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Abstract

The tauopathies are a heterogeneous group of neurodegenerative disorders in which the

prevailing underlying disease process is intracellular deposition of abnormal misfolded

tau protein. Diseases often categorized as tauopathies include progressive supranuclear

palsy, chronic traumatic encephalopathy, corticobasal degeneration, and frontotempo-

ral lobar degeneration. Tauopathies can be classified through clinical assessment, imag-

ing findings, histologic validation, or molecular biomarkers tied to the underlying disease

mechanism. Many tauopathies vary in their clinical presentation and overlap substan-

tially in presentation, making clinical diagnosis of a specific primary tauopathy difficult.

Anatomic imaging findings are also rarely specific to a single tauopathy, andwhen present

maynotmanifest untilwell after thepoint atwhich therapymaybemost impactful.Molec-

ular biomarkers hold the most promise for patient care and form a platform upon which

emerging diagnostic and therapeutic applications could be developed. One of the most

exciting developments utilizing these molecular biomarkers for assessment of tau depo-

sition within the brain is tau-PET imaging utilizing novel ligands that specifically target

tau protein. This review will discuss the background, significance, and clinical presenta-

tion of each tauopathywith additional attention to the pathologicmechanisms at the pro-

tein level. The imaging characteristics will be outlined with select examples of emerging

imaging techniques. Finally, current treatment options and emerging therapies will be

discussed. This is by no means a comprehensive review of the literature but is instead

intended for the practicing radiologist as an overview of a rapidly evolving topic.
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INTRODUCTION

Tauopathies are a heterogeneous group of neurodegenerative disor-

ders (NDs) in which the primary underlying disease process is intracel-

lular depositionof abnormal tauprotein.1–4 Diseases often categorized

as tauopathies include progressive supranuclear palsy (PSP), chronic

traumatic encephalopathy (CTE), corticobasal degeneration (CBD), and
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frontotemporal lobar degeneration (FTLD). Many tauopathies vary

in their clinical presentation and overlap substantially in presenta-

tion, making diagnosis of a specific primary tauopathy difficult. Exam-

ples of other less common tauopathies that will not be discussed in

this review include frontotemporal dementia with parkinsonism linked

to chromosome 17 (FTDP-17), argyrophilic grain disease, and aging-

related tau astrogliopathy, among several others and are discussed
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more comprehensively in other publications.5–7 Additional NDs such

as Alzheimer disease (AD) are associated with heterogeneous protein

deposition, which includes abnormal deposition of tau; however, this

heterogeneity raises controversy as to the true role of tau.8 Therefore,

AD will not be discussed in this review except where comparisons are

made.

Normal tau is amicrotubule-associated protein essential for the sta-

bility and formation ofmicrotubules and is predominantly foundwithin

axons.9–11 Neuronal bodies, dendrites, astrocytes, and oligodendro-

cytes have also been observed to contain tau protein.12,13 Tau exists

in an unfolded state physiologically; however, it can form aggregates

when abnormally hyperphosphorylated.14–16 This hyperphosphory-

lated state is thought to lead to abnormal interactions with micro-

tubules, resulting in microtubule dysfunction and aggregate forma-

tion, a hallmark of primary tauopathies. Recent research suggests that

pathologic tau aggregates can induce tau pathology in adjacent cells,

resulting in prion-like propagation.17–21

One pitfall of the radiology literature is a potential bias toward

classifying NDs based on imaging characteristics, which are rarely

specific to a single neurodegenerative disease. While imaging find-

ings can correlate with disease progression, they may not have fully

manifested when a given therapy would be most impactful. The point

in the disease course at which a patient presents can dramatically

influence classification. Additionally, lack of the full clinical picture

at the reading station could potentially reduce sensitivity for subtle

imaging findings, which may have been best appreciated with specific

imaging protocols. A common example is qualitative MRI evaluation

of brain atrophy without utilizing quantitative volumetric assessment

of subregional brain volumes, which requires specialized software.

Atrophy can be subtle early in the disease course, making reliable

quantitative assessment difficult until late in the disease course,

at which time disease modifying treatments may not be an option.

Pathologic/histologic verification remains the gold standard, but

biopsy is invasive and prone to complications, and postmortem tissue

acquisition after death is not useful to the patient. Autopsy results

have shown the clinical diagnoses are often inaccurate.22,23 Tracking

symptoms and imaging patterns over timemay allow formore accurate

diagnosis.

Characterization of the neurodegenerative diseases by underly-

ing molecular mechanism allows for a molecular biomarker approach

to classification, facilitating development of more specific and sensi-

tive imaging biomarkers and therapy targets.24 Identifying aberrations

years before they clinically manifest allows for early diagnosis and

offers targeted therapy options, which include small molecule drugs,

antibodies, and cell therapies.

This review is by no means a comprehensive evaluation of the lit-

erature and instead is meant for the radiologist as an overview of a

rapidly evolving topic. The background, significance, and clinical pre-

sentation of each disease will be discussed, highlighting the difficulty

in discerning various overlapping diseases (Table 1). The underlying

pathologic mechanisms that lead to tauopathies will be outlined at the

protein level along with available and emerging imaging techniques.

Finally, current treatment options and emerging therapies will be

reviewed.

PROGRESSIVE SUPRANUCLEAR PALSY

Background, significance, and clinical presentation

PSP is a neurodegenerative disease initially described by Richardson in

1963 with the clinical syndrome of supranuclear vertical ophthalmo-

plegia, pseudobulbar palsy, and dementia.25 The classic presentation

of PSP is often referred to as Richardson’s syndrome and consists of

dementia, supranuclear vertical ophthalmoplegia, and postural insta-

bility with falls.26–29 PSP typically presents in the seventh decade and

has a male predilection.26,27 The prevalence of PSP ranges from 5 to 6

cases per 100,000 people in the United States.30 Median survival from

diseaseonset is just under6yearswithpneumonia being themost com-

mon cause of death.26,29 While uncommon, PSP can impose a signifi-

cant economic cost to patients, their caregivers, and society with one

study suggesting an annual cost of up to 2.7 million euros in the Euro-

pean Union alone.31

Richardson’s syndrome is the classic clinical presentation of PSP,

although significant symptom heterogeneity makes a definitive diag-

nosis clinically difficult. PSP can presentwith Parkinsonism and bemis-

diagnosed as idiopathic Parkinson’s disease (PD).26,27 Clinical features

that may help differentiate PSP from PD include vertical supranuclear

gaze palsy, early postural instability, falls, rapidly progressive disease,

andParkinsonismwith poor response to levodopa.26,28 No specific PSP

laboratory tests are clinically available, although studies utilizing the

Real-Time Quaking-Induced Conversion (RT-QuIC) assay are showing

great promise for distinguishing the various proteinopathies. The test

specific to the tauopathies is being referred to as the 4 tau (4T) RT-

QuIC assay.32–34 The assay takes advantage of the protein seeding

mechanism, amplifyingminiscule amounts of the abnormalCSFprotein

to detectable levels (Figure 1).

Underlying pathologic mechanism

Neuropathologically, PSP is characterized by neuronal loss and

gliosis with deposition of abnormal tau aggregates predominantly

within the basal ganglia, subthalamic nucleus, substantia nigra, and

pons.35–37 An additional hallmark feature is the presence of tau-

positive inclusions within astrocytes, referred to as glial fibrillary

tangles or tufted astrocytes.37,38 Macroscopically, PSP is associ-

ated with marked volume loss of the midbrain, superior cerebel-

lar peduncle, and subthalamic nucleus with loss of pigment within

the substantia nigra.37,39 PSP is classified as a 4R tauopathy due

to the fact that the deposited tau aggregates predominantly con-

sist of tau isoforms containing four repeats within the microtubule-

binding domain.37,40,41 The anatomic distribution of abnormal tau

deposition has been shown to correlate with clinical presentation

(Figure 2).
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TABLE 1 Tauopathy overview

Presentation Pathology Tau distribution PET findings Lobar atrophy

PSP Supranuclear vertical

ophthalmoplegia,

pseudobulbar palsy, and

dementia, 7th decade,

male

Tau-positive inclusions

within astrocytes (glial

fibrillary tangles)

Basal ganglia,

subthalamic nuclei,

substantia nigra, and

pons

18F-FDG hypometabolism

inmidbrain, posterior

frontal lobes, basal

ganglia, and thalami.
18F-THK-5351 tau PET

shows promise

Midbrain, superior

cerebellar peduncle,

subthalamic nuclei

(hummingbird sign)

CTE Personality and behavioral

changes, memory loss,

and speech and gait

difficulty with repetitive

trauma history, sixth to

seventh decadewith

some presenting earlier

Hyperphosphorylated tau

neurofibrillary tangles

predominantly within

the superficial cortex

Perivascular distribution

along small cortical

vessels

Diffusely increased uptake

on [18F]AV-1451 PET

Diffuse atrophy and corpus

callosum thinning with

progressive limbic

system involvement

CBD Progressive, asymmetric

apraxia and akinetic-rigid

syndrome, fifth-seventh

decade

Tau-reactive lesions within

neurons and glial cells,

astrocytic plaque

Affected contralateral

cortex and striatum

with astrocytic

plaques

18F-FDG hypometabolism

in frontal and parietal

cortices, thalami, and

caudate nuclei

contralateral to clinically

affected side.
18F-THK-5351 tau PET

shows promise

Parasagittal peri-Rolandic

atrophywith superior

frontal gyrus

involvement

contralateral to the

clinically affected side

FTLD Language-related dementia

syndromes termed

primary progressive

aphasia with preserved

memory, fifth-seventh

decade

Cortical microvacuolation

and neuronal loss,

predominantly within

layer II along with gliosis

andmyelin loss within

the underlying white

matter

Spherical deposition

hippocampi, basal

ganglia, and the

superficial neocortical

layers of the frontal

and temporal lobes

18F-FDG-PET

hypometabolismwithin

the frontal and anterior

temporal lobes in a

pattern corresponding

with the FTLD syndrome.
18F-THK-5351 tau PET

shows promise

Frontal and/or temporal

lobe atrophywhich

varies by subtype.

Occasional parietal lobe

involvement. Sparing of

the occipital lobes

Abbreviations: CBD, corticobasal degeneration; FTLD, frontotemporal lobar degeneration.

Imaging characteristics and emerging imaging
techniques

While no imaging features are entirely specific to any one primary

tauopathy, certain features suggestive of PSP can be helpful in mak-

ing the diagnosis. Midbrain atrophy is one of those features, but can

also be seen in association with conditions such as PD and CBD. Cer-

tain features of the midbrain atrophy may help increase the specificity

of anatomic imaging findings. Marked midbrain atrophy resulting in

a decreased AP diameter has been referred to as the “hummingbird”

sign when viewed in the sagittal plane (Figure 3A).42 Additionally, the

superior surface of the midbrain is typically flat or concave in those

with PSP, as compared to convex in healthy patients.43 Atrophic con-

cavity of the lateral midbrain tegmentum has also been described in

PSP, termed the “morning glory” sign (Figure 5).44 A reducedmidbrain-

to-pons diameter ratio (below 0.52) measured on midsagittal images

has also been found to have sensitivity and specificity in pathologically

proven cases of PSP (Figure 3A).45 Finally, the ratio of the midbrain to

pons areas as measured onmidsagittal images has been shown to have

predictive value for early death from PSP with a cutoff value of 0.12

(Figure 3B).46

A more advanced MRI measurement system known as the MR

Parkinsonism index (MRPI) has shown to be helpful in differentiating

PSP from PD (Figure 4).47 This technique involves multiple additional

measurements, including areas of the pons and midbrains, as well as

widths of the superior andmiddle cerebellar peduncles. TheMRPI was

later updated to the MRPI 2.0, which incorporated measurements of

the third ventricle with improved sensitivity.48 Automated quantita-

tive techniques such as voxel-basedmorphometry have shownpromise

in distinguishing PSP from other tauopathies, as well as potentially

tracking volumetric biomarkers of disease progression and/or therapy

response.49,50 Diffusion tensor imaging has also demonstrated poten-

tial utility in differentiating PSP from alpha-synucleinopathies and pre-

dicting disease severity.51,52

18F-Fluorodeoxyglucose (18F-FDG) brain PET demonstrates in

hypometabolic activity within the midbrain, posterior frontal lobes,

basal ganglia, and thalami in patients with PSP.53,54 While these find-

ings are potentially helpful in diagnosing PSP, their absence does not

preclude the diagnosis. Dopamine active transporter (DAT) SPECT

imaging may reveal decreased striatal binding relative to normal

patients; however, this finding is not specific as it may be seen in a host

of other neurodegenerative diseases.54 Beta-amyloid PET imaging, a
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F IGURE 1 4 tau real-time quaking-induced conversion (4T RT-QuIC) assay for tauopathy detection. The patient tissue sample with suspected
abnormal tau protein is delivered into a solution containingmany copies of the normal recombinant tau protein. The solution is placed on a shaker
for 1minute followed by 1minute of incubation. If abnormal tau protein is present, the normal recombinant tau proteins will becomemisfolded
and propagate themisfolding pattern thus causing a significant amplification. The fluorescent probewill bind only themisfolded proteins and
therefore the amplified signal can be detected using a fluorimeter. Normal negative controls do not fluoresce

technique used to noninvasively assess amyloid deposition in patients

withAD, is of little use in PSP as it is not associatedwith abnormal amy-

loid deposition.

Perhaps the most exciting modality in development for assessment

of tau deposition within the brain is tau-PET imaging utilizing novel lig-

ands that specifically target tau protein. Themost widely used of these

ligands is [18F]AV-1451 (previously called [18F]T807).54–56 Patients

with PSP have been observed to have increased uptake of [18F]AV-

1451 (also known as flortaucipir) in the basal ganglia, thalamus, mid-

brain, subthalamic nuclei, and cerebellar dentate nuclei when com-

pared to healthy control patients (Figure 6).54,57–62 Furthermore, the

[18F]AV-1451 uptake pattern in PSP is fairly characteristic with higher

cortical uptake as compare to AD.59,61

There are several limitations to tau-PET imagingwith [18F]AV-1451.

Some studies have shown no correlation with [18F]AV-1451 uptake

and severity of symptoms including motor dysfunction and cognitive

impairment.57,59 The pattern of tau deposition in PSP may not actu-

ally correlatewith thepatternof [18F]AV-1451uptake, although it does

correlate with the observed patterns of FDG metabolism.63 Addition-

ally, some evidence has shown that uptake of [18F]AV-1451 within the

basal ganglia increases with age in both control patients and patients

with PSP, limiting its utility. Cognitively normal patients have also

been shown to have uptake of [18F]AV-1451 in other areas of the

brain (referred to as “off-target” binding), further confounding imaging

findings.64–66

Due to these limitations, other potential PET agents specific

for tau have been investigated, including 18F-THK5105 and 18F-

THK5117.67–69 While these agents were found to show uptake in typi-

cal areas of tau deposition primarily in patients with AD, they also had

some issues with “off-target” binding, particularly within the subcor-

tical white matter. In order to decrease this nonspecific binding, the

chemical structure of 18F-THK5117 was modified in order to create
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F IGURE 2 Abnormal tau seeding and propagation. The normal tau
protein (top) converts to amisfolded tau protein and starts
aggregating and altering the conformation of neighboring tau
proteins. The larger oligomer unit forms fibrils that then build into
disorganized aggregates. The aggregates can spread interneuronally
across the synapse to begin the process of destruction in neighboring
neurons. Beginning locally in a given part of the brain, the disease
spreads tomore distant parts of the brain to induce the
neurodegenerative disease (shown on the bottom). This is shown
progressing from the darker blue color in the brainstem to the lightest
blue color in themore distal cortical regions of the cerebrum

18F-THK-5351.70 18F-THK-5351 demonstrated higher binding affinity

for neurofibrillary tangles and has less white matter binding, making it

more sensitive for abnormal tau protein.70 There is also evidence that
18F-THK-5351 binds to abnormal tau protein within the basal ganglia

and brainstem in patients with PSP.71

Potential limitations to imaging with 18F-THK-5351 include off-

target binding within the basal ganglia, which has been demonstrated

to an extent, similar to and possibly greater than that of [18F]AV-

1451.72 There is also evidence that 18F-THK-5351 may bind to

monoamine oxidase B (MAO-B) within the brain in addition to patho-

logic tau, potentially confounding examinations showing increased

uptake of the radiotracer.73,74 Further research into these agents is

ongoing in order to fully realize their potential in imaging tau deposi-

tion in PSP as well as other tauopathies.

CHRONIC TRAUMATIC ENCEPHALOPATHY

Background, significance, and clinical presentation

CTE is a progressive neurodegenerative condition characterized by

abnormal deposition of hyperphosphorylated tau protein in patients

who have experienced repetitive brain trauma.75,76 Patients may

include athletes participating in contact sports, military personnel, or

others experiencing head trauma. Generally speaking, CTE has been

associated with personality and behavioral changes, memory loss, and

speech and gait abnormalities.75 The vast majority of cases studied

have occurred inmales, althoughwhether this observation is explained

by a true male predilection for the disease versus an increased likeli-

hood of male participation in high-impact contact sports such as North

American football is not yet clear. The prevalence of CTE is difficult

to estimate since it is only diagnosable pos-mortem and has unique

risk factors. Furthermore, most of the studies attempting to estimate

prevalence have focused on athletes rather than the general popu-

lation, potentially limiting the generalizability of those studies. Cur-

rent estimates on the prevalence of CTE in football players range from

9.6% up to nearly 100%.77,78 While mortality and survival data on

patients with CTE are limited due to the condition only recently being

more pathologically characterized, it has been estimated that profes-

sional North American football players face a threefold neurodegen-

erative mortality risk.79 Additionally, a recent study demonstrated an

increased risk of death secondary to neurodegenerative disease in a

cohort of former soccer players with a hazard ratio>5.80

It has been shown that there are two main presentation patterns

in patients with CTE: one in relatively younger patients (average age

51) presentingmainly withmood and behavioral disturbances, and one

in somewhat older patients (average age 69) presenting mainly with

cognitive impairment.81 The severity of patient symptoms appears to

correlate with the number of traumatic brain injuries suffered as well

as the duration of the patient’s engagement in the sport/activity.75 It

should be noted that some patients have reported symptoms of CTE as

young as 25 years of age.75

Underlying pathologic mechanism

On gross pathology, CTE has been classically described as having the

following features: diffuse cerebral atrophy, thinning of the corpus

callosum, cavum septum pellucidum with fenestrations, enlarged lat-

eral and third ventricles, and cerebellar scarring.82 Marked atrophy of

the hippocampi, amygdala, and entorhinal cortex can be seen within

increasing disease severity. Other gross pathological features thatmay

be observed include atrophy of the thalami, mamillary bodies, brain-

stem, and olfactory bulbs as well as pallor of the substantia nigra and

locus ceruleus.75 Microscopically, CTE typically shows irregular, dense
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F IGURE 3 Hummingbird sign, midbrain to pons diameter, andmidbrain to pons area ratio in progressive supranuclear palsy (PSP). Marked
midbrain atrophy is present in this patient with a hummingbird appearance of themidbrain and pons in the sagittal MRI plane (A). Themidbrain to
pons diameter ratio is 0.51 (9.23mmmidbrain diameter/18mmpons diameter) in this patient with cutoff for PSP of 0.52 (A). For themidbrain to
pons area ratio, a ratio of themidbrain and pons areas is determined (53mm2/455mm2) to be 0.117with cutoff of 0.12 (B)

F IGURE 4 Morning glory sign. Axial T1 (A) and T2 (B)MRI show lateral concavity and atrophy of themidbrain (white arrows) in a patient with
progressive supranuclear palsy

deposition of hyperphosphorylated tau neurofibrillary tangles within

the superficial cortical layers.75,83 This is in contradistinction to the

typical distribution of AD, which is typically seen in deeper cortical lay-

ers. Furthermore, thehyperphosphorylated taudeposits inCTE tend to

occur in a perivascular distribution with NFTs occurring around small

cortical blood vessels.75,84,85 A 2016 National Institute of Neurologi-

cal Disorders and Stroke/National Institute of Biomedical Imaging and

Bioengineering panel defined the pathognomonic lesion for CTE as an

irregular accumulationof hyperphosphorylated tauproteinwithinneu-

rons and astroglia around small blood vessels at the depths of cortical

sulci.86

Imaging characteristics and emerging imaging
techniques

There are no imaging features that are specific for the diagnosis

of CTE. Structural brain MRI may show some of the gross patho-

logic features previously mentioned, including generalized cortical

atrophy, cavum septum pellucidum, thinning of the corpus callo-

sum, and ventriculomegaly (Figure 7). Advanced MRI techniques

such as MR spectroscopy and diffusion tensor imaging are currently

under investigation with some success.87 [18F]AV-1451 PET imag-

ing has demonstrated increased radiotracer uptake in former North
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F IGURE 5 MRParkinsonism index (MRPI). Sagittal and coronal T1 images through themidbrain and pons (A), superior cerebellar peduncle (B),
and themiddle cerebellar peduncle (C) in a 66-year-old female suspected of having progressive supranuclear palsy (PSP). TheMRPI is calculated
by taking the ratio of the pons (P) tomidbrain (M) areasmultiplied by the ratio of themiddle cerebellar peduncle (MCP) width to the superior
cerebellar peduncle (SCP) width [(P /M)× (MCP / SCP)]. TheMRPI in this patient was 39.24. AnMRPI value of more than 13.55 is abnormal and
suggestive of PSP

F IGURE 6 AV1451 uptake in a patient with progressive
supranuclear palsy (PSP). Patients with PSP have been observed to
have increased uptake of [18F]AV-1451 (also known as flortaucipir) in
the basal ganglia, thalamus, midbrain, subthalamic nuclei, and
cerebellar dentate nuclei (B) when compared to healthy control
patients (A) as shown above in the figure adaptedwith permission
from Schonhaut et al.62

American football players demonstrating neuropsychiatric symptoms

characteristic of CTE.88,89 The areas of uptake corresponded with

characteristically affected areas of the brain on gross pathology. Fur-

thermore, in one group of former North American football players

showing increased uptake of [18F]AV-1451, there was no evidence of

abnormally increased amyloid-beta plaque detected by beta-amyloid

PET imaging.89

CORTICOBASAL DEGENERATION

Background, significance, and clinical presentation

CBD is a tauopathy first described by Rebeiz et al. in 1967 as a pro-

gressive, asymmetric apraxia and akinetic-rigid syndrome.90 This clas-

sic presentation is now referred to as corticobasal syndrome (CBS)

and may include additional cortical findings including myoclonus, alien

limb phenomenon, cortical sensory loss, and basal ganglia findings

such as bradykinesia and tremor.91 The clinical presentation of CBD

can vary widely and may appear quite different from the classic CBS

presentation. The term CBD is now reserved for the pathologic diag-

nosis characterized by tau-positive neuronal and glial lesions within

a characteristic distribution.92 CBD typically occurs in the fifth to

seventh decades and has no sex predilection.93,94 The prevalence

of CBD has been estimated at 4.9-7.3 cases per 100,000.95 Dis-

ease duration after diagnosis ranges from 2 to 12 years with an

average of 6.6 years.94,96 As with several other neurodegenerative

diseases, pneumonia has been cited as the most frequent cause of

death.

The clinical diagnosis of CBD is challenging owing to the marked

symptom heterogeneity. There have been four primary pheno-

types of CBD identified: classic CBS, nonfluent variant of primary
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F IGURE 7 Former football player presented in his mid-40s withmild early atrophy and clinical concern for chronic traumatic encephalopathy
(CTE). The objective of this figure is to depict the nonspecific findings of CTE via brainMRI early on. In this patient, there is mild enlargement of the
lateral (white arrows) and third ventricles with notable thinning of the septum pellucidum and corpus callosum (red arrows). There was alsomild
nonspecific atrophy of themesial temporal structures. Molecular image has great potential to better diagnosis CTE in this early stage

progressive aphasia, frontal behavioral-spatial syndrome, and a pri-

mary PSP syndrome.97 The American Academy of Neurology has

devised a set of consensus criteria for the diagnosis of probable and

possible CBD.97 CBD is noted to be refractory to treatment with lev-

odopa. As with PSP, there are currently no laboratory tests available

that specifically diagnose CBD.

Underlying pathologic mechanism

The neuropathologic diagnosis of CBD is based primarily upon the

histopathologic findings. Gross pathologic findings are helpful but

not critical to making the diagnosis. Subtle findings include vol-

ume loss and thinning of the cortical gyri predominantly within the

parasagittal peri-Rolandic distribution, most often involving the supe-

rior frontal gyrus.92 The temporal and occipital lobes are less often

involved. 6On histopathology, CBD is characterized by tau-reactive

lesions within neurons and glial cells within the cortex and striatum.

Additionally, neuronal loss is often seen in focal cortical regions and the

substantia nigra.92 One other histopathological feature often consid-

ered a hallmark of CBD is the “astrocytic plaque.”98 Like PSP, CBD is

also classified as a 4R tauopathy.41

Imaging characteristics and emerging imaging
techniques

CBD may show asymmetric cerebral atrophy predominantly involving

the frontal and parietal lobes on anatomic imaging (Figure 8). The atro-

phy is often seen contralateral to the clinically affected side.99,100 CBD

will also typically demonstrate hyperintense subcortical signal within

the affected areas on T2/FLAIR sequences, as well as atrophy of the

ipsilateral cerebral peduncle.99,100 Marked tegmental atrophy of the

midbrain tegmentum has also been observed, although it is difficult to

separate from PSP.

In clinical practice for single patient diagnosis, DAT-SPECT shows

inconsistency in differentiating between PD and atypical parkinsonian

syndromes (APS) that include multiple system atrophy (MSA), PSP,

and CBD.101 However, with the advantage of more advanced imaging

in a population-based study analysis of 392 patients with degenera-

tive parkinsonism over a 10-year period, DAT-SPECT imaging analy-

sis using voxel-wise univariate statistical parametric mapping andmul-

tivariate pattern recognition using linear discriminant classifiers did

show significance in distinguishing PD versus APS (area under the

curve [AUC] 0.69) and between APS subtypes (MSA vs. CBD AUC

0.80; MSA vs. PSP AUC 0.69; and CBD vs. PSP AUC 0.69).102 The
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F IGURE 8 MRI and 18F-Fluorodeoxyglucose (18F-FDG) PET of an elderly female with suspected corticobasal syndrome. Axial T2 image shows
asymmetric right greater than left frontal and parietal atrophywith particular atrophy of the right perirolandic region (white arrows) (A). FDG-PET
demonstrated hypometabolism (red arrows) involving the right frontal and right parietal lobe on the coronal view (B &C) and right sagittal view
(D). There was notable right thalamic hypometabolism compared to the left (E). Note preservation of activity (yellow arrows) within the temporal
lobes (F). The normal left frontoparietal lobe FDGmetabolism (yellow arrows) is shown for comparison (G)

analysis illustrated that PD, MSA, PSP, and CBD have distinct pat-

terns of dopaminergic depletion onDAT-SPECT. For instance, CBDhad

higher uptake in both putamen relative to PD,MSA, and PSP.

CBD can demonstrate FDG hypometabolism within the frontal and

parietal cortices, as well as the thalami and caudate nuclei.103–106

The degree of hypometabolism is typically contralateral to the more

clinically affected side, mirroring reported anatomic imaging find-

ings (Figure 8). Regional differences in hypometabolism between

CBD and other tauopathies may be helpful in distinguishing between

diagnoses.106 As with PSP, beta-amyloid PET imaging is unlikely to

be of value in the diagnosis of CBD as the disease is not associated

with abnormal amyloid deposition. Beta-amyloid PET can help identify

underlying AD in those presenting with CBS, and may have an impor-

tant clinical impact as treatments become more widely available.107

Visuospatial and functional symptoms tend to be more severe in beta-

amyloid PET-positive CBS patients with underlying AD, who typically

demonstrate asymmetric volume loss alongWernicke’s area at the pos-

terior aspect of the left superior temporal gyrus.107 Technetium-99m

ethyl cysteinate dimer SPECT imaging in patients with clinical diagno-

sis ofCBS typically showshypoperfusionwithin the frontal andparietal

lobes as well as the basal ganglia and thalami, typically contralateral to

the clinically more affected side.99

As with PSP, there is a great deal of research being performed on

the utility of novel tau-PET agents for the diagnosis of CBD. Several of

the same agents examined for PSP have also been studied in patients

withCBD, including [18F]AV-1451and 18F-THK-5351.Multiple studies

have shownuptake patterns of both of these tracers that also correlate

with the distribution of tau deposition seen on neuropathology.108–112

As previously mentioned with PSP, [18F]AV-1451 has been shown to

have off-target binding in cognitively normal patients, potentially con-

founding imaging findings in the evaluation of patients with clinical

evidence of CBD.64,65 18F-THK-5351, on the other hand, has been

shown to have fairly specific binding within typically affected areas of

the brain, including the frontal and parietal lobes as well as the basal

ganglia.110,112 18F-THK-5351 also has a higher affinity for abnormal

tau neurofibrillary tangles and shows less off-target binding as previ-

ously discussed.

FRONTOTEMPORAL LOBAR DEGENERATION

Background, significance, and clinical presentation

FTLD is a generic umbrella term referring to progressive degen-

eration of the frontal and temporal lobes. The condition was first

described in 1892 by Arnold Pick andwas referred to as Pick’s disease,

although today that term is now only utilized for a very specific syn-

drome/pathology. FTLD is recognized to produce three distinct clini-

cal syndromes (Table 2): behavioral-variant frontotemporal dementia

(bvFTD), semantic dementia (SD), and progressive nonfluent aphasia

(PNFA).113 SD and PNFA are occasionally described under an addi-

tional broadumbrella of language-relateddementia syndromes termed

primary progressive aphasia (PPA).

FTLD syndromes typically present within the fifth and seventh

decades of life, although presentation can range from the fourth

through eighth decades.114–116 There is no significant difference in age

of presentation between the three syndromes. The FTLD syndromes

are the second leading cause of dementia after AD and account for up

to 20%of dementia cases in patients below age 65.115,116 It is not clear

if there is anyoverall genderpredispositionamongall FTLDsyndromes;

however, there do appear to be sex differences between the different

syndromes.114,115 The overall prevalence of FTLD has been estimated

to range from 4 to 22 cases per 100,000.117–119 Median survival after

symptom onset has been estimated at 6-11 years.114,115,120–122 FTLD
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TABLE 2 Frontotemporal lobar degeneration atrophy patterns by subtype

Behavioral-variant frontotemporal

dementia Semantic dementia Progressive nonfluent aphasia

Atrophy pattern Symmetric frontal and right temporal

lobe

Anterior temporal lobe atrophywith left

dominance

Left frontal and perisylvian atrophy

syndromes may result in nearly $120,000 annual expense, up to dou-

ble the cost reported for AD.123 Approximately 40% of patients with

FTLD have a positive family history, usually with autosomal dominant

transmission.114,115,124

The clinical diagnosis of FTLD syndromes can be challenging due

to the possibility of symptom overlap with other primary tauopathies

such as PSP and CBD. bvFTD is the most common of the FTLD syn-

dromes and typically presents with changes in behavior, personal-

ity, and impaired executive functioning.113,124,125 Patients with bvFTD

also frequently appear apathetic and unmotivated; however, memory

function is usually preserved. Patients with SD typically present with

a characteristic syndrome of progressive loss of knowledge of word

meanings. Patients will forget the meaning of common words, facts, or

even people and may experience impaired objected recognition (visual

associative agnosia).113,124,126,127 SD patients will typically speak flu-

ently; however, the spoken words may not make any sense.113,124

PNFA will present with effortful, nonfluent speech as well as agram-

matism. These patients often have troubles comprehending complex

sentences, although single word comprehension is usually preserved,

helping to distinguish PNFA fromSD.113,124,127 Patientswith advanced

PNFA may also develop the behavioral changes and impaired execu-

tive functioning seen with bvFTD. Of note, PSP, CBS, and motor neu-

ron diseases such as amyotrophic lateral sclerosis also have underly-

ingFTLDpathology. Lackof reliable laboratory and imagingbiomarkers

has made the diagnosis of FTLD primarily clinical and there have been

several consensus criteria developed to aid evaluation.113,128

Underlying pathologic mechanism

FTLD shows atrophy of the frontal and/or temporal lobes on gross

pathology, although each variant classically has a somewhat distinct

pattern of volume loss. The parietal lobes can occasionally be affected

but the occipital lobes are almost never involved. bvFTDwill classically

show symmetric atrophy of the frontal lobes and occasionally the right

temporal lobe.113,124 SD, on the other hand, classically shows asym-

metric atrophy and cortical thinning of the anterior inferior temporal

lobes, usually greater on the left side.113,124,126,127,129 In cases of SD

where right temporal lobe atrophy is greater, patients tend to present

with prosopagnosia.124,129,130 PNFA classically shows asymmetric left

frontal and perisylvian atrophy.114,124,127,131 On microscopic evalua-

tion, there is classically cortical microvacuolation and neuronal loss,

predominantly within layer II along with gliosis and myelin loss within

the underlying white matter.114,115,132

FTLD can also be divided into two broad categories based on the

presence or absence of tau inclusions. A form of tau-negative FTLD

with ubiquitin positive inclusions, previously referred to as FTLD-

U, is the most common form of FTLD comprising around 60% of

cases.124,133,134 The predominant protein implicated in this condition

has been found to be TARDNA-binding protein 43 (TDP-43).135,136

There are several tauopathies that may underlie FTLD-associated

syndromes, of which Pick’s disease (a form of bvFTD) is often con-

sidered the prototype syndrome. The typical pathology underlying

Pick’s disease is a 3R tauopathy with characteristic spherical depo-

sitions of abnormal tau protein within the hippocampi, basal gan-

glia, and the superficial neocortical layers of the frontal and tempo-

ral lobes.114,115,137,138 The tauopathies underlying both PSP and CBD

may also produce clinical syndromes associated with FTLD, making

diagnostic differentiation between these syndromes quite difficult. An

additional tauopathy that may be seen with FTLD syndromes is associ-

atedwithmutations of themicrotubule-associated protein tau (MAPT)

gene on chromosome17 and is often referred to as FTDP-17.114,115,124

FTDP-17 has been shown to have an autosomal dominant inheri-

tance pattern.139 The tau inclusions of FTDP-17 may include both

3R and 4R isoforms.114,140 These inherited forms of FTLD associated

with MAPT mutations may produce any of the clinical phenotypes of

FTLD.141,142

Imaging characteristics and emerging imaging
techniques

The anatomic imaging findings of classic FTLD syndromes follow the

patterns of volume loss seen on gross pathology. The volume loss of

both bvFTLD and svFTLD PPA variant are visible and can be highly

suggestive on MRI with the right clinical picture (Figure 9). MRI voxel-

based morphometry techniques have also shown a difference in pat-

terns of cortical gray matter atrophy with various MAPT mutations,

potentially allowing differentiation of different mutations based on

imaging.143 Additionally, multiple studies have shown the potential

for diffusion tensor imaging (DTI) to show distinctive patterns of

white matter damage in the various FTLD syndromes.130,144–146 Func-

tional MRI has also shown some promise in this area with a few

studies demonstrating altered functional connectivity in FTLD syn-

dromes in a pattern that may potentially allow for differentiation from

AD.130,147,148

18F-FDG-PET imaging will typically show hypometabolism

within the frontal and anterior temporal lobes in a pattern
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F IGURE 9 MRI and PET showing asymmetric left sided temporal atrophy. T1 coronal (A) and T2 axial (B) sequences depict the asymmetric left
temporal lobe volume loss (arrows) indicative of semantic dementia. Note the dramatic temporal lobe volume loss on the left with a knife-like
morphology to the left anterior temporal lobe. 18F-Fluorodeoxyglucose PET in the axial (C) and coronal (D) planes shows corresponding
hypometabolism in the left temporal lobe withmore profound atrophy of the left temporal lobe compared to the right (arrows)

corresponding with the gross pathology of the underlying FTLD

syndrome (Figure 10).149,150 The parietal lobes may be involved

later in the disease process, with the occipital lobes rarely involved.

The patterns of hypometabolism on 18F-FDG-PET have also been

shown to fairly reliably distinguish FTLD from AD, one of the main

clinical diagnostic differential considerations.151 FTLD typically

shows no beta-amyloid deposition on beta-amyloid PET imaging with

some reported positive cases thought to be potentially secondary to

underlying ADmimicking FTLD symptoms.152,153

In terms of tau-specific PET agents, [18F]AV-1451 has shown bind-

ing correlatingwith tau pathology in some patients with specificMAPT

mutations.154,155 Additionally, [18F] has shown potential to differ-

entiated between variants of PPA.156 [18F]AV-1451 has also shown

expected uptake in patients with bvFTD and CBS; however, elevated

binding has been seen in patients thought to most likely have underly-

ing tau-negative FTLDpathology (ie, FTLD-U), raising concerns regard-

ing the specificity of the tracer in FTLD.157 The previously described

issues of off-target binding and increased retention with age seen with

[18F]AV-1451 again apply and could potentially limit the utility of this

tracer in FTLD evaluation.
18F-THK-5351 has been shown to bind in areas correlating with

expected tau pathology in language variants of FTLD/PPA, poten-

tially serving as a biomarker for neurodegeneration.158,159 Tau PET

imaging with 18F-THK-5351, however, may also be susceptible to

several pitfalls, including off-target binding and binding to MAO-B,

potentially confounding evaluation for deposition of abnormal tau

protein. Given these findings, 18F-THK-5351 binding may turn out

to be less sensitive for selective detection of abnormal tau depo-

sition; however, there may be utility for its use in monitoring the

effects of tau-related inflammatory changes and astrogliosis.70,72
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F IGURE 10 18F-Fluorodeoxyglucose (FDG) PET of
behavioral-variant frontotemporal dementia (bvFTLD). FDG PET/CT
in axial, sagittal and coronal planes showing hypometabolism in the
frontal and temporal lobes (arrows) classic for bvFTLD shown in
grayscale PET (upper row) and PET/CT fusion (lower row)

Further researchwill be needed to determine the precise role for these

novel PET tracers in the diagnosis and monitoring of FTLD-related

syndromes.

CURRENT TAUOPATHY TREATMENT OPTIONS AND
EMERGING THERAPIES

At present, there are no disease-modifying therapies available for the

treatment of primary tauopathies, and therapies are limited to those

targeting symptoms and supportive management.1,160–163 To further

complicate matters, many medications that target specific symptoms

of these diseases often worsen other symptoms or have intolerable

side effects. Nonpharmacologic treatment options such as speech and

physical therapy are critical for limiting further morbidity from these

diseases. Multiple potential disease-modifying medications have been

studied; however, to date none have convincingly shown benefit in the

treatment of tauopathies. Studies assessing the benefits of Coenzyme

Q10 in PSP have shown conflicting results.164,165 Riluzole has also

been studied and has not been shown to have significant benefits on

survival or disease progression in PSP.166

As previously mentioned, tau is a microtubule-associated pro-

tein that is critical for microtubule stability. Under pathologic con-

ditions, however, tau can become abnormally hyperphosphorylated,

leading to decreased stability of microtubules as well as formation

of toxic aggregates of hyperphosphorylated tau. Therefore, more

novel approaches to disease-modifying therapy target tau phospho-

rylation, kinase inhibition, and microtubule stabilization, among oth-

ers. Davunetide is a peptide that inhibits tau phosphorylation and

promotes microtubule stability and it was hypothesized that it may

be beneficial in tauopathy patients. A trial of davunetide in patients

with PSP, however, found no benefits.167 An additional Phase 2 trial

of tideglusib, an inhibitor of a kinase contributing to tau hyperphos-

phorylation, also showed no benefit in patients with PSP. Early-stage

trials for other medications including an additional microtubule stabi-

lizer (TPI-287) and an inhibitor of tau acetylation (salsalate) are also

ongoing.161

The more recently described “prion hypothesis” of tauopathies may

also provide a potential target for therapies. This theory also holds

that in order for the pathologic intracellular tau aggregates to propa-

gate to neighboring cells, they must first enter the extracellular space

and then be internalized by the adjacent cell.168–171 Evidence sug-

gests that the pathway of propagation of pathologic tau aggregates

may proceed via functional synaptic neuronal connections rather than

direct spatial proximity.168 Anti-tau monoclonal antibodies have been

demonstrated to trap these pathologic tau aggregateswithin the extra-

cellular space and halt internalization by neighboring neurons, sug-

gesting an important role for targeting extracellular tau.169,172 Ther-

apies directed against this extracellular tau are some of the latest

being researched, including two monoclonal antibodies in Phase 2 tri-

als, ABBV-8E12 (AbbVie) and BIIB092 (Biogen).19,161 Both of these tri-

als seek to enroll PSP patients who are relatively early in the disease

course.

Multiple therapies targeting tau pathology in patients with AD

are also under investigation, and while the studies underway are

targeted to AD, the results will be of great interest to patients

with primary tauopathies. Several humanized monoclonal antibod-

ies targeting extracellular tau are in Phase 2 clinical trials for AD

includingRO7105705and LY3303560.24,161 Several othermonoclonal

antibodies are currently in Phase 1 trials for patients with AD. Addi-

tionally, there is an active vaccine (AADvac1) currently in a Phase 2

trial designed to elicit a sustained immune response against pathologic

tau species.24,161,170 There is an additional vaccine directed against tau

aggregates that is in very early stage human trials (ACI-35).24,170 Sev-

eral additional immunotherapies are currently undergoing preclinical

trials.

In addition to immunotherapies, there are several therapeutic

approaches targeting tau in patients with AD that are also of inter-

est to the treatment of primary tauopathies. Multiple animal models

have suggested potential therapeutic benefit in reducing the amount

of total tau, including therapies targeting expression of the tau gene

(MAPT).24,161 At present, there is an antisense oligonucleotide that

targets MAPT mRNA (IONIS MAPTRx) undergoing a Phase 1 trial.173

Gene-targeting therapies such as this are currently being employed

in the therapy of spinal muscular atrophy and Duchenne muscular

dystrophy and have even been evaluated for potential treatment in

Huntington’s disease.174,175

Other compounds targeting tau aggregation and phosphorylation

have also been studied in patients with AD. TRx0237, a form of methy-

lene blue, is a tau aggregation inhibitor that is currently undergoing a

Phase 2/3 trial in early-stage AD patients, although several previously

performed trials did not demonstrate efficacy.24,161,176 The tyrosine

kinase inhibitor nilotinib has been shown to reduce levels of tau in neu-

rodegenerative diseases,177 and is currently undergoing Phase 2 trials

in patients with AD and PD.161
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CONCLUSION

Modern medicine is benefitting greatly from the shift away from his-

tologic/pathologic diagnosis toward noninvasive yet highly specific

forms of diagnosis, including imaging. Molecular imaging provides a

key stepping-stone for not only permitting more specific disease diag-

noses, but it also holds great potential for personalized monitoring of

the disease progression or therapeutic effect of therapies through the

duration of the disease. While the neurodegenerative diseases in gen-

eral and tauopathies, in particular, have struggled to find significant

disease-modifying treatments, coevolution of molecular imaging with

therapies will be key to the future of combatting these often devastat-

ing and debilitating diseases.
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