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Tau Imaging in Parkinsonism: What Have We

Learned So Far?

Jennifer L. Whitwell, PhD*

Abstract: Background: Positron emission tomography ligands are now available that bind to tau proteins in
the brain, providing the exciting opportunity to assess the presence and distribution of tau in vivo in living

patients.

Methods: This manuscript performed a systematic review of studies that have performed tau PET imaging in
patients with parkinsonian disorders. PubMed was searched through November 13, 2017 and the review

included case reports and patient-control studies.

Results: Most tau-PET studies have utilized the ['®F]AV-1451 ligand, with a few using the ['C]PBB3 and ['®F]
THK-5351 ligands. Elevated cortical tau-PET uptake has been observed in Parkinson’s disease dementia and
dementia with Lewy bodies, presumed to be related to Alzheimer’s disease-related pathology. Mild patterns
of tau-PET uptake have been observed in subcortical structures in progressive supranuclear palsy and
subcortical structures and motor cortex in corticobasal syndrome, although discrepancy with
autoradiographic studies that show lack of binding to 4-repeat tau and “off-target” binding observed in
subcortical structures limit the interpretation of these findings. Findings in frontotemporal dementia with
tau mutations are variable, but elevated signal is most pronounced in mutations with deposition of both 3
and 4-repeat tau. Elevated tau-PET uptake has also been observed in multiple system atrophy, a

synucleinopathy.

Conclusion: The value of the current generation of tau-PET ligands varies across parkinsonian syndromes,
depending upon underlying variability in tau pathology and “off-target” binding. More work is needed to
understand the biological basis of binding and more specific tau PET ligands are needed to study

parkinsonian disorders.

The recent development of positron emission tomography
(PET) ligands that can bind to tau proteins in brain tissue
have provided an exciting opportunity to assess the presence
and distribution of tau pathology in patients during life. This
is particularly valuable for patients with neurodegenerative
diseases that are defined by the presence of hyperphosphory-
lated tau inclusions in the brain (i.e., tauopathies), but also
for detecting mixed pathologies in a range of different neu-
rodegenerative diseases. Primary tauopathies associated with
parkinsonian syndromes include progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and frontotemporal
dementia with mutations in the microtubule associated pro-
tein tau (MAPT) gene. However, Alzheimer’s disease (AD)
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that is characterized by both tau and beta-amyloid deposition
can also occur in patients with parkinsonian syndromes and
hence is also an important target for tau-PET imaging.
Although these diseases are characterized by the presence of
abnormal tau proteins, the specific tau isoforms, structure of
the tau filaments, morphological characteristics of the tau
inclusions, and the distribution of tau pathology differ in each
disease (Table 1). The ultimate hope is that tau-PET imaging
could provide an early diagnostic biomarker of the presence
of tau pathology and also provide biomarkers of disease pro-
gression, which could be used as outcome measures in clini-
cal treatment trials, particularly those assessing therapies that
target tau.

*Correspondence to: Jennifer L. Whitwell, PhD, Department of Radiology, Mayo Clinic, 200 1* St SW, Rochester, MN 55905, USA; E-mail:

whitwell jennifer@mayo.edu

Keywords: AV-1451, Parkinsonism, PBB3, positron emission tomography, THK-5351.

Relevant disclosures and conflicts of interest are listed at the end of this article.

Received 30 August 2017; revised 29 November 2017; accepted 22 December 2017.

Published online 22 February 2018 in Wiley InterScience (www.interscience.wiley.com). DOI:10.1002/mdc3.12584

MOVEMENT DISORDERS CLINICAL PRACTICE 2018; 5(2): 118-130. doi: 10.1002/mdc3.12584

18

© 2017 International Parkinson and Movement Disorder Society



J.L. WHITWELL

REVIEW

TABLE 1 Pathological Characteristics of Tauopathies Discussed in this Review

Neurodegenerative  Tau isoforms

Tau filaments

Tau inclusion types

Distribution of tau pathology

disease
Alzheimer’s 3R + 4R Predominantly paired Neurofibrillary tangles, Medial temporal lobe,
disease helical filaments neuropil threads and neocortex (particularly
dystrophic neurites temporal and parietal lobes)
Progressive 4R Straight filaments more Globose neurofibrillary Brainstem, basal ganglia,
supranuclear common than paired tangles, tufted astrocytes, diencephalon, temporal,
palsy>? helical filaments oligodendroglial coiled motor and premotor cortices
bodies and threads
Corticobasal 4R Twisted ribbon Ballooned neurons and glial Basal ganglia and neocortex
degeneration?? filaments inclusions, astrocytic plaques,
threads, coiled bodies
Frontotemporal 4R Twisted ribbon Neuronal and glial (coiled bodies Frontal and temporal cortices,
dementia with filaments in oligodendroglia, tufted medial temporal lobes,
MAPT mutations’® astrocytes and astrocytic basal ganglia, midbrain,
plaques) deposits pons, dentate nucleus of the
cerebellum
3R + 4R Paired helical and Neurofibrillary tangles or Frontal and temporal cortices,
straight filaments Pick-1like bodies medial temporal lobes,
basal ganglia, pons
3R Straight filaments Pick bodies and axonal Frontal and temporal cortices,

with some
twisted filaments

inclusions predominate,
with some glial inclusions

medial temporal lobes,
midbrain, pons

Abbreviations: 3R, tau isoform with 3 repeats in the microtubule binding domain; 4R, tau isoform with 4 repeats in the microtubule binding

domain; 3R + 4R, mixed 3 and 4 repeat tau isoforms.

A number of different tau-PET ligands have been devel-
oped,’ most of which were originally developed to detect the
hyperphosphorylated tau present in AD. Most of the clinical
work performed so far has used the ['*F|AV-1451 ligand (origi-
nally known as T807).2 Early studies showed that [""F]AV-1451
had greater selectivity for paired helical filament tau compared
to beta-amyloid, and it was shown to have rapid uptake and
washout, cross the blood-brain barrier, and have minimal white
matter binding in transgenic mice.” Two other ligands that also
show high affinity for tau and have been used in clinical studies
are the ["®F|THK-5351" and [''C|PBB3* ligands. These ligands
have shown strong binding to the tau pathology present in AD
in autoradiographic studies.”® This review will discuss findings
from studies that have utilized these tau-PET ligands in patients
clinically diagnosed with different parkinsonian disorders,
including Parkinson’s disease (PD), dementia with Lewy bodies
(DLB), PSP syndromes, corticobasal syndrome, multiple system
atrophy (MSA), and frontotemporal dementia associated with
MAPT mutations. Autoradiographic studies relevant to each

disease will be discussed in each section.

Materials and Methods

Literature was searched on PubMed for entries up until
November 13, 2017 using search terms to capture tau PET
studies (AV-1451, THK-5351, PBB3, PET) and the diseases of
interest (Parkinson’s disease, dementia with Lewy bodies, multi-
ple system atrophy, progressive supranuclear palsy, corticobasal
syndrome, corticobasal degeneration, frontotemporal dementia,
MAPT mutation, parkinsonism). Only studies published in
English and those that reported findings from tau PET imaging
in humans were reviewed. A total of 28 manuscripts were iden-
tified in the search and fulfilled inclusion criteria (Table 2).

Parkinson’s Disease and
Related Disorders

Parkinson’s disease (PD) is a progressive neurodegenerative disor-
der characterized by tremor, stiffness, slowness, impaired balance,
and shuffling gait. It is characterized neuropathologically by the
deposition of alpha-synuclein-immunopositive Lewy neurites and
Lewy bodies; and hence, at first glance, does not appear to be a
useful target for tau-PET imaging. Autoradiographic studies have
consistently found no binding of ['®*FJAV-1451 to alpha-synu-
clein pathology in either Lewy body disease® ” or PD.” However,
patients with PD can develop cognitive impairment and demen-
tia. Patients that develop dementia a year or more after the onset
of motor symptoms are often diagnosed with Parkinson’s disease
dementia (PDD), while those that develop dementia closer to the
onset of motor symptoms, or before the onset of motor symp-
toms, are often diagnosed with Dementia with Lewy Bodies
(DLB).” Pathological studies have shown that coexistent AD
pathology, characterized by both beta-amyloid and hyperphos-
phorylated 3R /4R tau deposition occurs in both PDD'™"? and
DLB, occurring in up to 38% of PDD'? and 25% of DLB'* cases.
In contrast, coexistent AD pathology is rare in PD in the absence
of cognitive impairment.'™'>'* Given the fact that the tau ligands
show strong binding to the tau pathology present in AD,”® tau-
PET imaging provides a potentially valuable opportunity to
detect the presence of AD-related tau pathology during life and
to investigate the influence of tau pathology on disease course and
patient outcomes.

Consistent with expectations from autopsy findings, tau-PET
studies using ['*F]JAV-1451 have observed no tau uptake in the
cortex or basal ganglia in patients with PD that do not have
cognitive impairment'> 7 (Table 2). However, it has been
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shown that PD patients have reduced ['*FJAV-1451 uptake in
the substantia nigra,'®'” a finding that has been interpreted as
reflecting loss of neuromelanin due to the progressive loss of
dopaminergic neurons observed in PD. This hypothesis is sup-
ported by autoradiographic studies that have shown that ['*F]
AV-1451 binds to neuromelanin.®

In contrast, increased cortical tau-PET uptake has been
observed in patients with PDD and DLB compared to
healthy controls (Table 2). One study observed elevated ['°F]
AV-1451 uptake in inferior and lateral temporal gyri and pre-
cuneus in PD patients with cognitive impairment (PD-mild
cognitive impairment and PDD) and DLB, although findings
were more striking in DLB.'®> There was some evidence that
the PD patients with cognitive impairment and DLB patients
showed greater uptake in these regions compared to PD
patients without cognitive impairment, although this was only
observed when a partial volume correction was performed on
the PET data. They also found that uptake in these regions
correlated with general cognitive performance. Uptake in
inferior and lateral temporal gyri and precuneus were also
elevated in DLB compared to controls in another study;
although that study found that the regions of greatest uptake
in DLB were actually located in the occipital lobe'® (Fig. 1).
The finding of tau uptake in temporal and parietal regions
fits well with the typical distribution of tau deposition at
autopsy in AD,' although the finding of high occipital tau
uptake may suggest that the distribution of tau pathology in
DLB is atypical,'® as an autopsy study has found.” However,
the relationship between these tau-PET findings and beta-
amyloid PET findings were variable. While one study
observed a correlation between severity of tau uptake and
severity of beta-amyloid deposition on PET,'® the other did
not."> Furthermore, both studies observed patients with ele-
vated tau uptake that did not show elevated beta-amyloid
uptake'>'® (Fig. 1), suggesting that tau can accumulate in the
neocortex in the absence of beta-amyloid. This contrasts to
findings in AD where beta-amyloid and tau are both typically
elevated. The authors conclude that it is possible that in
these cases tau deposition may precede beta-amyloid deposi-
tion,'® or that soluble beta-amyloid oligomers and non-fibril-
lar amyloid in difftuse plaques could contribute to tau
accumulation in these cases.'> Another possibility is that the
tau-PET findings may reflect off-target binding. A further
difference between these findings and those observed in AD
was in the severity of tau uptake which was markedly less
than that observed in AD at the group-level, with only a
small proportion of patients showing tau uptake in the range
observed in AD patients'®; some pathological studies have
similarly observed a low proportion of PDD patients with
AD pathology.'® Furthermore, a recent study did not find
any evidence of elevated tau uptake in PD patients with mild
cognitive impairment, with only one of nine patients show-

ing any evidence for tau uptake.'®

These discrepancies across
studies and unexpected findings regarding the relationship
with beta-amyloid deposition point to the need for further

tau-PET studies using larger patient samples, and the critical

need for autopsy studies to investigate the neuropathological
underpinnings of elevated tau-PET signal in these PD spec-

trum disorders.

Parkinson-plus Syndromes

Progressive Supranuclear Palsy
Syndromes

Progressive supranuclear palsy is a tauopathy associated with a
predominance of 4-repeat (4R) tau isoforms>' (Table 1). The
most commonly recognized clinical presentation of PSP is
Richardson’s syndrome (PSP-RS), in which patients have early
and notable gait and postural instability, frequent falls, and abnor-
mal vertical eye movements (supranuclear gaze palsy).” 2* How-
ever, a number of other clinical presentations of PSP have been
described,* including, PSP with predominant parkinsonism
(PSP-P),>* PSP with progressive gait freezing,”> PSP with pre-

® PSP with a predominant

dominant frontal presentation,”
speech/language disorder,” and PSP with predominant corti-
cobasal syndrome.® Patients diagnosed clinically with PSP most
commonly have an underlying PSP pathology,> > although
other pathologies observed include CBD and MSA. The proba-
bility that the underlying pathology will be PSP is higher for
patients that present with the typical symptoms of PSP-RS.>!
Tau-PET imaging is particularly important in PSP as it is a pure
tauopathy, concordance between syndrome and pathology is rela-
tively good, and it tends to have a relatively young age at onset,
which minimizes the probability of other comorbidities. Hence,
patients with PSP are important targets for treatment trials testing
tau-modifying drugs. Given that PSP can present with a number
of variant clinical syndromes, a diagnostic biomarker for PSP that
can be identified early in the disease course is needed.

A number of studies have now assessed tau-PET imaging
using the ["®*FJAV-1451 ligand in PSP patients, with the major-
ity investigating patients clinically diagnosed with PSP-RS
(Table 2). A very consistent message has emerged across group-
level studies, with PSP-RS showing elevated uptake particularly
in subcortical structures, including midbrain, dentate nucleus of
the cerebellum, thalamus, subthalamic nucleus, globus pallidus
438 (Fig. 2). Two studies
have found increased uptake in frontal regions, including pre-

and striatum compared to controls

motor and precentral regions, although it has been observed
predominantly in white matter and it was less striking that the
uptake in subcortical regions.’®**® A few studies looked at how
well tau in subcortical regions could differentiate PSP-RS from
controls.***” The globus pallidus provided optimal differentia-
tion in a couple of studies, with sensitivity and specificity of
93% in one study”* and 85% and 92% in the other.”® The glo-
bus pallidus also performed well in one other study, although
optimum differentiation was achieved with the thalamus.””
These studies therefore suggest that subcortical regions have
potential to be useful diagnostic biomarkers in PSP. It should
be noted, however, that studies have observed a large degree of

overlap between PSP-RS patients and controls, which makes
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FIG. 1. ['®F]AV-1451 findings in dementia with Lewy bodies. Group-level patterns of tau-PET uptake in 19 patients with dementia with
Lewy bodies compared to controls are shown in (A). Elevated uptake is observed in the occipital lobe. These renders were kindly
provided by Dr. Kantarci, Mayo Clinic, and modified from Kantarci et al. 2017.18 B: Mild elevated cortical tau-PET uptake in a patient
with Dementia with Lewy bodies that showed no beta-amyloid uptake on Pittsburgh Compound B PET imaging.

Healthy.control

R [

PSP-RS patient

FIG. 2. ['®F]AV-1451 tau PET images in a healthy control and PSP-RS patient. Standard uptake value ratio images are shown for a 59 year
old healthy control and a 64 year old PSP-RS patient. The PSP-RS patient shows elevated uptake in the dentate nucleus of the
cerebellum, midbrain, thalamus, and basal ganglia, with very mild uptake observed in white matter underlying the cortex.

diagnosis difficult at the individual-level. This is because off-tar-
get binding in controls is observed in many of the PSP-related
regions (as discussed below). In fact, one study failed to observe
any regions of increased ['*FJAV-1451 uptake in a small PSP-
RS cohort.?

Similar patterns of uptake in globus pallidus and midbrain in
PSP-RS have been observed with ["*FJTHK-5351, with weaker
evidence for cortical uptake.*” One study using the [''C]PBB3

124 MOVEMENT DISORDERS CLINICAL PRACTICE 2018; 5(2): 118-130. doi: 10.1002/mdc3.12584

ligand assessed a cohort of PSP-P patients.*! Similar to the pre-
viously mentioned studies, they identified elevated tau uptake
in the putamen, midbrain, and globus pallidus compared to
controls. However, they did not identify any elevated uptake in
dentate nucleus of the cerebellum or thalamus. While one could
hypothesize that these differences may relate to the clinical syn-
drome, as has been observed with ["*FJAV-1451 it is also
possible that it may be due to the use of a difterent tau-PET




J.L. WHITWELL

REVIEW

ligand, especially since these regions were also not identified in
the ['®FJTHK-5351 study.* Studies comparing [''C]PBB3,
["®FJTHK-5351, and ['®F]AV-1451, and also comparing PSP
variants, will be needed to understand the implication of these
findings.

There has been some disagreement across studies in whether
tau uptake in subcortical regions correlates with disease severity
in PSP, although the majority of studies have not found any

. 34-36,42
correlations. > 3*

A relationship between tau-PET uptake and
disease severity has been observed in PSP-P.*' There is also
some disagreement regarding whether uptake is related to age
in PSP, with one study finding a positive correlation between
age and uptake in the striatum®’ and another finding no corre-
lation at all.>* There is evidence that tau uptake in PSP is not
influenced by the presence of beta-amyloid deposition in the
brain.*? Differences across studies may be due to clinical differ-
ences in the cohorts or the small samples assessed (most pub-
lished studies have ~10 patients). Larger studies will be needed
to better determine clinical and demographic relationships with
tau uptake.

Thus far, it is clear that PSP is associated with patterns of
tau uptake on PET imaging that are relatively consistent across
studies. However, there are a number of issues regarding the
uptake properties of ['*FJAV-1451 that make interpretation of
the findings in PSP patients difficult. First, autoradiographic
studies have found no,*”*>*"* or minimal,>%* binding of
['"®F]AV-1451 to 4R tau. In addition, a study that assessed
['"®F]JAV-1451 uptake in an autopsy-confirmed patient with
PSP found no correlation between tau-PET uptake during life
and tau burden in the brain at autopsy.*> These results suggest
that the affinity of the ligand to 4R tau may be lower than to
AD tau, possibly related to differences in tau isoforms or struc-
tural differences in tau filaments (Table 1). Autoradiographic
studies using the PBB3 and THK-5351 ligands have been
more positive, with specific binding to 4R tau inclusions in
PSP observed,* showing better performance than [*FJAV-
1451.% Second, studies using ['*FJAV-1451 have shown off-
target binding in healthy controls in many of the regions that
are implicated in PSP, including the midbrain and basal gan-
glia,” with uptake in these regions appearing to increase with
age.”*” It has been hypothesized that ['*FJAV-1451 may be
binding to iron in the basal ganglia,>*® or neuromelanin in
the midbrain.® Binding in basal ganglia has also been observed
in healthy control patients with ["®FJTHK-5351*" and in
patients with non-tau diseases using [''C|PBB3,*" although
autoradiographic studies have shown that oft-target binding in
these regions is minimal with [''C]PBB3.® Another issue
regarding ['®FJTHK-5351 is that recent studies have suggested
that it binds to monoamine oxidase B (MAO-B), and hence
that interpretation of PET findings using this ligand will be
confounded by the high MAO-B availability across the
brain.*® MAO-B levels are affected by smoking,* and hence
smoking status could also be a confound. There is some evi-
dence that MAO-B may not be a confound in ['®F]JAV-1451
studies,®® although more work needs to be done to evaluate

this issue.

These studies therefore question whether the elevated tau
uptake observed in the in vivo studies of PSP using ['®*F]AV-
1451 reflect true tau deposition. However, this is still unclear
and it may be too early to discount ['*FJAV-1451 completely.
First, the utility of autoradiographic studies has been questioned,
with other PET ligands showing greater sensitivity in in vivo
compared to in vitro studies.’’ Second, the patterns of tau
uptake match well with the post-mortem distribution of pathol-
ogy in PSP*® and match well with findings using the other tau
ligands that show better performance in autoradiographic stud-
ies. Third, two autopsy studies have found good regional corre-
lations between ['®F]JAV-1451 uptake during life and tau
burden in CBD, another 4R tauopathy.***?
demonstrated that there is no neuromelanin in the basal ganglia

One study has

of PSP patients,” suggesting at least that neuromelanin does not
explain uptake in this region. It is possible that ['*FJAV-1451
may be binding a very small fraction of the total 4R -tau, result-
ing in the low signal on PET and the lack of findings on
autoradiographic studies. Tau burden in PSP is typically much
lower than that observed in AD, which shows striking findings
on autoradiography. Further studies are clearly necessary in
order to understand the origins of the elevated tau-PET signal
in PSP. It is important to note, however, that regardless of the
underlying mechanism, tau-PET imaging could still provide
useful biomarkers in PSP if it performs well in differential diag-
nosis and if longitudinal measures correlate well with disease
progression, akin to say a midbrain volumetric measurement.
More work is needed to determine how well tau-PET performs

compared to other more established biomarkers in PSP.>

Corticobasal Syndrome

The term corticobasal syndrome describes a clinical syndrome
that is characterized by progressive asymmetric cortical and
extrapyramidal dysfunction, including ideomotor limb apraxia,
cortical sensory loss, alien-limb phenomenon, and myoclonus.>*
The corticobasal syndrome is, however, pathologically heteroge-
neous and can be the presenting syndrome of a host of difterent
pathologies including CBD, PSP, AD, and FTLD-TDP.>>>’
Pathological studies have shown that the most common pathol-
ogy underlying corticobasal syndrome is CBD, followed by AD,
then PSP, and then FTLD-TDP.>>*>*°! Studies typically utilize
beta-amyloid PET imaging in order to identify corticobasal syn-
drome patients that likely have AD pathology; although little data
is available on how well beta-amyloid PET results relate to
autopsy findings of AD pathology in corticobasal syndrome.
Therefore, tau-PET imaging has the potential to help investigate
tau deposition related to CBD, but also to determine the rela-
tionship between beta-amyloid and tau deposition in corticobasal
syndrome.

Group studies have found a relatively consistent pattern of
tau uptake on PET imaging in corticobasal syndrome patients
that do not show beta-amyloid deposition, and hence, they
likely do not have AD pathology. These patients show tau
uptake, albeit relatively mild, on ['®FJAV-1451 and ['®F]THK-
5351 in precentral and postcentral cortex, superior frontal and
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parietal lobe, and putamen and globus pallidus®® ®* (Table 2
and Fig. 3). Uptake was not only observed in the grey matter
of these regions, but also in the white matter underlying these
regions, with patterns that are typically asymmetric, showing
the greatest involvement in the hemisphere contralateral to the
affected limb.®*** A similar pattern of uptake in neocortex and
basal ganglia has been observed in a single patient scanned with
["'C]PBB3.* One study found evidence that ['®*FJAV-1451
uptake in pre and postcentral cortex correlated to motor sever-
ity, as measured by the Unified Parkinson’s Disease Rating
Scale,®? suggesting a relationship between tau uptake and disease
progression. The weakness of many of these studies, however,
is that the underlying pathology of these patients is unclear,
other than ruling out AD due to negative beta-amyloid PET
scans.>®* In fact, one study found tau-PET uptake in struc-
tures that typically show elevated tau levels in PSP, including
thalamus, midbrain, and dentate nucleus of the cerebellum, sug-
gesting the possibility of underlying PSP pathology in at least
some of the patients.®?

Tau-PET findings using the ['®FJAV-1451 ligand have been
reported in two patients that had autopsy confirmed CBD.**3?
One patient presented with a primary progressive apraxia of
speech® later developed agrammatic aphasia and clinical features
of corticobasal syndrome and showed elevated tau uptake in the
putamen, pallidum, thalamus, precentral cortex, rolandic oper-
culum, supplementary motor area, and left Broca’s area.** The
other patient presented with PSP-RS later developed features of
corticobasal syndrome and showed elevated uptake in the bilat-
eral substantia nigra, globus pallidus, and bilateral frontal and
posterior temporal cortical regions, along with midbrain and
pons.>? Patterns of uptake in these two patients overlapped to
some degree with the patterns reported in corticobasal syn-
drome, with some regional differences that appear to be related
to clinical differences between the patients. For example,
involvement of the supplementary motor area and Broca’s area
may be related to the speech and language difficulties in the first

66 .
*® and involvement

patient, as is the case with structural MR,
of brainstem may be related to the PSP-RS in the second
patient. Importantly, both of these studies also showed that the
degree of regional tau-PET uptake across the brain correlated
well with the regional distribution of tau pathology at autopsy
in these two patients,"*? suggesting that the tau-PET signal is
reflecting underlying tau pathology in CBD. The fact that these
correlations were observed despite autoradiographic studies
finding little or no binding of ['"®*F|AV-1451 to tau in CBD,
may suggest that the ligand is binding a small fraction of the
total 4R-tau burden, as is the case in PSP.**

Tau-PET uptake has been reported in four corticobasal syn-
drome patients that showed beta-amyloid deposition on PET
scanning, across three studies.>®>®* Three of these four patients
also showed elevated tau uptake in the range one would expect
in AD (Fig. 3), increasing confidence in the presence of under-
lying AD pathology in these patients.>®* Two of the three
patients showed temporoparietal tau uptake in a pattern similar
to AD®* and the other showed tau uptake in primary and asso-

ciation sensorimotor cortex, more akin to the patterns reported
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in corticobasal syndrome.2 However, in one study, one
corticobasal syndrome patient with evidence for beta-amyloid
deposition did not show a visually different pattern or degree of
tau-PET uptake compared to four patients without beta-

amyloid deposition.®?

The reason for the discrepancy in topo-
graphic pattern of tau uptake across these presumed corticobasal
syndrome-AD patients is unclear, and larger studies will be
needed to help determine the relationship between AD pathology
and patterns of tau-PET uptake in corticobasal syndrome.

A number of studies have looked to see how well regional
patterns of tau-PET uptake correlate with regional patterns of
grey matter atrophy or cortical thickness reduction in corti-
cobasal syndrome. Generally, strong correlations have been
observed between tau-PET and atrophy in patients that show

2,64 .
" However, findings have been more

beta-amyloid deposition.
variable in corticobasal syndrome patients that do not show
beta-amyloid deposition, typically with only weak correlations

5
observed.*#3204

We could hypothesize that this difference is
likely related to the degree of tau-PET uptake; since cases with
AD tend to show greater tau-PET uptake and atrophy, and
hence better correlations between metrics. In fact, one study
made the observation that patterns of atrophy in beta-amyloid
negative corticobasal syndrome were much more striking than

the patterns of tau-PET uptake.®*

Multiple System Atrophy

Multiple system atrophy is a rare neurodegenerative disease

characterized  pathologically by

alpha-synuclein

deposits

FIG. 3. ['"®F]AV-1451 tau PET images in corticobasal syndrome.
The top panel shows standard uptake value ratio images for
a 67-year-old corticobasal syndrome patient that showed no
beta-amyloid uptake on Pittsburgh Compound B PET
imaging. This patient showed elevated uptake in premotor
and motor cortices and the basal ganglia. The bottom panel
shows standard uptake value ratio images for a 53-year-old
corticobasal syndrome patient that showed elevated
betaamyloid uptake on Pittsburgh Compound B PET imaging.
This patient showed widespread and severe tau-PET uptake
throughout the cortex, consistent with underlying Alzheimer’s
disease pathology.
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predominantly in oligodendroglial cytoplasmic inclusions.®”

Patients present with a combination of cerebellar ataxia, auto-
nomic symptoms, and features of parkinsonism, such as tremor,
rigidity, and problems with muscle coordination and gait.%®
Patients with the parkinsonian type (MSA-P) present with
parkinsonism as the most prominent symptom. Tau-PET imag-
ing using the ['®FJAV-1451 ligand has been reported in four
patients with MSA-P, with all four showing elevated uptake in
the putamen compared to controls® (Table 2). However, given
that autoradiographic studies have convincingly demonstrated a
lack of binding of ['"®FJAV-1451 to alpha-synuclein in multiple
system atrophy,”® the authors conclude that uptake likely
reflects off-target binding in this region. Tau-PET imaging has
also been reported using the [''C]PBB3 ligand in one MSA-P
patient.*' This patient showed widespread increased uptake in
the cortex and subcortical structures.*' While intriguing (given
that MSA is not a tauopathy), the findings are consistent with
an autoradiographic study that observed binding of [''C|PBB3
to glial cytoplasmic inclusions in MSA cases with severe pathol-
ogy.”” However, further work is clearly needed to understand
the pathologic underpinnings of the tau-PET signal in MSA.

Frontotemporal Dementia
with Parkinsonism

Parkinsonism can occur in patients with frontotemporal demen-
tia, particularly in patients with genetic mutations in the micro-
tubule-associated protein tau (MAPT) gene that is located on
chromosome 17.”' These patients usually present with the
behavioral variant of frontotemporal dementia, characterized by
changes in behavior and personality, and an early age onset of
disease onset. Multiple pathogenic mutations in MAPT have
been identified that have different neuropathological underpin-
nings.”> Some mutations have a pure 4R tauopathy in the
brain, some have a pure 3R tauopathy, and others have a mixed
3R/4R tauopathy with tau aggregates, showing similar confir-
mation and biochemical composition to neurofibrillary tangles
in AD>7 (Table 1). Autoradiographic results in frontotempo-
ral dementia with MAPT mutations have varied, likely related
to variability across specific MAPT mutations (Table 1). Two
autoradiographic studies both found a striking binding of ['*F]
AV-1451 to tau in cases with the R406W mutation that has
both 3R and 4R tau isoforms.>’ However, binding was absent
to minimal in cases with the N279K and P301L mutations,

which are both associated with 4R tau.>*

One of two cases
with an exon 10 + 16 mutation showed binding to tau in the
frontal and temporal lobes and the other showed no binding.”
The ["'“]PBB3 ligand has also been shown to bind to tau in
frontotemporal dementia cases with MAPT mutations character-
ized by 4R tau and in those characterized by 3R tau deposi-
with  MAPT

frontotemporal atrophy on MRI, with a particular focus on the

tion.®  Patients mutations  typically show
temporal lobes.”” The MAPT mutations provide a great target

for tau-PET imaging, particularly as they are pure tauopathies

BOX 1. Main messages of the review

® Studies using tau-PET imaging ligands ['®FJAV-1451,
["®F]THK-5351, and [''C]PBB3 have been performed
across a wide range of parkinsonian disorders over the
last year.

® FElevated tau uptake in temporal, parietal, and occipital
lobes has been observed in patients with Parkinson’s dis-
case that have cognitive impairment and dementia with
Lewy bodies, likely related to concomitant Alzheimer’s
disease.

® Progressive supranuclear palsy is associated with mild
elevated tau uptake in subcortical structures, including
midbrain, dentate nucleus of the cerebellum, thalamus,
and globus pallidus.

® Patients with corticobasal syndrome with biomarker evi-
dence for Alzheimer’s disease tend to show striking tau
uptake in the range typically observed in Alzheimer’s
disease, with milder tau uptake observed in motor cor-
tex in corticobasal syndrome without biomarker evi-
dence for Alzheimer’s disease.

® Patients with frontotemporal dementia and mutations in
the microtubule associated protein tau (MAPT) gene
show variable results in tau-PET studies, with mutations
associated with 3 and 4-repeat tau deposition tending to
show high frontotemporal tau uptake, and mutations
associated with 4-repeat tau showing less striking uptake
often located in the white matter.

® Elevated tau uptake has also been observed in multiple
system atrophy, a synucleinopathy.

® The results of these clinical tau-PET studies do not
always agree with in vitro autoradiographic studies and
therefore more work is needed to understand the bio-
logical substrate of elevated tau uptake in in vivo studies,
particularly in the 4-repeat tauopathies and synucle-
inopathies.

® Given the limitations of the currently available ligands,
there is a clear need for better and more specific tau

PET ligands to study this group of disorders.

and the familial nature allows assessments in presymptomatic
disease stages.

Tau-PET imaging findings with the ['"FJAV-1451 ligand have
been reported in a handful of patients with MAPT mutations
(Table 2). Two studies assessed patients with mutations character-
ized by deposition of both 3R and 4R tau; one reported findings
in one patient with the V337M mutation’® and the other
reported findings in three patients with the R406W mutation.”’
Elevated tau uptake in the temporal and frontal lobes and basal
ganglia was associated with both of these MAPT mutations,
matching patterns of atrophy and the pattern of tau deposition at
autopsy in other V337M cases.”® A positive correlation between
regional tau-PET uptake and tau burden at autopsy in one of the
R406W patients that died within 2 weeks of the PET scan also
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demonstrated that the ['®FJAV-1451 findings likely reflect under-
The degree of tau-PET uptake in the R406W

patients was also in the range expected in AD, perhaps reflecting

lying tau.””

the pathological similarities between these diseases.

Tau-PET findings using ['*FJAV-1451 have also been
reported in patients with mutations that are characterized by
deposition of 4R hyperphosphorylated tau, namely the S305N,
N279K, and intron 10 + 16 mutations. Low levels of uptake
were observed in two S305N patients and one N279K patient,
with uptake mostly observed in the white matter.” However,
elevated tau-PET uptake was observed in a patient with the
intron 10 + 16 MAPT mutation.®” Tau-PET uptake was
observed in the inferior temporal lobe and temporal pole,
although the degree of uptake was relatively mild compared to
controls and appeared to focus in the white matter. The patho-
logical explanation for the uptake in the white matter is cur-
rently unclear. Therefore, it appears as though tau-PET imaging
may be a useful biomarker in MAPT mutations, although possi-
bly only in those associated with 3R /4R tauopathies.

Differential Diagnhosis

Little data is currently available to assess the value of tau-PET
imaging to differentiate different parkinsonism syndromes. A cou-
ple of studies have compared PSP (a 4R tauopathy) with PD (a
non-tauopathy), showing that patients with PSP show greater
["®F]AV-1451 uptake in the substantia nigra, putamen, globus
pallidus, subthalamic nucleus, and dentate nucleus compared to
patients with PD.>**® The globus pallidus provided optimum
separation of these diseases in both studies, with sensitivity of 93%
and specificity of 100% in one study®® and sensitivity of 84.8%
and specificity of 92.3% in another multi-center study.”® There is
therefore some evidence that tau-PET could be useful to differen-
tiate tauopathies from non-tauopathies, although the biological
basis for the signal in PSP is unclear and it is uncertain whether
tau-PET could be diagnostically useful when visually assessed in
individual patients. Differences in tau uptake have also been
observed between PSP-RS and corticobasal syndrome in one
study, with corticobasal syndrome showing greater uptake on
["®F]AV-1451 in the subcortical white matter underlying motor
cortex.®* However, while these early investigations seem promis-
ing much more work is needed to validate and investigate differ-
ences among parkinsonian disorders in larger studies and it will be
important to determine how well tau-PET performs compared to
other imaging metrics.

It is clear that the patterns of tau-PET uptake in the pure 4R
tauopathies of PSP and corticobasal syndrome differ from pat-
terns reported in AD, with AD showing dramatically more
uptake throughout the temporoparietal cortex than either PSP-
RS¥® or corticobasal syndrome.®>®* Conversely, there is also
evidence for differences in the opposite direction. Hence, PSP-
RS patients have been shown to have greater uptake in the
1nidbrain,35’38 dentate nucleus of the cerebellum,38 and thala-
mus®® than AD. Also, corticobasal patients have been shown to
have greater uptake in the motor cortex and basal ganglia than
AD.®%* These findings reflect the fact that subcortical
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structures and motor cortex are typically spared in AD. While
the differential diagnosis of AD from these atypical parkinsonian
disorders is not typically critical, these findings do demonstrate
some disease specificity of tau-PET.

Summary

A number of studies have been published over the last year
assessing tau-PET imaging in patients with parkinsonian disor-
ders, with the wvast majority assessing the ['®F]AV-1451
licand. However, some issues that should be considered
(Table 2) are that many, if not all, of these early studies had
relatively small patient cohorts. There were also some
methodological differences between them, with most studies
analyzing the tau-PET signal as a standard uptake value ratio
(SUVR), although some analyzed quantitative dynamic imag-
ing and binding potentials. The use of a cerebellar reference
region was consistent across studies. A correction for the
presence of atrophy using partial volume averaging was per-
formed in some studies, but not all, although most studies
found relatively consistent findings both with and without
partial volume correction. How these methodological differ-
ences influenced variability across studies is currently unclear
and more work is needed to compare analysis, techniques,
diseases, and PET ligands.

The general message that emerged from these studies is
that tau-PET imaging using [‘®FJAV-1451 shows a striking
signal in patients suspected of having underlying AD type
tau, and a milder signal in patients with 4R tauopathies such
as PSP, corticobasal syndrome, and frontotemporal dementia
with  MAPT mutations. However, mildly elevated tau-PET
signal was also observed in some alpha-synucleinopathies,
including DLB and MSA-P. Many of these findings do not
concur with autoradiographic studies and there are also limi-
tations due to potential off-target binding, hence it will be
important for future work to help understand the nature of
binding in these diseases. Given these limitations, there is a
clear need for better and more specific tau PET ligands to
study this group of disorders. New tau-PET ligands that may
show higher affinity to 4R tau, and show fewer issues with
off-target binding are currently being developed and may

prove valuable in these parkinsonian disorders.
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