate and Phentermine 
Therapy, Kenneth N. Huynh, Ba D. Nguyen, November 
2018, © 2018 Mayo Foundation for Medical Education 
and Research DOI: https://doi.org/10.1016/j.
mayocp.2018.09.012)

Image 17.19 Hyperglycemia reduces 18F-FDG uptake and degrades image quality as shown in axial views. Note the 
generalized decreased uptake in bilateral cerebral cortices and poor visualization of sulci and gyri
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Table 17.3 Common technical artifacts

Related to Findings
Motion Blurred activity/inaccuracies in 

quantification
Function/anatomy 
image 
misregistration

Incorrect attenuation correction 
with areas of increased or 
diminished activity due to over/
under correction

Misalignment in 
patient positioning

Difficulty in identification of 
anatomic structures and 
evaluation of symmetry

Processing Inadequate filtering can degrade 
image resolution

Scaling False impression of global 
reduced uptake when structures 
with higher activity are included 
in the processing field

Image 17.21 18F-FDG axial plane showing blurred images due to head movement during PET imaging acquisition

Image 17.22 Axial views of 18F-FDG-PET showing hypometabolism in right frontal and temporal lobes due to incor-
rect attenuation correction artifact caused by patient head motion between the acquisition of CT and PET images

larly important when analyzing DAT-SPECT 
and 18F-DOPA-PET, as positioning artifacts 
can lead to misinterpretation of the results, 
which may suggest striatal denervation (Image 
17.23). For quality assurance, the inspection of 
brain symmetry can be done on the transaxial 
view with respect to in-plane rotation, which 
can confirm that the structures are symmetric in 
appearance. If the visual inspection reveals 
asymmetric placement, image reorientation can 
generally be performed, since most facilities 
obtain brain images by three-dimensional (3D) 
acquisition. In patients with limited neck mobil-
ity, the image resolution may be suboptimal 
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Image 17.23 123I-Ioflupane images. The axial images show asymmetry of the caudate and putamen due to effect of 
non-ideal head positioning, which may lead to a false-positive scan interpretation

when the head is not centered in the scanner 
field of view [44].

Correct image processing is also fundamental 
for optimal image quality. Additional consider-
ations with respect to technical quality include 
smoothing, which should be applied to reduce 
noise without degrading the image resolution.

Scaling artifacts may occur if structures out-
side the brain with high tracer uptake are included 
within the processing field. This can lead to a 
false reduction in global uptake, as demonstrated 
by the inclusion of the salivary glands on DAT- 
SPECT (Image 17.24). When inspecting images, 
in addition to errors from the above-mentioned 
sources, attenuation correction errors should also 
be suspected when deeper structures in the brain 
appear washed out, indicating a greater degree of 
photon attenuation before reaching the scanner 
detectors.

Automated voxel-based statistical analysis 
software has been proven to reduce interob-

server variation, can be used for the training of 
novice readers, and can improve the accuracy 
of study interpretation [45]. In addition, such 
software can be used to investigate the relation-
ship between metabolic changes and abnormal 
protein deposition, as well as the anatomical 
basis for such alterations, and includes the abil-
ity to compare an individual patient to a normal 
control database. Two-dimensional and three-
dimensional semiquantitative methods have 
also been utilized as an adjunct to visual assess-
ment of striatal binding in the analysis of 
nigrostriatal dopaminergic pathway integrity, 
with intra- and inter-operator variabilities 
dependent on the degree of operator interven-
tion. When utilizing these methods, one should 
consider the possibility of errors and artifacts, 
such that the findings should always be con-
firmed by a visual read of the images (Images 
17.25 and 17.26).
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Image 17.24 Scaling artifact in 99mTc- TRODAT-1 
SPECT images. The first image row shows diffuse striatal 
uptake reduction due to scaling artifact related to the 
inclusion of the salivary glands in the processing field. 

The second and third image rows show normal striatal 
uptake after image reprocessing in axial and coronal 
planes, respectively

Image 17.25 Artifact caused by semiquantitative software 
processing. The axial images visually show a clearly abnor-
mal scan. However, the striatum is not fully scanned with 
some small parts of the ventral striatum missing, which is a 
common problem in routine practice in older patients. 

Consequently, the VOIs cannot be placed adequately, and in 
fact are placed partly outside the brain, which induces artifi-
cially high uptake ratios (reconstruction and quantification 
within BRASS). (Image courtesy from Dr. J.  Booij, 
Academic Medical Center, University of Amsterdam)
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Image 17.26 Another example of artifact caused by 
semiquantitative software processing using semiquantita-
tive (3D-SSP) technique. In this case, the voxel semiquan-

titative analysis artifacts due to significant cortical atrophy 
are observed, particularly in medial frontal lobes

 Image Interpretation and Reporting

Image interpretation should begin with a global 
appreciation of the images. In fact, brain images 
are better analyzed on a computer screen, rather 
than on printed image files, because intensity 
thresholds can be adjusted and pixel displays 
optimized. A display view with multiple slices 
provides a good general overview of the whole 
brain radiotracer distribution, despite the neces-
sity of scrolling through the images.

Caution should be used in the selection of 
contrast levels and with background subtraction, 
as artifacts can be created by inappropriate 
thresholding. Usually, analysis of brain molecu-
lar images is performed using color and black- 
white linear scales, although certain 18F-labeled 
amyloid tracers require interpretation using a 

specific color scale, according to manufacturer’s 
guidelines (Images 17.3, 17.4, and 17.5). In gen-
eral, a gray scale is good for identifying hot areas, 
while the color scale is better for identifying 
areas of reduced activity. A continuous color 
scale is important to create the maximal diagnos-
tic advantage by spreading the gradations over 
the entire scale. In fact, noncontinuous color 
scales may be confusing or misleading if abrupt 
color changes occur.

An adjunct analysis of molecular images with 
structural images, such as CT or MR, is benefi-
cial, if not fundamental. Areas of missing or 
deformed tissue may indicate cerebrovascular 
insults (Image 17.27), posttraumatic, postsurgi-
cal, or other disease-related changes. The relative 
expansion of white matter and/or ventricular 
spaces may represent hydrocephalus (Image 
17.28), while asymmetries can be secondary to 
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Image 17.27 18F-FDG in cerebrovascular insult. Hypometabolism in area of brain gliosis due to vascular insult is 
shown in the right parietal lobe

Image 17.28 Hydrocephalus. The 18F-FDG-PET image 
demonstrates generalized thinning of bilateral cerebral 
cortices, which is corresponding to the marked dilatation 
of the ventricular system on the CT images. The cortical 

uptake is usually preserved, except in the vicinity of the 
ventricles, most likely from partial volume effect. The 
higher FDG uptake at the high convexity, including the 
central region can also be seen

mass effects or tumors. As previously mentioned, 
atrophy can be a pitfall for imaging  interpretation, 
particularly in severe cases, where anatomical 

verification is necessary for the correct delinea-
tion between gray and white matter, as well as for 
the identification of areas of reduced uptake due 
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to partial volume effects. Ideally molecular imag-
ing and anatomical diagnostic studies should be 
acquired simultaneously, but nondiagnostic ana-
tomical studies can be co- registered with diag-
nostic CT or MR through commercial software. 
Visual side by side correlation has important 
limitations particularly when assessing small 
abnormalities or structures.

The accurate interpretation of brain images is 
not as simple as the identification of a hot or cold 
spot, such as in cancer diagnosis, in that it may 
require the evaluation of uptake in a particular 
structure relative to other brain regions. It can be 
difficult to determine which imaging findings are 
significant, and ultimately, an understanding of 
the normal range for a particular image will lead 
to better recognition of abnormalities or patterns 
of abnormalities for a final or differential diagno-
sis. In this manner, semiquantitative or automated 
voxel-based statistical algorithms, in addition to 
axial, sagittal, and coronal views, can provide 
standardized, objective, and quantitative valida-
tion of observed changes in neurodegenerative 
disorders. With automated voxel-based statistical 
analysis, a large amount of information is con-
densed into a few hemispheric surface maps on 
which the regional statistical deviation from the 
age-matched “normal” database can be overlaid 
[1]. The surface rendered displays of the study 
data and the deviation from the normal range 
allow a sampling of the brain volume, without the 
extensive neuroanatomic expertise needed for the 
quantification process itself.

 FDG-PET and Perfusion SPECT Image 
Interpretation

The most common indications for FDG-PET and 
perfusion SPECT in neurodegenerative diseases 
are for the differential diagnosis of dementing 
disorders and relatively early stages of neurode-
generation, particularly when an MRI and CT are 
negative for structural causes [21]. An accurate 
interpretation of these studies requires recogni-
tion of typical metabolic patterns caused by dif-
ferent types of dementia (Table 17.4). In addition 
to recognizing the patterns of decreased metabo-

lism or perfusion found with a particular type of 
neurodegenerative disease, to avoid a misdiagno-
sis, it is also important to recognize and identify 
the areas or structures, which are typically spared. 
Whenever a pattern is atypical or associated with 
other nonexpected abnormalities, the possibility 
of an alternative etiology or an association with 
other pathologies should always be considered 
and will increase the uncertainty of the diagnosis. 
The presence of comorbidities such as cerebro-
vascular disease or mixed Alzheimer’s disease 
and dementia with Lewy bodies (DLB) may con-
found the interpretation of a brain imaging study. 
In addition to mixed or overlapping pathologic 
conditions, dementia syndromes may also exhibit 
atypical manifestations [46]. It is particularly 
important to remember that in later stages of neu-
rodegenerative disorders, altered metabolism/
perfusion becomes more widespread, and over-
lapping disorders may converge, in part due to 
the complex interconnectivity of the neuronal 
regions involved. Presently, there is no clinical 
indication for repeat FDG-PET scans to monitor 
disease progression or to evaluate treatment 
response in dementia patients, but in cases of 
equivocal and/or nondiagnostic imaging findings 
at early disease stages, further evaluation in 
6–12 months may be helpful in patients with pro-
gressive cognitive decline [46]. Additionally, 
atypical FDG-PET findings can be further evalu-
ated with the use of disease-specific imaging or 
fluid biomarkers for a more precise assessment of 
the causal pathologic processes in dementing 
disorders.

In imaging analysis, a visual interpretation is 
a vital component. When assessing global corti-
cal metabolism or perfusion, it is critically 
important to use internal reference structures to 
identify relative abnormalities, which can be 
challenging for physicians who are not familiar 
with brain PET or SPECT images. In this man-
ner, computer- assisted analysis can improve the 
learning curve of novice readers, as discussed in 
Chap. 13. Although several software packages 
for semiquantitative analysis of brain images are 
available (SPM, Mimvista, Cortex ID, PMOD, 
etc.) most of the following case examples were 
processed using the freely available software 
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Table 17.4 FDG-PET and disease-related imaging findings

Disease Image findings
Alzheimer’s disease Decreased uptake in the posterior cingulate gyri, precuneus, posterior temporal and parietal 

association cortices, and may involve the frontal/prefrontal association cortices in severe 
cases
Sparing of the sensorimotor cortex and relatively preserved metabolism in the visual and 
anterior cingulate cortices, basal ganglia, thalamus, and posterior fossa

Dementia with Lewy 
body

Decreased uptake in the temporoparietal and occipital lobe involving the associative and 
primary visual cortex
Relatively preserved uptake in the posterior cingulate cortex (cingulate island sign)

Behavioral- variant 
FTD (bvFTD)

Decreased uptake in the frontal and anterior temporal lobes, and often involves caudate 
nucleus

Semantic-variant 
PPA (svPPA) or 
semantic dementia 
(SD)

Asymmetric decreased uptake in anterior temporal lobe, with the left temporal lobe often 
more severely affected than the right
Decreased uptake may involve the inferior frontal lobe

Nonfluent 
(agrammatic)-variant 
PPA (nfvPPA)

Decreased uptake predominantly in the left lateral posterior frontal cortex, superior medial 
frontal cortex, and insula

Logopenic- variant 
PPA (lvPPA)

Decreased uptake in the lateral temporal cortex and inferior parietal lobule, often more 
severe in the left hemisphere
The right parietotemporal cortices can be spared, in contrast to typical AD

Progressive 
supranuclear palsy 
(PSP)

Focally decreased uptake in the midbrain, as well as more diffuse decrease in the medial 
frontal and anterior cingulate cortices. Decreased uptake in the caudate and thalamus

Corticobasal 
degeneration (CBD)

Asymmetric decreased uptake in the frontoparietal regions without sparing of the 
sensorimotor cortex, basal ganglia, and thalamus
Often asymmetric relative to the clinical symptoms

Multiple system 
atrophy

Decreased uptake in the striatum, frontal, prefrontal, and temporal cortices, brainstem and 
cerebellum, with more pronounced in the putamen and lenticular nuclei in Parkinsonian type 
(MSA-P), and more pronounced in brainstem and cerebellum in cerebellar type (MSA-C)

Vascular dementia 
(VAD)

Decreased uptake in the brain cortices with focal cortical pattern related to the affected 
vascular territory, and often involve deep gray nuclei, cerebellum, primary cortexes, middle 
temporal gyrus, and anterior cingulate cortex

[21, 46, 64–66]

3D-SSP to improve diagnostic accuracy. This 
semi-quantitative statistical mapping technique 
using a normal database for brain PET was 
developed in 1995[47]. Similar approaches are 
now available on clinical commercial 
workstations.

In the following sections, we will describe the 
structured process to identify abnormalities on an 
FDG-PET scan, which is also applicable to perfu-
sion SPECT.  NEUROSTAT/3D-SSP processing 
has been applied to improve diagnostic accuracy.

 Example Case 1

A 64-year-old male patient, hypertensive, with 
progressive cognitive decline over 3 years, behav-

ioral changes, and a positive family history for 
dementia. Investigation of AD × FTD. CDR: 2.

The FDG-PET images in the axial plane are 
shown (Images 17.29 and 17.30).

 Visual Interpretation
A display of the transaxial images permits an ini-
tial global analysis of the brain, allowing an 
appreciation of the metabolic activity in specific 
regions relative to the other brain structures. One 
should remember when evaluating neurodegen-
erative diseases that it is important to identify 
spatial patterns of altered metabolism, as well as 
the degree of such alterations, i.e., mild, moder-
ate, or severe.

In this patient, one can observe signs of corti-
cal atrophy with a widening of the fissures, nota-
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Image 17.29 18F-FDG transaxial views black and white

Image 17.30 18F- 
FDG transaxial views 
color scale

bly the interhemispheric and peri-sylvian. Normal 
metabolic activity can be appreciated in the sub-
cortical structures, including the putamen and 
caudate nucleus, and thalamus bilaterally (Image 
17.31). The sensorimotor cortex appears to have a 
more intense and conspicuous uptake relative to 

the parietal and the frontal cortices. However, 
with careful analysis, one can appreciate that the 
sensorimotor cortex has slightly reduced meta-
bolic activity relative to the striatum, which is a 
normal finding. The sensorimotor cortex appears 
to have increased uptake compared to the parietal 
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and frontal cortices because the activity in that 
region is preserved in contrast to the metabolic 
reduction of the adjacent parietal and frontal asso-
ciation cortices (Image 17.32). Please note that 
this patient was imaged with relatively high 
“nose-up” head position, and the primary senso-
rimotor cortex appears to be located more posteri-
orly than those seen in a usual head position.

Visually one can appreciate that the reduction 
in uptake of the parietal cortex is more pro-
nounced than in the frontal cortex, with a slight 

asymmetry of the involvement in the frontal 
lobes, where the left side is slightly more affected 
than the right (Image 17.33).

In this patient, hypometabolism can be also 
observed in the posterior cingulate and precu-
neus, which can be better appreciated in the sag-
ittal view (Image 17.34). One should remember 
that in normal individuals, the posterior cingulate 
is a region with very high baseline metabolic 
activity compared to other brain regions. In the 
workup of dementia patients, this region should 
be carefully evaluated, in particular the posterior 
cingulate, due to its early involvement in AD 
pathology [48].

The images also indicate a slightly higher 
metabolic activity in visual cortex relative to 
the occipital association cortex, which is a nor-
mal finding when the tracer injection and uptake 
occur with the patient’s eyes open in a dimly lit 
room. The occipital lobes do not exhibit hypo-
metabolism; however, a reduction is seen bilat-
erally in the temporal cortex when compared 
with the occipital cortex (Image 17.35). A good 
way to identify metabolic or perfusion abnor-
malities in the temporal lobe is to look for 
activity in the transitional region between the 
occipital and the temporal lobes, which should 
be unremarkable in a normal scan. A marked 
difference in uptake as observed in this patient, 
with decreased uptake in the temporal lobe 
compared to the occipital lobe, should be inter-
preted as a reduction in temporal lobe metabo-
lism. In order to avoid misinterpretation, one Image 17.31 Normal uptake in striatum and thalamus

Image 17.32 Normal sensorimotor cortex uptake, with severe reduction in parietal uptake. Frontal lobes uptake 
reduction is less intense than in parietal lobes
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Image 17.34 Reduced uptake in posterior cingulate and precuneus

Image 17.35 Slightly 
higher uptake in visual 
cortex relative to the 
occipital association 
cortex and reduced 
uptake in temporal lobes

Image 17.33 Uptake 
reduction in the parietal 
cortex more pronounced 
than in frontal cortex

should note that, under normal conditions, 
activity is slightly lower in the medial temporal 
cortex, including in the hippocampal areas than 
in the lateral temporal areas.

In this patient, the metabolic activity in the 
cerebellum is preserved, as well as in the previ-
ously noted sensorimotor cortices and striata 
(Image 17.36). It is worth emphasizing that, 
when analyzing brain images, a diagnosis of spe-
cific neurodegenerative disease pattern not only 
includes the identification of spatial patterns for 
altered metabolism, but also involves the recog-
nition of certain regions, not affected by the 
pathology, which are relatively spared.

Semi-quantitative Analysis
Voxel-based analytical approach based on freely 
available software (3D-SSP) (Image 17.37).

The top row shows the metabolic activity pro-
vided by a surface rendered map of the brain 
image, while the second row provides a surface 
rendered statistical “z-score” map of the regional 
deviation compared to the “normal” database, 
which has been superimposed on to a template 
MRI.  Usually, when analyzing a z-score map, 
regions of blue/green or higher on the color scale 
(Z-score >1.5) should be regarded as likely 
abnormal, but the distribution as well as the 
severity of the hypometabolism should be used 
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for the diagnosis [47]. The patient’s semiquanti-
tative analysis shows severe hypometabolism in 
the posterior cingulate gyri, precuneus, posterior 
temporal and parietal lobes (colored red), with 
moderate to severe hypometabolism in the frontal 
lobes (colored in yellow/red), and slightly worse 
on the left side.

 Impression
This case illustrates AD (early-onset) with 
hypometabolism involving the posterior cin-
gulate gyri, precuneus, and posterior temporal 
and parietal association cortices, and extend-
ing to the frontal/prefrontal association corti-
ces as well. A key image finding, which 
indicates the diagnosis of AD and not FTD in 
this patient, and in nearly all cases of advanced 
AD, is that the posterior cingulate gyrus is 
preferentially involved (see greater hypome-
tabolism in the 3D-SSP z-score map), with a 
pattern of more severe posterior temporopari-
etal lobe hypometabolism when compared to 

the frontal lobes. Another key feature for the 
diagnosis of AD is the sparing of the senso-
rimotor cortex, which appears more conspicu-
ous when contrasted with the adjacent 
hypometabolism, as well as relatively pre-
served metabolism in the visual and anterior 
cingulate cortices, basal ganglia, thalamus, 
and posterior fossa [46].

Early-onset Alzheimer’s disease (EOAD), 
which affects patients under the age of 65 years, 
usually represents a challenge for diagnosis. It is 
frequently associated with an atypical clinical 
presentation, and usually has a more rapid pro-
gression, more generalized cognitive deficits, and 
is accompanied by greater cortical atrophy and 
hypometabolism compared to late-onset patients 
(LOAD) of a similar disease stage [49]. For a 
similar clinical severity, literature involving 
FDG-PET has indicated the presence of more 
extensive and severe hypometabolism in EOAD 
compared with LOAD, which is preferentially 
located in the posterior areas, particularly in the 

Image 17.36 Normal cerebellar uptake

Image 17.37 Semiquantitative analysis: 3D-SSP. Top row: Surface rendered data. Bottom row: rendered z-score
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parietal and temporal lobes. In addition, there are 
greater abnormalities in the frontal lobe and the 
subcortical structures such as basal ganglia and 
thalamus. As the disease progresses, the pattern 
of involvement in brain regions becomes rela-
tively uniform over time [49].

 Amyloid-PET Interpretation

The use of Amyloid-PET is usually indicated: 
(1) when a patient has objectively confirmed 
cognitive impairment of uncertain cause after a 
comprehensive evaluation by a dementia expert, 
where the differential diagnosis includes AD 
dementia, and (2) when knowledge of the pres-
ence or absence of Aβ pathology is expected to 
increase diagnostic certainty or alter patient 
management [28]. In most cases, the patients 
are likely to have persistent or progressive unex-
plained MCI, a core clinical criteria for possible 
AD with an unclear clinical presentation (either 
an atypical clinical course or an etiologically 
mixed presentation), or the patient has progres-
sive dementia, but with atypical early age of 
onset (usually <65  years) [28]. Note that, in 
accordance with the appropriate use criteria for 
Amyloid-PET, which was developed by a Task 
Force from the SNMMI and the Alzheimer’s 
Association, Amyloid-PET is not recom-
mended: (1) for patients with core clinical crite-
ria for probable Alzheimer’s disease and a 
typical age of onset; (2) to determine dementia 
severity, based on an isolated positive family 
history of dementia or the presence of the 
APOE-4 genotype; (3) in patients with a cogni-
tive complaint unconfirmed by clinical exami-
nation; (4) in lieu of genotyping for suspected 
autosomal mutation carriers; and (5) in asymp-
tomatic individuals or for  nonmedical usage 
(e.g., legal interest, insurance coverage, or 
employment screening) [50].

When interpreting an Amyloid-PET, physi-
cians should be aware of the prevalence of amy-
loid positivity in normal older individuals, which 
may not be related or relevant to the presenting 
symptoms. The estimates for age-specific posi-

tivity rates in population studies are around <5% 
between 50 and 60 years old, 10% in 60–70, 25% 
in 70–80, and >50% in 80–90 years [50]. Another 
caveat is that a positive amyloid scan can occur 
with pathologies other than AD. For example, 
amyloid is found in 50–70% of patients with 
DLB, but not in patients with frontotemporal 
dementia (FTD) [51]. Indeed, amyloid pathology 
can coexist with other diseases. Notably, a vari-
able degree of AD pathology can be found in 
patients with vascular dementia. In this manner, 
the appropriateness of Amyloid-PET requires 
knowledge of all relevant findings, which include 
a clinical evaluation, laboratory tests, and imag-
ing findings to weight the relevance of each com-
ponent [50].

An amyloid-PET interpretation and report 
comprises a qualitative binary algorithm, to 
assess the study as positive or negative for Aβ 
amyloid plaque deposition. Tracer-specific train-
ing for image interpretation is provided by the 
manufacturers, and users are recommended to 
take appropriate training prior to clinical inter-
pretation. The criteria for positivity and negativ-
ity are slightly different across available tracers 
(18F-florbetapir, 18F-flutemetamol, or 
18F-florbetaben). Familiarity with brain anatomy 
is critical. Semiquantitative techniques may be 
helpful [28].

In a positive scan, a significant amount of Aβ 
amyloid deposition is seen in the gray matter. The 
visual analysis requires optimized evaluation of 
the gray–white matter differentiation, with an 
adequate image size display. A gray scale display 
is generally preferred for 18F-florbetaben and 
18F-florbetapir, but a specific color scale is also 
recommended for 18F-flutemetamol. The images 
are normally analyzed in the transaxial orienta-
tion, but a corresponding display of coronal and 
sagittal planes may be used to better define the 
uptake localization. One must take care to have 
the correct brain orientation, because if it is 
slightly oblique, uptake in white matter can be 
mistaken for cortical binding [51].

The following example case gives a general 
instruction for how to identify abnormalities on 
an amyloid-PET scan.
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Image 17.38 18F-florbetapir amyloid-PET images in axial plane

 Example Case 2

A 77-year-old female who presented with atypi-
cal cognitive impairment, possibly representing 
AD. The 18F-florbetapir Amyloid-PET images in 
axial plane are shown (Image 17.38).

 Visual Interpretation
An initial review of the transaxial images gives a 
global impression of the brain, from the bottom 
to the top, and allows an initial confirmation of 
normal gray–white matter differentiation in the 
cerebellum, with a clear delineation of the gray 
and white matter. Note that the cerebellar cortex 
is expected to be mostly free of Aβ deposition, 
even in subjects with cerebral cortical amyloid 
disease. Nonspecific uptake in the pons and cer-

ebellar peduncle can be used as a reference inten-
sity for image display across subjects.

The next step is to examine all cerebral corti-
cal and subcortical regions, to screen for abnor-
mal gray matter radiotracer uptake. Specific 
attention should be paid to the lateral temporal, 
frontal, posterior cingulate, precuneus, and pari-
etal cortices, where most distinct radiotracer 
accumulation occurs in Aβ-positive subjects. The 
image shows significant amounts of gray matter 
Aβ deposition in all of the previously described 
areas. Note the presence of striatal radiotracer 
uptake as well. Striatal binding can be an eluci-
dating finding for positivity in subjects with 
major cortical atrophy, where the distinction 
between a thin ribbon of amyloid-positive cortex 
from adjacent white matter may not be clear [28].
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In this patient, a blurred distinction of the gray 
to white matter junction can be observed. In con-
trast, negative scans have nonspecific white mat-
ter uptake with little to no binding in the gray 
matter, and resemble an image of white matter 
distribution. In fact, a key feature for distinguish-
ing Aβ-positive from Aβ-negative scans is the 
loss of gray to white matter contrast, with radio-
tracer uptake extending to the edge of the cere-
bral cortex and forming a smooth, regular 
boundary. One can appreciate the sharp cortical 
margin of uptake in this patient, rather than the 
white matter sulcal pattern typical of a negative 
scan. The gap between the two hemispheres is ill 
defined, appearing as a thin, regular line, as 
opposed to a clear, wide, irregular gap between 
the cerebral hemispheres seen in a negative scan. 
The abnormal radiotracer uptake observed is 
symmetric, affecting both right and left lobar 
structures. Areas of increased uptake compared 

to the white matter can be appreciated in the pari-
etal lobes of this case.

 Quantification/Semi-quantitative 
Analysis
Voxel-based analytical approach using 3D-SSP 
(Images 17.39 and 17.40).

The cerebellum is generally used as a refer-
ence region for visual and semiquantitative inter-
pretation, due to an absence of cerebellar cortex 
Aβ deposition, even in subjects with cerebral cor-
tical amyloid disease. Under circumstances in 
which there may be plaque in the cerebellum, the 
pons should be used as the reference region. The 
radiotracer package insert usually provides spe-
cific guidelines on the number of affected cortical 
regions required for a diagnosis of a positive scan 
[28]. In this example, the 3D-SSP Z-score map 
shows generalized higher amyloid deposition as 
compared to the normal population in all cortical 

Image 17.40 18F-florbetapir amyloid-PET semiquantitative analysis (3D-SSP) Z-score map

Image 17.39 18F- 
florbetapir amyloid-PET 
semiquantitative analysis 
(3D-SSP)
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regions, particularly the precuneus, and posterior 
cingulate, as well as in the occipital, parietal, lat-
eral temporal, and prefrontal cortices. The global 
cortical SUVR using the whole cerebellum as a 
reference region is 1.42, which is higher than the 
suggested cutoff (>1.1, Amyvid leaflet [52]). Note 
that there are cases where an intermediate or inde-
terminate uptake pattern may be encountered.

 Impression
This case illustrates significant deposition of Aβ 
amyloid in the brain (a positive scan).

It is critically important to recall that a posi-
tive scan is not indicative of AD by itself. Positive 
findings can occur in non-AD forms of dementia, 
other neurologic diseases, in older subjects with-
out cognitive impairment, and can coexist with 
other pathologies. However, a negative scan does 
not exclude the presence of a non-AD dementing 
illness. In fact, a negative scan indicates that the 
patient is unlikely to have AD at the time of imag-
ing, or in case of patients presenting with MCI, 
that progression to AD dementia is unlikely [28].

 Tau-PET Interpretation

As a new modality, the clinical applications for 
Tau-PET are still under development [30]. Tau- 
PET with 18F-flortaucipir was recently approved 
by the FDA for the clinical setting, enabling the 
noninvasive detection of in vivo tau deposition, in 
suspected cases of AD. However, 18F-flortaucipir 
PET has not been recommended for the clinical 
evaluation of other tauopathies, such as Traumatic 
Encephalopathy Syndrome (TES), which is the 
clinical manifestation of pathologically defined 
Chronic Traumatic Encephalopathy (CTE). 
Flortaucipir also shows some limitations in the 
early detection of AD [33, 53]. Recently, second- 
generation Tau-PET tracers have been shown to 
be sensitive to both primary and secondary 
tauopathies, but further clinical studies are 
required to judge their utility in a clinical context 
[54, 55].

Currently, several groups are developing 
appropriate use criteria for tau-PET. One exam-
ple of the appropriate use criteria for Tau-PET 

with 18F-flortaucipir [32] indicates its use in the 
following clinical scenarios: (1) when the cause 
of cognitive impairment remains uncertain after 
a comprehensive clinical evaluation by an 
expert; (2) the disease history and routine exam-
ination cannot confirm the definitive diagnosis 
of AD; (3) there is a need to differentiate AD 
from other neurodegenerative tauopathies; and 
(4) there is a need to determine the extent of the 
tau deposition in AD.

When interpreting a Tau-PET scan, the physi-
cian should keep in mind the assessment of the 
density and distribution of the NFTs in the brain, 
and that a positive scan, by itself, does not estab-
lish a definitive diagnosis of AD. Presently, a 
positive scan should be interpreted in combina-
tion with positive amyloid biomarkers (cerebro-
spinal fluid or Amyloid-PET) and clinical 
information supportive of an AD diagnosis. 
Additionally, a positive 18F-flortaucipir PET 
result does not exclude the coexistence of other 
neurodegenerative disorders such as FTLD.

Visual reading has only been standardized 
for 18F-flortaucipir PET and, similar to 
 Amyloid- PET, the interpretation comprises a 
qualitative binary algorithm, to assess the study 
as positive or negative. A negative scan typically 
shows no increased neocortical tracer retention 
or shows increased tracer retention isolated to 
the mesial temporal, anterolateral temporal, or 
frontal regions only. A positive scan typically 
shows widespread tracer uptake with bilateral 
neocortical deposition in the posterolateral tem-
poral, occipital, parietal and precuneus, medial 
prefrontal and cingulate, and lateral prefrontal 
regions [33].

While interpreting a scan in the context of AD, 
the reader should be attentive if the pattern of tau 
distribution is coherent with what is typically 
observed within the AD spectrum. Note that in 
subjects with mild cognitive impairment and AD, 
uptake seems to spread from the mesial temporal 
lobes to iso-cortical areas, which is consistent with 
the Braak and Braak staging of neurofibrillary tau 
pathology. The NFT pathology begins in the tran-
sentorhinal cortex before spreading to the medial 
and inferior temporal lobes, the parietal- occipital 
regions, and the rest of the neocortex [31].
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In a recent paper, Sonni et al. [56] described 
four patterns of 18F-Flortaucipir distribution, 
which can assist the reader to better align the 
observed imaging findings regarding positivity of 
the scan with the likelihood of being associated 
with AD as follows:

• Pattern I (negative scan): absence of 
18F- Flortaucipir signal in any brain area.

• Pattern II (mild temporal binding only): mild 
to moderate increase of 18F-Flortaucipir sig-
nal, limited to the medial temporal cortex and 
fusiform gyrus (probably consistent with early 
Braak stage tau pathology, which may be seen 
in older individuals with or without cognitive 
decline).

• Pattern III (AD-like binding): 18F- Flortaucipir 
distribution not restricted to the medial tem-
poral/fusiform area, but extending to the lat-
eral temporal, parietal, or frontal cortices 
(consistent with the neuropathological distri-
bution of tau in an advanced Braak stage/≥ 
IV).

• Pattern IV (non-AD-like): atypical signal dis-
tribution, not following the expected Braak 
distribution of NFTs (consistent with non-AD 
syndromes).

A caveat with Tau-PET is that several features 
can make the image analysis more challenging. 
Contrary to amyloid imaging, where white mat-
ter predominant off-target binding is a consistent 
feature across Aβ-radiotracers, with tau tracers, 
the presence of off-target binding can be highly 
variable across individuals, both in terms of 
severity and location. Indeed, high variation in 
signal intensity between patients, differing 
regional distributions, and a mild-to-moderate 
signal observed in non-AD-associated conditions 
can complicate the interpretation [56]. In the 
mesial temporal regions, potential bleed-in from 
off-target binding in the choroid plexus and 
atrophy- associated partial volume effects may 
represent additional challenges for visual 
interpretation.

Moreover, the reader should be aware of the 
limited sensitivity of 18F-flortaucipir for the 
detection of early-stage tau pathology. When 

positive, the scan indicates the presence of widely 
distributed tau neuropathology in neocortical 
areas (B3: Braak stages V/VI, with NFTs widely 
distributed throughout the neocortex), but a nega-
tive scan does not rule out the presence of minor 
tau pathology (B0 and B1: no NFTs and Braak 
stage I/II with NFTs predominantly in the ento-
rhinal cortex and closely related areas, respec-
tively), (B2: Braak stages III/IV, with abundant 
NFTs in the hippocampus and amygdala, and 
some extension into the association cortices) or 
amyloid pathology. In these cases, an additional 
evaluation to confirm the absence of AD pathol-
ogy may be necessary. Indeed, patients with a 
negative Tau-PET, but worsening in cognitive 
function, may require a subsequent imaging to 
detect progression to a B3 level of tau pathology 
[33].

The following sections give general instruc-
tions for how to identify abnormalities on a Tau- 
PET scan.

 Example Case 3

A 60-year-old male who presented progressive 
symptoms of cognitive impairment with initial 
diagnosis of suspected AD. The 18F-Flortaucipir 
PET images in axial plane are shown (Images 
17.41 and 17.42).

 Visual Interpretation
While analyzing the images, the goal is to identify 
and locate areas of tracer activity in the neocortex, 
which are greater than the background activity, as 
well as to verify that the location is coherent with 
patterns observed for the AD spectrum. The infe-
rior portion of the cerebellum should be used as a 
reference region for no binding, with care taken to 
exclude the superior portion, since 18F-flortaucipir 
retention may be observed in the superior portion 
of cerebellar gray matter [32]. Color scales may 
be used according to the reader’s preference, but 
for optimal display, it is advisable to adjust a color 
scale for a rapid transition between two distinct 
colors.

The initial review of the transaxial images 
should give an overall global assessment of the 
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brain, with particular attention to the lobar anat-
omy, sites of increased uptake, and “off-target” 
binding. Sagittal and coronal images (not shown) 
should be analyzed as well, to adjust the orienta-

tion for head tilt. A sagittal slice just off the mid-
line should be used to align the inferior frontal 
and inferior occipital poles in the horizontal 
plane.

Image 17.41 18F-Flortaucipir PET images in transaxial views (black and white)

Image 17.42 18F- 
Flortaucipir PET images 
in transaxial views 
(color scale)
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It is advisable to begin the inspection with 
the temporal lobes, followed by the occipital, 
parietal, and frontal lobes bilaterally. Note that 
the temporal lobe should be subdivided into 
quadrants: anterolateral temporal (ALT), ante-
rior mesial temporal (AMT), posterolateral tem-
poral (PLT), and posterior mesial temporal 
(PMT) for the evaluation. This detailed descrip-
tion is fundamental, as increased neocortical 
activity in the mesial temporal, anterolateral 
temporal, and/or frontal regions, when isolated, 
may represent a negative study. In contrast, a 
positive scan shows increased neocortical activ-
ity in the  posterolateral temporal, occipital, or 
parietal/precuneus regions, with or without 
frontal activity [57].

In this example, the image shows bilateral 
increased neocortical activity in the mesial tem-
poral, posterolateral temporal cortices, as well as 
in the parietal/precuneus and posterior cingulate 
regions. Focal and continuous uptake in the mid- 
frontal regions, which is greater in the right hemi-
sphere, can be observed. There is also mild 
“off-target” binding in the striata and choroid 
plexus.

The increased neocortical activity in the pos-
terolateral temporal, and parietal/precuneus and 
posterior cingulate regions with frontal involve-
ment is determinant for study positivity, but not 
the mesial temporal lobe activity. It is also impor-
tant to remember when interpreting a study that 
neocortical activity in either hemisphere, not just 
bilateral involvement, can contribute to the iden-
tification of a positive pattern. Isolated or non-
contiguous foci should be evaluated with 
caution.

 Quantification/Semi-quantitative 
Analysis
Voxelwise semiquantitative analysis with SPM 
software (Image 17.43).

Currently there is no automated, voxelwise, 
quantitative or semiquantitative analysis software 
commercially approved for clinical applications 
with 18F-Flortaucipir in suspected AD. As used 
clinically in a broad sense, standardized uptake 
value ratios (SUVRs) can be applied for quantifi-
cation, as indicated below, using the inferior cer-
ebellum as a reference region.

Image 17.43 Voxelwise 
semiquantitative analysis 
with SPM software
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In this patient, the voxelwise analysis relative 
to the cerebellar gray matter demonstrates areas 
of significant increase of 18F-flortaucipir deposi-
tion in the precuneus, and posterior cingulate 
gyrus, as well as the medial and lateral temporal 
cortices bilaterally, with a small degree of depo-
sition in the right frontal cortex.

 Impression
This case illustrates a typical pattern of tau 
pathology in AD, most dominant in regions sum-
marized as B3 (i.e., Braak V/VI), and indicative 
of widely distributed tau neuropathology, which 
represents the determination of a positive scan.

 DAT-SPECT and 18F-DOPA-PET 
Interpretation

The most common indication for presynaptic 
dopaminergic imaging, DAT-SPECT agents and 
18F-Fluorodopa PET is the differential diagnosis 
between neurodegenerative parkinsonian syn-
dromes and non-dopamine deficiency etiologies 
of parkinsonism. Notably, patients become symp-
tomatic after a significant number of striatal pro-
jections originating from the substantia nigra 
have degenerated. In this manner molecular 
imaging studies may be particularly useful for 
patients with atypical syndromes, overlapping 
symptoms, unsatisfying response to therapy, or in 
early/mildly symptomatic stages of disease, 
which can demonstrate a high negative predictive 
value.

In accordance with EANM practice guide-
lines/SNMMI procedure standards for dopami-
nergic imaging in parkinsonian syndromes 1.0 
[37], presynaptic dopaminergic imaging is par-
ticularly indicated: (1) to support the differential 
diagnosis between essential tremor and neurode-
generative parkinsonian syndromes, (2) to help 
distinguish between DLB and other dementias, 
particularly for differentiation from AD, (3) to 
support the differential diagnosis between par-
kinsonism due to presynaptic degenerative dopa-
mine deficiency from other forms of parkinsonism, 
which include the differentiation of idiopathic 
Parkinson’s disease (IPD), and from drug- 

induced, psychogenic, or vascular parkinsonism, 
and (4) to detect early presynaptic parkinsonian 
syndromes.

One should be aware that presynaptic dopami-
nergic imaging cannot clearly distinguish IPD 
and DLB from progressive supranuclear palsy 
(PSP), cortical basal degeneration (CBD), or the 
putaminal variant of multisystem atrophy (MSA) 
(Table 17.5). In fact, what does distinguish atypi-
cal parkinsonism from all forms of multisystem 
Lewy body disease (MLBD), which includes PD, 
is a lack of peripheral post-ganglionic autonomic 
neuropathy and, in such cases, cardiac MIBG 
imaging may be of use. Another presynaptic 
dopaminergic imaging limitation is the character-
ization of subjects who clinically appear to have 
parkinsonism, but do not have decreased striatal 
DAT signal, known as “scans without evidence 
for dopaminergic deficit” (SWEDD) [58]. 
However, new evidence suggests that SWEDD 
subjects are unlikely to have IPD [59].

When interpreting a DAT-SPECT or 
18F-DOPA-PET scan using the transaxial plane, 
the reader should check if the striata appears as 
normal, comma-shaped structures with symmet-
ric, well-delineated borders, while taking into 
consideration the patient’s age and morphologi-
cal information provided by other imaging 
modalities, such as CT or MR. In abnormal scans, 
the striatum has reduced intensity on one or both 
sides, with a change in shape, which can present 
as an oval or circle. Visual assessment is usually 
sufficient for the evaluation of striatal left/right 
symmetry and striatal subregions, particularly for 
experienced readers; however semi-quantitative 
analysis may be applied to improve accuracy, 
most notably in complex or borderline cases. The 
most applied semi-quantitative analysis uses the 
specific binding ratio (SBR), calculated as the 
striatal target-to-background ratio (usually the 
occipital cortex), which can be obtained manu-
ally or using software.

In cases with an abnormal striatal appearance, 
the reader should verify that the head alignment 
is correct, to exclude the possibility of artifactual 
left-right asymmetry. Anatomical lesions or con-
ditions, which could alter the tracer binding, 
location, or shape of the striatal structures should 
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Table 17.5 DAT-SPECT and DOPA-PET disease expected imaging findings

Disease Image findings
Idiopathic Parkinson’s 
disease (IPD)

A “dot shape” is typical from the earliest stages of disease. The putamen (in 
particular the posterior part) of the most affected hemisphere is more severely 
affected than the caudate nucleus; the putamen of the less affected hemisphere 
tends to be involved early (often before the caudate nucleus of the most affected 
side)

Essential tremor Normal uptake
Psychogenic parkinsonism Normal uptake
Drug-induced parkinsonism Normal uptake
Alzheimer’s disease Normal uptake
Vascular parkinsonism Normal or only slightly diminished uptake except when an infarct directly involves 

a striatal structure
Dementia with Lewy body Reduced uptake substantially overlapping IPD featuresa

Multiple system atrophy Reduced uptake, often overlapping IPD features (uptake reduction tends to be 
more symmetric as compared to IPD)

Progressive supranuclear 
palsy

Reduced uptake, often overlapping IPD features (uptake reduction tends to be 
more symmetric and to involve the caudate nucleus earlier in disease course as 
compared to IPD)

Corticobasal degeneration Reduced uptake, overlapping IPD features (uptake reduction sometimes more 
asymmetric as compared to IPD and often involving both the putamen and caudate 
head)

Frontotemporal dementia Reduced uptake in 30–60% of patients with sporadic FTD (usually less 
pronounced than in IPD)

Adapted from Morbelli S et al. EANM practice guideline/SNMMI procedure standard for dopaminergic imaging in 
Parkinsonian syndromes 1.0. Eur J Nucl Med Mol Imaging. 2020 Jul;47(8):1885–1912. doi: 10.1007 s00259-020-
04817-8. Epub 2020 May 9. PMID: 32388612; PMCID: PMC7300075
aAround 10% of patients with pathologic proven DLB show a normal DAT-SPECT at the time of the clinical diagnosis, 
possibly becoming abnormal after 1.5–2 years

be considered as well. In these situations, ana-
tomical correlation from multimodal images 
(e.g., SPECT/CT, PET/CT, or PET/MR) or previ-
ous imaging studies should be performed. The 
level of striatal activity should always be com-
pared with the background activity, to check for 
normalization errors.

A DAT-SPECT or 18F-DOPA-PET imaging 
interpretation and report comprises a qualitative 
binary algorithm, to assess if a presynaptic dopa-
minergic deficit is present or absent.

The following sections give general instruc-
tions for how to identify abnormalities on an 
18F-DOPA-PET scan.

 Example Case 4

A 45-year-old female with a history of two years 
of progressive left upper extremity clumsiness 

when performing activities like getting dressed or 
peeling fruit, and mild tremor. She has no previ-
ous history of rapid eye movement (REM) sleep 
behavior disorder, constipation, or reduction of 
smell. The neurological examination evidenced 
an UPDRS III score of 21 and a Hoehn-Yahr 
score of 1. She does not show abnormalities in 
any of the blood test analysis performed, as well 
as in the brain and cervical MRI scans.

The 18F-Fluorodopa PET images in an axial 
plane are shown (Image 17.44).

 Visual Interpretation
The axial slices show moderate contrast between 
the striatal and the cortical uptake. The uptake in 
the striatum is clearly asymmetric and more con-
spicuously decreased on the right side. Note that 
the decrease is more pronounced in the putamen 
than in the caudate, particularly in the posterior 
part.

K. Mosci et al.



303

Image 17.44 18F-Fluorodopa PET images in in transaxial views

 Quantification/Semi-quantitative 
Analysis
Voxelwise, semi-quantitative analysis based on 
syngo.via MI Neurology software (Image 
17.45).

In this case, the original PET study was spa-
tially normalized to a standard template. The 
semiquantitative analysis was performed by cal-
culating the ratio between the activity in the stri-
ata in reference to the occipital cortex (area with 
the lowest brain activity), using predefined vol-
umes of interest of the different regions of the 
striatum (caudate, anterior putamen and posterior 
putamen) as well as the occipital cortex. One 
should note that an abnormal finding can be 
observed in both striata, which is more marked 
on the right side, and particularly more promi-
nent in the putamen (Z-Score below 2 standard 
deviations).

 Impression
In conjunction, the appearance of the images 
and the semiquantitative values obtained 
indicate that a presynaptic dopaminergic def-
icit is present, as manifested by the abnormal 
brain distribution and metabolism of FDOPA, 
which is most notable with the asymmetrical 
denervation (right higher than left) and ros-
trocaudal gradient. This finding indicates 
that the etiology of the parkinsonian syn-
drome in this patient is related to degenera-
tion of the substantia nigra, which supports 
the clinical diagnosis of neurodegenerative 
parkinsonism.

 Brain Molecular Image Reporting

In general, an adequate study report must con-
tain: (1) the patient’s clinical information and 
indication for the scan; (2) comparison/prior 
imaging exams; (3) the imaging technique 
employed; (4) a description of the findings; and 
(5) the impression.

Table 17.6 provides formats for the essential 
findings, description, interpretation, and conclu-
sions as recommended by specific guidelines [25, 
28, 32, 37, 60].

While reporting an FDG-PET or perfusion 
SPECT brain imaging study, the conclusion 
should state the diagnosis based on the findings 
of a characteristic disease pattern, while taking 
into consideration the clinical presentation. 
Whenever the findings represent an uncharacter-
istic disease pattern, statements to explain why a 
specific diagnostic entity could not be determined 
should be included. When appropriate, a differ-
ential diagnosis should be provided as well as a 
suggestion for follow-up or additional studies to 
better clarify/confirm the suspected diagnosis 
[25, 60].

In Amyloid-PET and Tau-PET studies, the 
impression should clearly state if the scan is posi-
tive or negative. For inconclusive studies, the 
potential reasons such as low count rate, head 
motion during imaging, unexpected focal lesions, 
cortical atrophy, or other issues should be 
described [28, 32].

In dopaminergic imaging with DAT-SPECT 
and 18F-DOPA-PET, the impression should state 
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Table 17.6 Specific report contents

FDG-PET/Perfusion 
SPECT Amyloid-PET Tau-PET

DAT-SPECT/18F- 
DOPA- PET

Findings 
description

   • Abnormalities:
    – Location
    – Extent
    – Symmetry/

asymmetry
    – Reference to a 

normal database (when 
performing 
quantification)

   • Uptake in 
cerebellum

   • Degree and 
location of 
cerebral atrophy

   • Loss of 
gray–white matter 
differentiation

   • Areas of 
pathological 
uptake

   • Uptake above 
white matter

   • Pathological 
uptake

   • Affected areas

   • Striatal binding 
compared to 
background

   • Abnormalities:
    – Location
    – Intensity of 

reduction
    – Significant 

asymmetry

Interpretation/
conclusion

   • Characteristic disease 
pattern

   • Noncharacteristic 
disease pattern (provide 
differential diagnosis)

   • Positive 
(significant Aβ 
deposition)

   • Negative (no 
evidence of 
significant Aβ 
deposition)

   • Indeterminatea

   • Positive 
(increased/
abnormal 
neocortical tracer 
retention)

   • Negative (no 
neocortical tracer 
retention)

   • Indeterminatea

   • Presynaptic 
dopaminergic 
deficit present

   • Presynaptic 
dopaminergic 
deficit absent

Data taken from [22, 25, 27, 31, 36, 42, 57]
a In case of an indeterminate result, state possible reasons

Image 17.45 Voxelwise, Semi-quantitative analysis based on syngo.via MI Neurology software

if a presynaptic dopaminergic deficit is present or 
absent. A more comprehensive diagnostic com-
ment can be included depending on the imaging 
findings or on the availability of previous studies. 
Similarly, follow-up or additional studies can be 
recommended to clarify or confirm the suspected 
diagnosis [37].

 Clinical Case Reporting

 Case 1 (Courtesy of Professor 
Kazunari Ishii)

Kazunari Ishii

 Indication/Clinical Information
A 70-year-old male patient with a family- 
anecdotal description of several years of forget-
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fulness. At the time of presentation, he could not 
remember the minute by minute conversation, 
and kept repeating the same questions. He was 
aware of his forgetfulness.

 Scan Interpretation
(Images. 17.46, 17.47, and 17.48).

Image 17.46 The Amyloid-PET scan with 
18F-flutemetamol shows severe bilateral frontal and pos-
terior cingulate/precuneus cortical radiotracer deposition 
with a loss of gray–white matter contrast. There is also 

bilateral striatal deposition and slight deposition in pari-
etotemporal regions, which indicates a significant amount 
of cerebral Aβ deposition (a positive scan)
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Image 17.47 The Tau-PET scan with 18F-MK6240 
shows bilateral medial and lateral temporal, posterior cin-
gulate/precuneus, and parietal cortical radiotracer uptake, 

which indicates a significant amount of cerebral tau depo-
sition (a positive scan)
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Image 17.48 The FDG-PET scan shows marked hypometabolism in bilateral parietotemporal and posterior/precu-
neus cortices, demonstrating the typical hypometabolic pattern of Alzheimer’s disease

 Teaching Points
This patient represents a traditional classic dem-
onstration of A + T + N+ case with a typical case 
of AD clinical presentation where the neuro-
pathological changes of Aβ deposition, tau depo-
sition, and neurodegeneration were evaluated 
with Amyloid-PET, Tau-PET, and 18F-FDG-PET 
imaging.

Note that the diagnostic patterns of AD with 
PET imaging include increased tracer accumula-
tion in the parietotemporal, frontal, and posterior/
precuneus cortices on the Amyloid and Tau-PET 
images, and decreased accumulation (hypome-
tabolism) in the parietotemporal, frontal, and 
posterior/precuneus cortices on the FDG-PET 
scan.
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 Case 2 (Courtesy of Professor 
Kazunari Ishii)

Kazunari Ishii

 Indication/Clinical Information
A 78-year-old male patient with a history of 
memory decline for 2–3 years. According to his 

family, his emotional state has manifested with 
increased anger. No movement impairment was 
observed.

 Scan Interpretation
(Images. 17.49, 17.50, and 17.51).

Image 17.49 The Amyloid-PET scan with 
18F-flutemetamol shows frontal and parietotemporal cor-
tical radiotracer deposition, with loss of gray–white mat-
ter contrast, and high deposition in the striatal and 

posterior cingulate/precuneus regions. These findings 
indicate a significant amount of cerebral Aβ deposition (a 
positive scan)
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Image 17.50 The Tau-PET scan with 18F-PM-PBB3 
shows increased radiotracer uptake in the bilateral lateral 
temporal, frontal, posterior cingulate/precuneus, and pari-
etal cortices, as well as the amygdala. These findings indi-

cate a significant amount of cerebral tau deposition (a 
positive scan). Note that PM-PBB3 has a strong affinity 
for the choroid plexus, which is considered off-target 
binding

 Teaching Points
In this patient, the FDG-PET shows an atypical 
metabolic pattern, with frontal dominant hypo-
metabolism, which favors a diagnosis of FTD; 
however the slightly decreased parietal and pos-
terior cingulate metabolism may indicate the 
presence of AD pathology as well. Note that in 
some circumstances, FDG-PET may not differ-
entiate the frontal variant of AD (fvAD) from the 
behavioral variant of FTD (bvFTD) very well or 
alternatively two pathologies, AD and FTLD, can 

coexist in the same patient, especially in elderly 
ones.

The fvAD is quite uncommon when com-
pared to other subtypes of AD. Usually the 
memory decline tends to develop earlier and is 
more severe than in FTD, and the clinical pre-
sentation may be confounded with 
bvFTD.  Usually, amyloid deposition is not 
observed in bvFTD, where the pathological con-
dition mostly derives from intracellular aggre-
gates of tau protein or TAR DNA-binding 
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Image 17.51 The FDG-PET scan showed frontal dominant hypometabolism, which may suggest frontotemporal 
lobar degeneration (FTLD). Bilateral parietal and posterior cingulate metabolism is slightly decreased

protein 43 and, less frequently, from intracellu-
lar fused in sarcoma inclusions [61].

In this patient, the additional Amyloid and 
Tau-PET scans verified the presence of AD 
pathology, favoring the diagnosis of fvAD, but 
the Tau-positive findings are not specific to Tau 
isoforms seen in AD versus FTLD.  Therefore, 
leaving the possibility of bvAD vs FTLD despite 
the use of 3 different molecular imaging 
methods.

 Case 3 (Courtesy of Professor 
Kazunari Ishii)

Kazunari Ishii

 Indication/Clinical Information
A 62-year-old male patient who had been aware of 
his forgetfulness for some time. Recently, he was 
unable to recognize people’s faces. He had been 
suffering from sleep apnea syndrome for 2 years. 
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He indicated that a month prior, he saw his deceased 
father-in-law painting a picture. He did not have 
parkinsonism or any neurological symptoms.

 Scan Interpretation
(Images. 17.52, 17.53, and 17.54).

Image 17.52 The Amyloid-PET scan with 11C-PiB shows no cortical deposition of radiotracer with nonspecific white 
matter accumulation. These findings indicate no to very slight cerebral Aβ deposition (a negative scan)
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Image 17.53 The FDG-PET scan demonstrates marked 
hypometabolism in the bilateral parietotemporal, precu-
neus, and occipital cortices with primary visual cortex 

involvement. However, the relatively preserved metabo-
lism in the middle cingulate cortex shows a slight “cingu-
late island sign” (CIS)

Image 17.54 The 123I-metaiodobenzylguanidine (MIBG) myocardial scintigraphy shows no myocardial uptake in 
the early or delayed phase, with an increased washout ratio
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 Teaching Points
This patient’s FDG-PET scan shows hypometab-
olism in the occipital cortices, in addition to the 
bilateral parietotemporal and precuneus, support-
ing a diagnosis of DLB.  Note that decreased 
uptake in the visual association cortex can also be 
seen in AD, and that decreased uptake in the pri-
mary visual cortex, as observed in this patient, 
can more accurately differentiate DLB from AD. 
The presence of the “cingulate island” sign also 
indicates the possibility of DLB, as the disease 
typically does not involve metabolic impairment 
of the posterior cingulate cortex.

Up to a half of clinically diagnosed DLB cases 
were negative for amyloid deposition, even 
though there is hypometabolism in parietotempo-
ral cortices [62]. DAT-SPECT imaging and 
123I-MIBG myocardial scintigraphy can help to 
differentiate DLB from AD. MIBG myocardial 
scintigraphy shows low uptake of MIBG in the 
Lewy body-related disorders, including 
Parkinson’s disease, DLB, pure autonomic fail-
ure, and rapid eye movement sleep behavior dis-
order (RBD). The differentiation of DLB versus 
AD is critical for symptomatic drug treatments 

involving neuroleptics, which can cause severe 
adverse reactions in DLB [21].

 Case 4 (Courtesy of Professor  
Min-Kai Chen)

Ming-Kai Chen

 Indication/Clinical Information
A 79-year-old male presented with progressive 
visuospatial and visuoperceptual dysfunction, as 
well as short-term memory decline for approxi-
mately 8 years. In the past 4 years, he developed 
auditory and visual hallucinations, which 
occurred on a daily basis. He had no tremors or 
sleep disturbances, but his wife mentioned 
slowed movements of insidious onset. The neuro-
psychological testing was suggestive of DLB 
with some features of AD. The MRI was mostly 
unremarkable, with minor white matter micro-
vascular changes.

 Scan Interpretation
(Images. 17.55, 17.56, and 17.57).

Image 17.55 The 18F-FDG-PET scan demonstrates 
hypometabolism in the right temporal lobe, bilateral pari-
etal lobes, precuneus, and occipital lobes. Note that there 

is reduced metabolism in the primary visual cortex with 
relative sparing of the posterior cingulate cortex, indicat-
ing the CIS. These findings are suggestive of DLB
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Image 17.56 The 3D-SSP images of the F-18-FDG-
PET scan reveal significant hypometabolism in the right 
temporal lobe, bilateral parietal lobes, precuneus, and 

occipital lobes as compared to the normal database, which 
supports the findings by the visual assessment

Image 17.57 The 123I-ioflupane SPECT/CT scan shows 
significantly reduced DaT scan uptake in the right and left 
striata, with more extensive involvement in the putamen. 

Striatal reductions are more prominent on the right, com-
pared to the left. These findings are consistent with a pre-
synaptic dopaminergic deficit of a parkinsonian syndrome
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 Teaching Points
Posterior cortical atrophy, considered the most 
common atypical presentation of Alzheimer disease 
(PCA-AD), has some clinical overlap with DLB, 
presenting with visual hallucinations and rapid eye 
movement sleep behavior disorder (RBD).

Notably both pathologies, DLB and PCA-AD, 
are associated with 18F-FDG-PET hypometabo-
lism predominantly in the occipital and temporo-
parietal cortices. The relative preservation of 
posterior cingulate indicating CIS typically 
described in favor of DLB should be analyzed 
with caution. It is important to recall that poste-
rior cingulate hypometabolism is not a reliable 
sign of the presence of Alzheimer’s disease when 
dealing with atypical clinical presentations. In 
fact, the CIS can also be observed in PCA as well 
as DLB, although it is often asymmetric [63].

In this patient, the abnormal DAT scan is 
indicative of DLB, as AD has limited disruption 
of the dopaminergic system. Additionally, the 
patient cerebrospinal fluid biomarkers essentially 
excluded AD.

 Case 5

 Indication/Clinical Information
A 73-year-old female patient (8 years of educa-
tion) presented with progressive multiple domain 
cognitive impairment of 3–4  years duration. 
According to her relatives, she had some diffi-
culty in expressing herself or finding the appro-
priate words, but she was able to repeat sentences. 
She was well oriented but expressed some mem-
ory deficits (forgetful of some conversation 
details). She remained autonomous for daily liv-
ing activities. The mini-mental state examination 
(MMSE) was 18 out of 30, and the neuropsycho-
logical assessment showed a mild multiple 
domain cognitive impairment with predominant 
involvement of language (mixed aphasia) and 
executive functions with no relevant neuropsy-
chiatry symptoms.

 Scan Interpretation
(Images. 17.58, 17.59, 17.60, and 17.61).

Image 17.58 The axial 18F-FDG-PET image indicates 
frontal and temporoparietal hypometabolism, more 
marked in the left hemisphere. Interestingly, the left infer-

oposterior frontal and anterior temporal cortices exhibit 
clear hypometabolism
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Image 17.59 Surface projections of the patient FDG-
PET scan (upper row) and statistical surface projection 
maps after comparison to a normal database adjusted to 
the patient’s age (lower row) are shown. There is signifi-
cant hypometabolism in frontal and temporoparietal 
regions, which are more prominent in the left hemisphere, 

shown as a decrease of the z-score greater than two stan-
dard deviations (blue color in the lower row). These 
images clearly depict a pattern of dominant frontal hypo-
metabolism, characteristic of FTLD. One should also note 
the absence of posterior cingulate hypometabolism
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Image 17.60 The amyloid-PET scan with 
18F-flutemetamol indicates a high contrast of white mat-
ter without uptake in the frontal, parietotemporal, and 
posterior cingulate/precuneus cortices, or in the striata. 

This is a clear example of a negative amyloid-PET scan, 
which indicates absence or lack of cerebral Aβ deposition. 
In other words, the presence of Alzheimer’s pathology can 
be ruled out

Image 17.61 Semiquantitative analysis of 
18F-Flutemetamol PET images is shown. The global stan-
dard uptake value ratio (SUVR) was calculated by divid-
ing the SUV in different cortical areas (volumes of 

interest) using the pons as a reference region. In this case 
the global SUVR was 0.36 (positive values are equal or 
higher than 0.6)
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 Teaching Points
In this case, the FDG-PET indicates a large 
region of frontal hypometabolism, with temporo-
parietal involvement. Therefore, based exclu-
sively on this pattern it may be difficult to 
completely exclude AD, as some variants exhibit 
language as the predominant symptom (logope-
nic aphasia). The additional amyloid-PET scan 
verified the absence of AD pathology and sup-
ported the etiology of frontotemporal lobe degen-
eration. Nevertheless, the FDG scan shows a 
clearly left dominant involvement with more 
marked inferoposterior frontal and anterior tem-
poral (including temporal pole) hypometabolism. 
This pattern is highly consistent with primary 
progressive aphasia and specifically the non- 
fluent variant of primary progressive aphasia. 
Interestingly, an FDG-PET scan forms part of the 
current diagnostic criteria in support of a diagno-
sis of primary progressive aphasias.

 Conclusion

Molecular imaging possesses the unique ability 
to image and quantify brain function “in vivo”; 
however image interpretation can be challenging 
and requires specific training. Here, we have pro-
vided a broad overview of molecular brain imag-
ing, from the fundamentals, which include an 
overview of structural and functional brain anat-
omy, to a review of most of the clinically avail-
able radiotracers. We have outlined the common 

causes of artifacts and other factors which can 
interfere with accurate image interpretation. We 
hope this information will help readers improve 
their understanding of how to interpret and report 
different imaging studies in the clinical evalua-
tion of neurodegenerative disorders. Lastly, we 
have included illustrative cases with typical and 
atypical presentations of different pathologies. 
Our hope is that the knowledge acquired through 
this chapter will encourage the development and 
expansion of molecular brain imaging in clinical 
practice.
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 Appendix

 MR Atlas

The images presented are from a healthy middle- 
aged male subject, acquired on a GE SIGNA 
Pioneer 3.0T MRI scanner. Each page contains 
images in axial plane from top-to-bottom, dem-
onstrating the structures whose recognition is 
essential in the interpretation of a molecular 
imaging scan.
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 FDG Atlas

The images presented are from a healthy cogni-
tively normal middle-aged female subject, 
acquired on a PET/CT (Discovery PET/CT scan-
ner). The PET images were co-registered to the 
patient’s MR acquired in a 3T MR system 
(Ingenia, Philips Medical system). Each page 

contains images in axial plane from top-to- 
bottom, demonstrating the structures whose rec-
ognition is essential in the interpretation of a 
molecular imaging scan.

Images courtesy from Dr. Chakmeedaj 
Sethanandha, Faculty of Medicine Siriraj 
Hospital, Mahidol University, Bangkok, 
Thailand.
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