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WHY IS THERE A NEED FOR PATHOLOGY-SPECIFIC MOLECULAR PET
IMAGING?

Traditionally, the diagnosis of AD and non-AD dementias (eg, frontotemporal dementia
[FTD], primary progressive aphasia [PPA], and parkinsonian dementias) has primarily relied
on characterizing clinical phenotypes through a detailed evaluation, which includes history
taking, mental status, and neurologic examination, often supplemented by
neuropsychological evaluation. This process often leads a clinician to understand that a
patient’s clinical phenotype matches one of several broad categories defined by the
predominant cognitive domain affected, such as memory, executive function, language,
visuospatial function, or socioaffective function, with each pointing to a specific associated
clinical diagnosis. For example, a patient presenting with progressive episodic memory
deficits is most likely to have probable AD, whereas a patient presenting with progressive
language impairments is most likely to have PPA. In some patients, characteristic motor
abnormalities, such as parkinsonism or motor neuron disease features, can also offer
valuable diagnostic clues. A patient presenting with executive dysfunction, visuospatial
impairment, visual hallucinations, and parkinsonism is likely to receive a diagnosis of
dementia with Lewy bodies (DLB).

After this formulation of the most likely clinical syndrome based on predominant clinical
symptoms, clinicians turn toward imaging, most often structural MR imaging. Characteristic
cortical atrophy patterns seen on a T1-weighted MR image can also strengthen the original
diagnostic hypothesis, such as medial temporal lobe atrophy seen in AD dementia or
temporal pole atrophy seen in the semantic variant of PPA. In some settings, FDG-PET is
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used in a similar fashion—to support the clinical hypothesis regarding the localization of
neurodegeneration. This culminates in a clinical diagnosis of AD, FTD, DLB, or another
condition that is probabilistically associated with the underlying pathology or pathologies
most often underlying that condition. In some cases, this clinical diagnosis with supportive
MR imaging or FDG-PET findings is highly predictive of underlying pathology. For
example, in a patient with clinically typical semantic variant PPAL or progressive
supranuclear palsy (PSP), the pathology is highly likely to be TDP-43 or tau-PSP,
respectively. In contrast, 10% to 20% of individuals diagnosed with clinically typical AD
exhibit non-AD pathologies. And a patient diagnosed with the behavioral variant of FTD is
nearly equally likely to exhibit tau or TDP-43 pathology.? The term FTD is used to indicate
the clinical dementia syndrome whereas the term FTLD is used to indicate the
neuropathology.

Thus, although from the 1980s through the early 2000s this approach was the traditional
cutting edge of clinical practice in the diagnosis of patients with cognitive impairment, there
has been a pressing need for biomarkers of underlying neuropathology.3 As there are
attempts to move toward developing therapies targeting specific molecular
neurodegenerative pathologies, it has become clear that molecular biomarkers for inclusion
and outcome measures are needed. Attention has been increasingly called to this issue as
data accumulate demonstrating that there is no simple one-to-one relationship between a
clinical phenotype and the specific pathology. For example, although a majority of patients
with AD with amyloid plaques and neurofibrillary tangle pathology* present with the classic
progressive episodic memory impairment, 5% of those above age 65 and up to a third of
those below age 65 present with an atypical phenotype, which can include frontal variant,
posterior cortical atrophy (PCA), the logopenic variant of PPA (IvPPA), and cortico-basal
syndrome (CBS).>8 Conversely, a well-defined clinical syndrome can have several possible
underlying neuropathologies. For example, the diagnosis of CBS during life is notoriously
inaccurate in predicting corticobasal degeneration (CBD) pathology, because patients with
CBS may turn out to have tau-CBD, tau-PSP, tau-Pick disease, or AD pathology.® As for
PPA, it is still challenging to predict the pathology for the agrammatic or IVPPA subtypes.10

Amyloid PET, a specific marker of one of the core features of AD pathology—neuritic
amyloid plaques—has revolutionized the field of AD since its introduction more than a
decade ago.1! The recently updated diagnostic criteria for AD demential2 explicitly
incorporate molecular biomarkers of disease pathology: amyloid PET and cerebrospinal
fluid (CSF) amyloid and tau. Individuals with MCI who have a positive amyloid PET scan
are generally viewed as having prodromal AD and are at greater likelihood than those with a
negative amyloid PET scan to progress within a few years to dementia. Clinical trials are
now targeting prodromal AD patients and multiple studies have used amyloid PET imaging
to demonstrate a reduction of brain amyloid levels in patients treated with anti-amyloid
antibody therapy (discussed later).

In the past few years, a series of studies has also begun to demonstrate potential uses of an
imaging biomarker specific to tau pathology, which holds enormous promise not only for
AD but also for other forms of dementia with underlying tauopathy, such as FTD.
Unfortunately, despite tremendous effort, there are still not robust leads for biomarkers of
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TDP-43 or a-synuclein. This article discusses the clinical utility and research applications of
amyloid and tau PET imaging and how they are enhancing knowledge of the basic
pathophysiologic processes underlying various dementias and accelerating efforts aiming to
develop effective disease-modifying therapies.

PET IMAGING

of Amyloid PET Imaging in Patients with Cognitive Impairment

[11C]Pittsburgh compound B ([11C]PiB), the first PET radiotracer specifically binding
amyloid beta (AB) plaques, was introduced in 2004.11 [11C]PiB retention is specific for AB
neuritic plaque pathology; it does not bind to other protein deposits that frequently co-occur
with amyloid, such as neurofibrillary tangles or a-synuclein.13 Numerous studies over the
years have demonstrated its validity by showing it to be highly correlated with in vivo CSF
AB42 as well as AB pathology in autopsy specimens.14 Despite the many in vivo and
postmortem validation studies in its favor, one major drawback of [*1C]PiB is its very short
half-life of 20 minutes, limiting its use to centers with an on-site cyclotron for radiotracer
production. Subsequent efforts have led to the development of a family of fluorinated
compounds with longer half-lives, including [18F]florbetapir, [18F]flutametamol, and
[18F]florbetaben. [18F]florbetapir was the first of these tracers to be approved by the US
Food and Drug Administration in 2012, with [18F]flutametamol and [*8F]florbetaben
approved in 2013 and 2014, respectively. These tracers were approved after studies
demonstrated that clinical readers could reliably interpret the scans in patients with a range
of cognitive impairment and that scan results were sensitive and specific predictors of the
presence of neuritic plaques in a subset of patients who were followed to autopsy.

As more has been learned about amyloid PET imaging in the decade since its introduction,
guidelines for its clinical applicability have been extensively discussed. The use of amyloid
PET imaging is considered most appropriate when patients present with cognitive
impairment that could be attributed to AD pathology but where the clinician is uncertain and
the confirmation of presence or absence of amyloid would change diagnostic confidence.1®
In other words, in a 70-year-old patient presenting with progressive episodic memory
impairment with executive dysfunction, hippocampal atrophy, and temporo-parietal
hypometabolism, amyloid PET is not particularly helpful because most clinicians consider
this patient likely to have typical amnesic AD dementia, and, therefore, a positive amyloid
PET scan would not significantly alter the already high diagnostic confidence. On the other
hand, use of amyloid PET imaging is particularly relevant for patients presenting with
phenotypes such as PCA, CBS, or PPA, in which AD is one of several possible underlying
pathologies,16-18 and the results of an amyloid PET scan could substantially change
diagnostic confidence. In the United States, although amyloid PET imaging is FDA
approved, it is not yet reimbursed by payors, limiting access. A study was recently launched
that enables dementia specialists to order amyloid PET scans for Medicare subscribers over
the age of 65 who meet appropriate use criteria: Imaging Dementia — Evidence for
Amyloid Scanning (www.ideas-study.org). The Centers for Medicare & Medicaid Services
has authorized reimbursement of the cost of scans in patients who are enrolled in this study
of the clinical utility of amyloid PET imaging.
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The crucial role of amyloid PET imaging can be illustrated by the case of a right-handed
woman who presented at age 65 with a 6-year history of progressive language difficulties.
Her speech and language profile consisted of difficulty retrieving single words and repeating
sentences and phonologic errors in confrontation naming and spontaneous speech but no
single word comprehension, grammar, or motor speech impairment. Memory, executive
function, and visuospatial function were relatively preserved, as was comportment.
Hypometabolism on FDG-PET was seen in the left temporal lobe and to a lesser degree in
the left frontal lobe, with sparing of the posterior cingulate cortex. A diagnosis of IvPPA was
made. Although most cases of IVPPA have underlying AD pathology, confidence was lower
in this patient due to mild agrammatism, frontal involvement, and sparing of posterior
cingulate cortex, raising the question of FTLD pathology. The use of amyloid PET scan,
which showed increased [11C]PiB uptake most pronounced and extensive in bilateral medial
frontal cortices, confirmed the presence of abundant neuritic plaques (Fig. 1). CSF analysis
demonstrated reduced AP and elevated phospho-tau. These molecular biomarkers strongly
support the likely pathologic diagnosis of AD. Although measuring CSF amyloid is a
potential alternative to amyloid PET imaging as a specific molecular biomarker for AD in
clinical practice,19 it is a more invasive procedure than PET imaging, which limits its use in
many practice settings.

Amyloid PET Imaging in Preclinical Alzheimer Disease and Incidental Amyloidosis

Models of the pathophysiologic sequence of AD suggest that accumulation of A occurs
early in the neurodegenerative process. The plot of amyloid burden versus time is sigmoidal
in shape, and the average duration from detectable levels of amyloid in vivo to levels where
amyloid accumulates as plaques is estimated at approximately 15 to 20 years.2® Numerous
autopsy studies have shown that cognitively normal individuals followed prospectively to
autopsy may have substantial amyloid plaque pathology,21-23 especially so with increasing
age.

One important implication of this observation is that it is likely that older individuals with
cognitive impairment may have incidentally positive amyloid PET scans. That is, multiple
pathologies in a patient with dementia become increasingly common with age. In some
patients with multiple pathologies, plaques and tangles are less prominent than another
neurodegenerative pathology and thus may be viewed as not likely a major contributor to
symptoms.# The direct clinical implication is that, in a patient with cognitive impairment or
dementia, a positive amyloid PET scan does not immediately indicate that AD is the
underlying pathophysiologic process. A positive scan does not establish a diagnosis of AD.
As with any test result, the clinician has to interpret an amyloid PET result in the context of
the other information available. Discussions surrounding this issue were generated in part in
relation to the presence of substantial brain amyloid in individuals who are cognitively
normal.

It is important to recognize that it is not yet known whether, if they are followed for a long
enough period of time, most or all amyloid-positive cognitively normal individuals go on to
develop AD dementia. In cognitively normal older adults, there is a spectrum ranging from
individuals harboring isolated cerebral amyloidosis with no evidence of neuronal injury
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(stage 1), to those with amyloid and neuronal injury (stage 2), to those with these 2
biomarkers as well as subtle symptoms of cognitive decline (not yet meeting criteria for
MCI; stage 3).24 This issue has recently been discussed as requiring a distinction between a
cognitively normal older adult with evidence of both brain amyloid and brain tau—referred
to as preclinical AD—as opposed to a cognitively normal older adult with evidence of only
brain amyloid or brain tau—referred to asymptomatic at-risk for AD.2

Using Amyloid PET for Treatment Development

In addition to its clinical utility, amyloid PET imaging has revolutionized therapy
development for AD. The use of amyloid PET scans as part of the inclusion criteria is now
ensuring that patients enrolled in the trials have the pathophysiologic disease targeted by the
therapy under study. Although these trials have so far produced disappointing results in
terms of cognitive benefit, some have demonstrated a modest reduction in cerebral
amyloidosis6-27 and, recently, encouraging data were reported from a phase 1b study of the
monoclonal antibody aducanumab.28 After 1 year of monthly intravenous infusions of this
drug, patients with prodromal or mild AD exhibited dose-dependent reductions in brain
amyloid, accompanied by preliminary evidence of clinical benefit from the Clinical
Dementia Rating scale and the Mini-Mental State Examination. A phase 3 trial is now in
progress.

Amyloid PET Imaging in Other Dementias

Dementia with Lewy bodies and Parkinson disease with dementia—Ap plaques,
a hallmark pathology of AD, are also commonly observed in DLB and Parkinson disease
with dementia (PDD).2%:30 Results of PET imaging studies using amyloid radiotracers agree
with neuropathologic studies. DLB patients often have high levels of amyloid deposition
compared with healthy controls.3! Although fewer PDD patients have significant AR
accumulation, some of them may still demonstrate levels of amyloid deposition in the AD
range.13 Higher amyloid deposition in DLB patients has been associated with greater
cognitive impairment32 and better response to cholinesterase inhibitors.33 Higher amyloid
deposition in Parkinson disease (PD) patients portends faster progression to dementia.®* In
addition to these associations with clinical outcomes, high cortical amyloid deposition has
been shown to predict greater cortical and medial temporal lobe atrophy, anatomic changes
classically associated with AD pathology.3® Taken together, these findings suggest that the
amyloidosis seen in DLB and PDD is not merely incidental but signifies that a.-
synucleinopathy may coexist with AD pathology. Even when the presence of amyloidosis
does not meet criteria for a pathologic diagnosis of AD, PD patients with amyloidosis
transition faster to dementia.3® This persistent relationship between the severity of amyloid
burden measured via PET imaging and cognitive impairment in PD and DLB suggests that
the cognitive decline in these patients may be precipitated by a synergy between amyloid
and a-synuclein.

Frontotemporal dementia—Amyloid PET imaging is usually negative in patients with
the clinical syndrome of FTD13:37; therefore, it can in theory be used to exclude AD when
the suspected underlying pathology is FTLD, clinically manifesting as behavioral variant
FTD (bvFTD) or PPA. It is more complicated, however, in practice. When a patient
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clinically diagnosed with FTD has a positive amyloid scan, there are 3 possible explanations,
as discussed previously: (1) the pathologic diagnosis is AD (eg, frontal variant AD38); (2)
there is coexisting FTLD and AD (ie, mixed pathology) that both contribute to dementia;
and (3) the amyloid in the patient is incidental with relatively low Braak-stage
neurofibrillary degeneration and thus likely noncontributory to symptoms. Differentiating
these possibilities may be possible with the clinical symptomatology itself and MR imaging
or FDG-PET (eg, the prior probability that a patient with classical semantic variant PPA
supported by MR imaging or FDG-PET has TDP-43 type C pathology is so high that a
positive amyloid PET scan should be interpreted with caution). In many cases of suspected
FTLD with a positive amyloid PET scan, however, an examination of CSF tau or tau PET
may be helpful, which is discussed.

TAU PET IMAGING

Clinical Use of Tau PET Tracers in Alzheimer Disease

Although amyloid PET imaging has contributed tremendously to increasing diagnostic
confidence in dementia patient evaluation, neuropathologic studies have long shown that the
localization and magnitude of tau pathology correlate better than amyloid with
neurodegeneration and clinical symptoms.3? This has been confirmed with in vivo PET
studies showing that the topography of amyloid deposition does not relate to clinical
symptoms, especially in atypical subtypes of AD (eg, PCA, CBS, IVPPA, and frontal
variant).40-43

Motivated in part by these issues, substantial effort has been devoted to the development of
radiotracers to measure tau-related neurodegeneration. Most of these efforts to date have
started by identifying compounds that bind to hyperphosphorylated paired helical filament
(PHF) tau in AD tissue. In the past few years, 3 main chemical classes of tau PET tracers,
quinolone derivatives, benzothiazole derivatives, and benzimidazole pyrimidines, were
developed and shown to selectively bind to PHF tau pathology.** Recently, an additional 3-
pyrrolo[2,3]pyridine compound has also shown promise in an in vitro study.*® Table 1 lists
the individual radiotracers in each chemical class.

Tau PET imaging in Alzheimer disease

Of the tracers available to date, [18F]AV-1451 (previously known as [18F]T807) has
generated the most published data. The first in vivo images of [18F]AV-1451 showed the
expected uptake in temporal and parietal regions in patients with AD dementia and amnesic
MCI likely of AD pathology.® Subsequently, it was also shown in larger samples that the
topographic distribution of [18F] AV-1451 in amnesic MCI or AD dementia, compared with
normal aging, was consistent with Braak staging, with more prominent tracer binding in
inferior and lateral temporoparietal cortices, parieto-occipital cortices, posterior cingulate
cortices, and precuneus and less in frontal regions and primary sensorimotor cortices,*7:48
Similar results have been observed in AD dementia patients using other tau PET tracers,
including [*8F]THK53514% and [11C]PBB3.%0
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As predicted by previous postmortem studies, tau pathology as indexed by [18F]AV-1451
binding also better correlated with severity and type of clinical symptoms than amyloid
pathology. In typical amnesic AD dementia, [18F]AV-1451 binding in inferior temporal
gyrus correlated better with clinical impairment than [11C]PiB.#” The topography of tau PET
signal differentiated between atypical AD phenotypes, such as PCA, CBS, IVPPA, and
behavioral/dysexecutive phenotypes, with each demonstrating a distinct topography of
[18F]AV-1451 binding.51:52 The authors have made similar observations (Fig. 2).%3

Ossenkoppele and colleagues®!:>4 also found that, in patients with atypical AD subtypes,
compared with [11C]PiB, topography of [18F]AV-1451 binding colocalized better with
hypometabolism measured via FDG-PET, and the degree of tracer binding correlated better
with the severity of hypometabolism. The authors corroborated this finding, showing that
[18F]AV-1451 topography and severity colocalized and correlated better with cortical
atrophy than [*1C]PiB in patients with atypical subtypes of AD.>3 Based on these and other
observations, not only will tau PET likely be a critical additional clinical tool in diagnosing
atypical subtypes of AD with more confidence but also it will complement amyloid imaging
because it colocalizes with neurodegenerative lesions predictive of clinical symptoms much
better than amyloid PET imaging.

Tau PET Imaging in Frontotemporal Dementia

Tau PET also presents opportunities to improve clinical care and research for the spectrum
of disorders encompassed by FTLD pathologies, which includes primary tauopathies (Pick
disease, PSP, and CBD) as well as TDP-43 proteinopathies. Although some patients with
FTD have autosomal-dominant genetic mutations that allow the likely pathology to be
inferred, most patients with FTD have a sporadic condition, which presents important
challenges in considering the possible molecular pathology. For example, bvFTD is just as
likely to result from tau pathology (eg, classic Pick disease) as it is from TDP-43 pathology.
Thus, an obvious and critically important goal is to determine whether tau PET imaging is
useful in identifying sporadic bvFTD patients who are tau-positive versus those who are tau-
negative.

For the most part, however, the radioligands developed to date have been screened against
PHF-tau in AD tissue. Tau deposits in non-AD tauopathies differ in biochemical and
conformational properties; radiotracers that bind to the PHF-tau found in AD may not bind
as avidly to straight filaments found in PSP and CBD or to twisted filaments found in Pick
disease.? Initial postmortem studies demonstrate minimal or no binding of [18F]AV1451 to
non-AD tauopathies,®®:56 suggesting that current tracers will not likely generalize to FTLD.
Preliminary in vivo studies, however, have also shown [18F]AV-1451 to have increased
uptake in frontal and temporal cortices of patients with FTLD, a pattern expected for
distribution of tauopathy in FTLD.57:58 Investigators are actively pursuing questions
regarding why elevated signal has been seen in vivo but minimally or not at all in
postmortem autoradiographic analyses and why elevated signal has been observed in vivo in
some patients highly likely not to have a primary FTLD tauopathy (eg, semantic variant
PPA). Other tracers, including [18F] THK5351, are being investigated in the FTLD spectrum
as well.
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Tau PET Imaging in Lewy Body Disorders

Tau PET radiotracers can also be of value in DLB and PD, in which an AD-like tauopathy
frequently coexists with the primary a-syncleinopathy. One recent study examining cortical
tau deposition in cognitively impaired patients with PD and DLB showed that they do have
increased in vivo cortical tau accumulation compared with healthy controls as measured by
[18F]AV-1451.59 Although the levels of tau radiotracer binding were lower than that seen in
AD patients, the topographic distribution of tau was similar to that seen in AD. In addition,
the degree of cortical tau binding in the inferior temporal gyrus and precuneus, areas known
to be particularly affected in AD, correlated with severity of cognitive impairment as
measured by the Mini-Mental State Examination and Clinical Dementia Rating. This is in
agreement with what is predicted from prior neuropathologic studies, which have shown a
relationship between cortical tau deposition with cognitive impairment in Lewy body
disease.0 Even in some patients where PiB binding was low, higher than normal
[18F]AV-1451 deposition was detected, suggesting that amyloid and tau pathologies may
occur through independent pathways in a subset of patients with Lewy body disease.

Primary Age-Related Tauopathy

Abnormal tau also occurs in clinically normal individuals, with its prevalence increasing
dramatically with age. It can be detected in the medial and inferior temporal lobe (Braak
stages I/11) in 10% of 20 year olds, 80% of 60 year olds, and 95% of 80 year olds, in the
absence of amyloid pathology.3%:61 This pathologic entity has recently been named primary
age-related tauopathy.%2 It is beginning to be studied in vivo, with some evidence that
elevated tau PET signal can be seen in these brain regions in people who have bio-markers
consistent with low amyloid.4’

FUTURE DIRECTIONS

Although the pathogenesis of tau and A pathologies are thought to be partially independent
processes, some investigators hypothesize that the development of AP pathology accelerates
the low-level tauopathy that may preexist, promoting the spread of tau pathology from
subcortical or archicortical regions to isocortical areas, ultimately emerging as AD
dementia.53 Now that robust PET tracers are available for both pathologies, unprecedented
experiments to better understand the independent and synergistic contributions of amyloid
and tau in AD pathogenesis will be able to be performed. In addition, as efforts grow to
develop therapeutic interventions aimed at tau pathology,%4-%6 tau PET imaging will be a
crucial biomarker to be used in these clinical trials.

Initial studies using tau PET have shown that, compared with amyloid pathology, tau
pathology better predicts the localization and severity of neurodegeneration seen on
structural MR imaging and FDG-PET. Future longitudinal studies using multimodal imaging
may reveal the sequence and timing of how these events (ie, appearance of amyloid and tau
pathology, change in metabolism, and reduction in cortical volume) unfold over the course
of the neurodegenerative process. Eventually, combining tau PET imaging with functional
MR imaging and diffusion tensor imaging may allow hypotheses to be tested about how
hyperphosphorylated tau pathology relates to and may spread through the complex network
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architecture of the brain. The use of amyloid and tau PET in conjunction with functional
brain imaging in cognitively normal individuals will help illuminate the processes present in
the earliest preclinical phases of AD and related disorders. Finally, tau PET imaging will
also likely contribute in important ways to clinical assessment of patients with disorders of
cognition. The arsenal of weapons to fight these devastating diseases has never been
stronger.
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KEY POINTS

Amyloid PET imaging is a crucial biomarker for accurate diagnosis and
therapy development for Alzheimer disease (AD).

Tau PET imaging will complement amyloid PET imaging for AD and serve as
a valuable biomarker for non-AD tauopathies, such as frontotemporal lobar
degeneration (FTLD).

Molecular PET imaging can allow examining longitudinal progression of
amyloid and tau pathology in individuals who are cognitively normal or who
have mild cognitive impairment (MCI) to better understand risk factors for
and transition to dementia.

Multimodalstudies, including amyloidand tau PET imaging, willallow
examining how molecular pathologies interact with other markers of neural
integrity, such as glucose metabolism (fluorodeoxyglucose [FDG]-PET),
functional connectivity or task-related activation (functional MR imaging),
and gray and white matter structural integrity (structural MR imaging or
diffusion tensor imaging).
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Fig. 1.
Robustly elevated amyloid PET signal as measured with florbetapir PET in a patient with

IVPPA viewed from the lateral surface (/eff) and medial surface (righi).
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Fig. 2.
[18F]AV-1451 PET superimposed to MR imaging in a case of PCA with underlying

Alzheimer dementia pathology; color bar displays legend for SUVR (standard uptake value
ratios).
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Tau radiotracers

Table 1

Chemical Class

Radiotracer

Quinolone derivatives [*8F]THK523
[*8F] THK5117
[18F] THK5105
[*8F] THK5351

Benzothiazole derivatives [*C]PBB3

Benzimidazole pyrimidines

[8F]AV-1451 or flortaucipir (previously known as [8F]T807)
[:8F]T808

3-pyrrolo[2,3] pyridine

[*8F]MK-6240
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