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Abstract
Purpose The development and validation of molecular imaging markers for the neuropathological hallmarks of neurodegenerative diseases associated with cognitive impairment is a reality since two decades. Amyloid PET tracers have been validated
analytically and are currently tested for their clinical utility. More recently tracers targeting specifically tau deposits have been
developed and are currently tested in large clinical studies. The availability of these markers opens the possibility for precision
medicine in a field that was limited by a gold standard diagnosis occurring only postmortem. Aim of this review is to summarize the main findings obtained using tau-specific PET tracers in clinical cohorts of patients with cognitive impairment.
Methods and Results We report the results of a systematic literature review. Various approaches for automated image
assessment have been tested, while visual rating strategies have not been validated yet. In the AD spectrum an increase in
cortical binding has been consistently observed, with a topography correlated with the profile of cognitive impairment and
in agreement with the knowledge on tau pathology from neuropathological series. The evidence in non-AD diseases is more
limited, with discordant findings in different cohorts and with different tracers.
Conclusion Post-mortem validations of in vivo data in large cohorts and studies investigating the clinical added value of this
biomarker in comparison with others will be required before routine clinical use of this new modality.
Keywords Tau · Positron emission tomography (PET) · Alzheimer’s disease (AD) · Biomarker · Tauopathy

Introduction
The field of imaging in neurodegeneration has dramatically
evolved over the last 2 decades with the introduction of specific molecular markers for the hallmarks that pathologists
use to define brain diseases and specifically Alzheimer’s
Disease (AD) [1].
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The development and validation of markers for amyloid
deposits, and more recently for tau deposits, opens a “window of opportunity” for precision medicine in a field that
was limited by a gold standard diagnosis occurring only
postmortem [2].

Interest for tau PET imaging
An “unbiased” classification of individuals undergoing
biomarker measurements has been recently proposed, to
classify individuals on the basis of the presence/absence of
amyloid pathology (A), tau pathology (T), and neurodegeneration (N) [3].
In this theoretical framework, despite different views on
the causative role of amyloid in the disease cascade, there is
a general agreement that A positivity is necessary, but not
sufficient, to identify AD, and there is agreement that T and
N are more closely associated with the clinical picture, and
that the combination of the three markers is required for
appropriate disease staging.
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The new research criteria proposed for AD are based on
the A/T/N system [4] and formulate a number of hypotheses
on the interplay of the two phenomena that tau imaging can
help to verify.
While A and N markers have been extensively tested in
research over the last decades, T markers, particularly PETbased, are a more recent discovery [5–7].
The later development of tau imaging markers is associated with the intrinsic characteristics of the target, such as its
intracellular location, the presence of various isoforms, and
its limited amount, as compared with amyloid deposits [8].

Main tracers used in clinical research
Ongoing evolution on the field of tau PET imaging has lead
progressively to various tracers. Their profile in terms of tau
affinity, off-target binding, brain penetration and clearance,
and brain uptake of radioactive metabolites remains on the
phase of validation through clinical cohorts [9].
The first PET tracer demonstrating tau binding used in
the clinical research was 18F-FDDNP, a naphthylethylidene
derivative. 18F-FDDNP was not designed to be a tau-specific
tracer. It lacks of selectivity with binding to both neurofibrillary tangles, amyloid plaques, as well as to other proteins
such as prion plaques. This fact as well as the relatively low
neocortical signal, with brain uptake of radioactive metabolites and high white matter uptake, complicates image interpretation [10–13].
THK5117, THK5317, and THK5351 are quinoline derivatives with high affinity for tau fibrils and low affinity for
Aβ. Both THK5117 and THK5317 demonstrate high nonspecific white matter uptake, rendering visual assessment
difficult and limiting the accurate quantification of adjacent
gray matter uptake [14]. To reduce white matter activity,
a more lipophilic compound was synthesized, THK5351,
which, despite a lower brain penetration (due to lipophilicity), exhibits higher binding affinity, more rapid pharmacokinetics, and, as a result, a higher signal to background activity
[14, 15]. However, its utility as a tau biomarker in AD is
limited, since uptake correlates not only to tau pathology
but also to reactive astrocytes in neuroinflammatory changes
[16]. Off-target binding of THK5351 has been reported in
the midbrain and the basal ganglia [15]. Apart from AD,
specific binding has been found in other tauopathies, such
as CBD and PSP [15].
18
F-AV1451 (T807) and T808 are benzimidazole pyrimidines derivatives, with high affinity for paired helical
filaments tau deposits. 18F-AV1451 has good imaging properties with a distribution consistent with the Braak stages,
associated with the severity of the disease. T808 has better
kinetic properties compared to 18F-AV1451, but high bone
uptake because of tracer’s defluorination has limited its
use [8, 9, 17]. Specific uptake of 18F-AV1451 in non-AD
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tauopathies has been inconsistently observed, as further discussed in “Findings in clinical populations” section [15].
In vivo studies have shown uptake of AV1451 in certain
cerebral regions namely the midbrain, basal ganglia, and
choroid plexus, due to off-target binding to entities such as
MAO-A, melanin-containing structures, mineralized vessels,
as confirmed by in vitro analysis [15].
11
C-PBB3 is a phenyl/pyridinyl-butadienyl-benzothiazole/benzothiazolium derivate with higher affinity for tau
deposits over Aβ plaques and an uptake correlating to clinical severity and the Braak and Braak stages [12]. 11C-PBB3
recognizes a broad spectrum of tau isoforms, allowing imaging in AD and non-AD tau pathologies [10, 17]. In vitro
studies have demonstrated specific tau binding of PBB3 in
CBD, PSP, and Pick’s disease [15]. Apart from labeling with
the short-lived Carbon-11, limiting its use in centers with
on-site cyclotron, other drawbacks include brain penetrating
radioactive metabolites, marked retention in venous sinuses,
and photoisomerization from fluorescent light [15, 18, 19].
In addition, a recent study comparing directly 11C-THK5351
to 11C-PBB3 indicated binding to different molecular targets,
since 11C-PBB3 presented a spatial distribution close to Aβ
contrary to 11C-THK5351 who had the expected distribution
of tau pathology in AD [20].
In a comparative study of in vitro binding in postmortem
AD brains, it was shown that 18F-THK5351, 18F-THK5117,
and T807 (18F-AV1451) had similar binding sites with different affinities, while 11C-PBB3 has its own target site. In
addition, 18F-THK5351 and T807 present off-target binding
to MAO-A and MAO-B, possibly explaining in a part the
high in vivo retention of both tracers in the basal ganglia
[21].
More recent tracers such as 18F-RO6958948, 18F-GTP1,
18
F-PI-2620, and 18F-MK-6240 are currently being tested
with the promising pharmacokinetic profiles [17, 22].

Aim of the study
The aim of the current review is to summarize the evidence currently available on PET imaging of tau deposits
in patients with clinical impairment, in the perspective of a
clinical use of this novel diagnostic tool.

Method
We conducted a PubMed search on the 17.01.2018 using the
keywords “tau” AND “PET” AND “patients” AND “cognitive” AND “impairment”, obtaining 158 results.
We then excluded review and protocol papers, case
reports (except for those reporting postmortem findings),
papers dealing with a different topic, papers describing only
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findings in cognitively unimpaired individuals, and papers
using non-specific tau PET tracers, namely FDDNP, resulting in 23 full articles. Additional papers that were known to
the authors or resulting from other works bibliography, as
well as papers published during the preparation of this work,
were also included, for a total of 68 research papers reviewed
([24–47, 49, 50, 53–63, 66–73, 76–83, 87–91, 93–102]). The
main results are described in the following chapters.

Results
Data acquisition and analysis
The large majority (54/68) of the papers resulting from our
literature search used 18F-AV1451 as tracer, quantified in
general using an SUVR approach at a late time point after
injection (between 75 and 120 min), with the cerebellar
crus or the superior part of the cerebellar cortex as reference region.
Many papers (36/68) adopted different strategies for correcting the Partial Volume Effect (PVE) of the PET data.
While the use of PVE correction is justified by the fact that
regions accumulating tau tracer are also commonly affected
by atrophy, these approaches should be used with caution
and the effect of different strategies should be systematically
compared for each tracer [23].
Among these studies, 22/36 reported the results obtained
with and without PVE correction, observing overall concordant findings, sometimes with smaller effects in the
absence of correction, as expected.
The semiquantitative indices that have been tested for tau
PET imaging are based on the following:
1. global measures of cortical uptake, to define a summary
metric, in analogy to the index usually adopted for amyloid. In the paper by Mishra et al., the average of the
entorhinal cortex, amygdala, inferior temporal cortex,
and lateral occipital cortex is shown to best separate
cognitively normal individuals with high and low amyloid load and to correlate with cognition and amyloid
presence in a small group of probable AD patients [24]
2. region-based measures, to map the regional distribution
of the tracer increase with the purpose of reproducing
in vivo the Braak staging used for postmortem analyses.
A first attempt of a seven-stage scale was proposed by
Schwarz et al., in which the classification of individual
cases was based on the uptake measured in small regions
of interest conceived to mimic the sampling principle
of neuropathologists [25]. A four-stage approach, distinguishing Braak stage 0, I/II, III/IV, and V/VI using
larger regions, has also been suggested [26, 27]. The

agreement between these approaches has not been tested
yet.
No visual strategies for scan classification have so far
been formally tested.
One study has tested the classification results based
on global and regional measures, observing that the two
approaches have a good concordance with amyloid status
and global cognition, while memory performance and hippocampal/entorhinal volume are more directly associated
with the mesial temporal lobe tracer uptake [26]. A comparative study of three different automated approaches showed
that larger and fewer regions were associated with a more
robust group attribution in a test–retest analysis [28].

Findings in clinical populations
AD
The majority of tau PET studies including patients with
cognitive impairment have investigated patients with suspected AD, as these tracers have been developed specifically
to obtain a high affinity for the tau conformation typical of
the AD pathology.
Multiple studies, conducted with the different tracers,
have consistently observed an increased cortical binding in
subjects with amyloid positivity and dementia, with progressive involvement of cortical regions, associated with the
severity of cognitive impairment [29–34], with the extent
of atrophy [25, 34–37], and with the failure of functional
networks [38]. An individual example of glucose metabolism, amyloid PET, and tau PET imaging in a patient with a
probable AD is shown in Fig. 1.
Also in the MCI phase, a higher uptake was found in amyloid positive individuals, correlating with the severity of the
clinical and neuropsychological impairment [25, 29, 30, 39].
The tau deposition topography is also associated with
the specific functional and cognitive impairment in different disease subtypes, as summarized in Table 1 [37, 40–43].
These finding highlight the tight link between tau deposition,
neurodegeneration, and the clinical picture.
Clinical and demographic variables might affect the distribution of the tracers. Age at onset is a known factor influencing the severity and the topography of neurodegeneration
in AD, with a more severe posterior cortical involvement in
subjects with an earlier onset [6]. Three studies evaluated
the impact of age at onset on 18F-AV1451 binding [44–46].
Consistently, an earlier onset was associated with a more
widespread and intense uptake in neocortical regions, however, with different topography, namely occipital and premotor/prefrontal, and with different results in the prodromal
MCI phase.
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Fig. 1  MRI T2-weighted-Fluid-Attenuated Inversion Recovery (FLAIR)
(column A in axial, sagittal, and coronal planes), PET/MR fusion of
18
F-FDG (column B), of 18F-florbetapir (column C) and 18F-AV1451
(column D) in patient with probable Alzheimer’s Disease, presenting hypometabolism of the posterior temporoparietal cortex, precu-

neus, as well as at the posterior cingulum (B). 18F-florbetapir scan
was positive for the presence of amyloid neuritic plaques (C) with a
Standard Uptake Value Ratio (SUVR) at 1.54 (abnormal values above
1.11). 18F-AV1451 demonstrated markedly increased tracer’s uptake
throughout the cortical regions, Braak stage V/VI (D)

Table 1  Patterns of tracer uptake observed in the Alzheimer’s disease spectrum
Clinical picture
Severity
Prodromal Alzheimer’s disease (mild cognitive impairment)
Mild-to-moderate Alzheimer’s Disease
Age at onset
Early onset Alzheimer’s Disease
Late-onset Alzheimer’s Disease
Phenotype
Amnestic variant
Language variant
Behavioral/dysexecutive variant
Visuospatial variant
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Pattern of tracer uptake
Predominantly inferior temporal lobe deposition
Increased cortical binding with increasing severity, consistent with Braak staging
Predominantly neocortical: prefrontal, premotor, parietal superior and inferior; occipital cortex
Predominantly temporal, precuneus, anterior and posterior cingulate cortex
Predominantly medial temporal lobe involvement
Asymmetric pattern with predominance in the temporoparietal cortex, posterior insula, and
postcentral gyrus in the left hemisphere
Predominantly frontal and temporoparietal cortex or frontoparietal
Predominantly occipital, asymmetric right-sided pattern
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The effect of education has also been evaluated, with
discrepant results. Two studies found a positive association between years of education and 18F-AV1451 binding
in MCI and in AD, in favor of a reserve capacity associated
with a higher education, allowing tolerance of a higher load
of pathology [47, 48]. Another group has instead found a
higher association between amyloid positivity and low education with tau positivity, measured with 11C-PBB3, possibly suggestive of a protective effect of education against
the onset and spreading of tau pathology [49].
Finally, the role of vascular comorbidity has been investigated in one population with subcortical vascular cognitive
impairment, showing that amyloid status and vascular load
might be independent predictors of 18F-AV1451 accumulation in the temporal cortex [50].
Lewy body diseases
Lewy body diseases include dementia with Lewy bodies
(DLB), Parkinson Disease (PD), and PD dementia (PDD).
They are the second most common type of degenerative dementia after AD, resulting from the aggregation of
α-synuclein into eosinophilic intracytoplasmic inclusions
termed Lewy bodies [51]. Autopsy studies revealed the concomitant presence of NFT in DLB, especially in the presence of dementia, which raises the interest for their in vivo
detection by tau imaging [52].
The authors identified three studies regarding tau imaging and DLB [53–55]. The main results are summarized
in Table 2. All studies report a specific pattern of regional
tracer deposition in DLB different from typical AD and agematched controls. While tracer uptake in medial temporal
and anterior regions is less prominent, an increased binding is observed in posterior temporoparietal and occipital
cortices [53, 54], as well as in primary cortices [55]. The

involvement of the neocortex (premotor, supplementary premotor, and primary sensorimotor) increases in DLB patients
presenting amyloid accumulation, even though it corresponds to the regions with least tracer deposition in AD.
The increased tracer uptake was associated with worse
cognitive performances; however, the role of concomitant
amyloid in patterns of tracer accumulation and cognitive
impairment in DLB patients need further exploration.
The accumulation of tau-specific tracer deposition in PD
patients seems to increase only in the presence of cognitive
impairment, but data available remain insufficient. Three
studies did not show differences regarding global cortical or
regional tracer uptake in PD patients from controls, regardless of the presence of mild cognitive impairment [55–57].
Conversely, one study showed a trend of increased tracer
uptake in cognitively impaired PD patients but lower than
DLB, in inferior temporal gyrus and precuneus regions [54].
The last one was significantly associated with the Clinical
Dementia Rating scale sum-of-boxes in the PD cognitively
impaired group only.
Finally, one study showed that the off-target binding of
18
F-AV1451 to melanin in the substantia nigra could be an
indicator of nigral degeneration [58].
Frontotemporal lobar degeneration (FTLD)
Frontotemporal lobar degeneration (FTLD) is a heterogeneous group of neurodegenerative diseases, both clinically
and neuropathologically. Tau and longTAR DNA-binding
protein-43 (TDP-43) deposits are the most common pathological deposits occurring in FTLD and tau PET tracers are the first molecular markers available for imaging
neuropathology.
We identified only two study investigating subjects with
behavioral variant Frontotemporal Dementia (bvFTD), one
with 18F-AV1451 [59, 60] and one comparing 18F-AV1451

Table 2   Patterns of tracer uptake in different syndromes associated with cognitive impairment other than Alzheimer’s disease
Tracer binding higher
than in control subjects

Patterns

Dementia with Lewy bodies

Yes

Parkinson’s disease—MCI
Parkinson’s disease—cognitively unimpaired
Primary progressive aphasia

Yes
No

Cortical distribution, predominantly in the sensorimotor cortex, visual cortex, and
parietotemporal cortex (higher in amyloid positive individuals)
Predominantly inferior temporal lobe and precuneus deposition
Reduction of binding in the mesencephalon associated with nigral degeneration

Yes

Progressive supranuclear palsy Yes
Corticobasal degeneration

Yes

Predominantly in the frontal and temporal cortex of the left hemisphere, concordant
with atrophy
Predominantly in globus pallidus, putamen, thalamus, midbrain, dentate nucleus of the
cerebellum
Motor and premotor cortex and connecting white matter, thalami, basal ganglia, asymmetric
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and 18F-THK5351, including two patients with bvFTD. In
the work by Cho et al. 20 bvFTD patients showed a pattern
of tracer retention as compared with age-matched controls
in the putamen, pallidum, and frontal white matter, different
from the uptake observed in AD subjects and consistent with
the involvement of cortico-subcortical frontal networks [59].
The uptake was not correlated with clinical impairment.
Cortical and subcortical frontotemporal uptake was observed
with both 18F-AV1451 and 18F-THK5351, the latter exhibiting higher SUVR values [60]. An example of 18F-AV1451
distribution in one individual case together with perfusion
imaging obtained with the early frame amyloid PET acquisition and standard amyloid PET imaging is shown in Fig. 2.

Three studies investigated 18F-AV1451 binding in Primary Progressive Aphasia (PPA) variants [61–63]. All studies identify increased tracer binding in areas showing focal
atrophy and hypometabolism. The largest study, including
40 cases among logopenic, agrammatic, and semantic PPA,
highlighted the diagnostic value of 18F-AV1451 to identify
specific patterns, and showed a higher tracer uptake in the
logopenic variant [61]. However, the presence of significant
uptake in the semantic variant cases, which are most commonly associated with TDP-43 pathology, suggests a possible non-specific binding of the tracer to non-tau deposits.
Progressive supranuclear palsy (PSP) is an uncommon primary tauopathy characterized by an abnormal tau

Fig. 2  PET 18F-FDG (column A in axial, sagittal, and coronal
planes), PET 18F-florbetapir (column B), and PET 18F-AV1451 (column C), overlaid on CT images, in a patient with behavioral variant
frontotemporal dementia, with frontotemporal hypometabolism as

seen on column A. Amyloid scan (B) was negative with an Standard
Uptake Value Ratio (SUVR) of 0.78 (abnormal values above 1.11),
while tau imaging revealed cortical and subcortical increased uptake
mainly in the frontal lobes (D)
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phosphorylated aggregation, but with a predominance of
the four-repeat microtubule binding—4R isoform of tau,
compared to the 3R isoform [64]. There are different clinical manifestations of PSP according to the presence of
motor symptoms and cognitive impairment. The classical
phenotype is described as a dysexecutive frontal syndrome
with apathy, associated with postural instability, falls, and
oculomotor involvement [65].
We identified eight published studies assessing for
tracer binding in PSP patients, which demonstrate a pattern of bilateral accumulation with the highest uptakes in
globus pallidus, putamen, thalamus, midbrain, and dentate
nucleus compared to controls [66–73]. This regional pattern is significantly different from PD patients [70]. The
increased tracer uptake in the midbrain is described as the
more accurate to discriminate PSP from AD [67]. There
is a well-known age-dependent tracer uptake in basal ganglia, also in healthy individuals, decreasing the potential
reliability to discriminate PSP from controls in an elderly
population [69].
There are conflicting results regarding the association
with clinical outcomes. Two studies with 11, 33, and 14
PSP patients reported no association with global severity of
disease, as well as with motor symptoms [66, 70], while two
studies with 11 and 15 patients demonstrated a correlation
of progressive subcortical and cortical tracer uptake with
disease severity [68, 72].
Corticobasal syndrome (CBS) due to corticobasal degeneration (CBD) shares an overlap of pathophysiology with
PSP, as it is also a primary tauopathy with accumulation of
4R tau isoform. However, the CBS phenotype may be also
the result of underlying Alzheimer’s disease, PSP, frontotemporal dementia, or Lewy body diseases, representing a
diagnostic challenge [74]. CBS is characterized by motor
symptoms with speech alterations and cortical dysfunction
as cognitive impairment and behavioral changes [75].
Four studies evaluated tau imaging in CBS patients, all
describing an asymmetrical binding pattern in cortical and
subcortical regions [76–79]. Supplementary motor areas and
precentral cortex combined with the basal ganglia binding
are the most specific findings. Only precentral white matter
tracer binding correlated with motor severity.
Patients presenting amyloid deposition seem to have
more elevated uptake values, but the small sample size
limits the interpretation of this result. Further studies are
needed to explore tau imaging prediction of non-Alzheimer’s
tauopathy.
Limitations of these studies are the small sample sizes,
the absence of neuropathological confirmation of diagnosis
for most studies, as well as the possibility of off-target tracer
binding to neuromelanin, melanin, and blood components
as microbleeds.

Finally, one report has described cortical positivity for
F-AV1451 which has also been observed in patients suffering from Primary Progressive Aphasia of Speech, a condition considered linked to a primary 4-repeat tau pathology
[80].
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Longitudinal changes on tau PET
There is so far only limited evidence on the rate and spatial
distribution of changes over time in the signal associated
with tau tracer of patient evaluated for suspected underlying AD pathology. The first longitudinal study included 10
individuals, 5 healthy controls, and 5 AD, studied with 18FTHK5117 [81]. In this data set, the tracer uptake increased
over 1 year in the inferior and middle temporal gyrus and in
the fusiform gyrus. These results are partly discordant with
the data obtained in 18 cognitively impaired amyloid positive individuals observed over 17 months with 18F-THK5317
(an alternative tau tracer), among whom only a limited
increase in the left lateral temporal region was observed,
associated with memory impairment [82].
The largest study so far included 126 subjects, the majority of whom cognitively unimpaired, demonstrating a widespread increase in 18F-AV1451 across multiple regions over
12–15 months, higher in subjects with amyloid positivity
and with cognitive impairment [83].

Correlation of tau PET imaging and postmortem
findings
In AD, autoradiography studies have shown that 18FAV1451 binds selectively to paired helical filaments (PHF)
of 3-repeat misfolded tau (3R-tau) and 4R-tau a hallmark of
AD, and with lower affinity for straight filaments, the main
form of tau aggregates in non-AD tauopathies [84]. This has
been confirmed by a significant association between 18FAV1451 binding in vitro and the number of neurofibrillary
tangles in the different Braak stages [85].
However, a number of variables (sensitivity, target access,
and metabolism) might influence in vivo binding and studies comparing directly in vivo tau PET tracers binding with
postmortem pathology are mostly limited to case reports or
small case series so far.
In AD, to the best of our knowledge, there is only one
antemortem–postmortem case report study, conducted with
18
F-THK5351 [16]. This tracer, as previously mentioned, has
a strong off-target binding to MAO-B and reactive astrocytes
in neuroinflammatory changes, strongly limiting its interest
as tau biomarker [86].
In a patient carrier of microtubule-associated protein tau
(MAPT) gene mutation, with neurofibrillary tangles structurally similar to those found in Alzheimer’s disease, a very

13

Clinical and Translational Imaging

significant positive correlation was demonstrated between
the 18F-AV1451 SUVR and the severity of tau pathology
containing PHF, according to immunohistochemistry [87].
The authors also reported off-target binding of the tracer in
the putamen which presented the highest SUVR, the substrate of which is still unclear. These data are consistent with
recent in vivo observations in a series of MAPT mutation
carriers [88].
In a patient with CBD, in vivo 18F-AV1451 retention was
found to have a strong correlation to tau burden as determined postmortem by immunohistochemistry, while no-significant correlation was found neither between 18F-AV1451
and 18F-FDG uptake nor between 18F-AV1451 and gray
matter volume. Postmortem 18F-AV1451 autoradiography
in the same patient showed minimal and displaceable binding, possibly suggesting a dissociation between antemortem
and postmortem binding of the tracer [89].
In another case report of a patient with CBD, in addition to a strong correlation found between the 18F-AV1451
SUVR and the tau burden, the authors reported that a cutoff
of 1.2 for the SUVR was able to discriminate all tau positive from tau negative regions. In this patient, immunohistochemistry revealed underlining tau pathology in the majority
of melanin-containing cells in the substantia nigra limiting
further discussion on the subject [90].
In a case report of a PD patient addressed specifically to
the issue of off-target binding of 18F-AV1451, basal ganglia
and choroid plexus demonstrated the highest in vivo 18FAV1451 uptake, with no tau pathology or other potentialbinding substrates identified in immunohistochemistry and
no or faint signal observed by 18F-AV1451 autoradiography,
suggesting an alternative tau-independent reason for in vivo
retention, not detectable by postmortem autoradiography
[91]. Off-target binding was also found in neuromelanincontaining neurons in the substantia nigra, in leptomeningeal
melanocytes in the thalami and the substantia nigra, and in
hemosiderin in cerebral microhemorrhage, while specific
binding was found in age-related neurofibrillary tangles in
the entorhinal cortex.
In two cases with PSP and one with MAPT P301L mutation, in vivo retention of 18F-AV1451 was mainly noticed in
the basal ganglia and the midbrain, with no correlation to
postmortem in vitro binding which was negative apart from
age-related neurofibrillary tangles in the entorhinal cortex
and off-target binding in the substantia nigra. In addition, no
correlation was found between 18F-AV1451 retention and
postmortem tau burden in matching regions, suggesting a
low sensitivity of 18F-AV1451 for tau aggregates mainly
composed of straight filaments, as in these cases [92].
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Correlation of tau PET imaging and tau measures
in the CSF
Until the advent of PET tau tracers, tau pathology was
measured in vivo in the CSF, but these measurements
do not provide information about the spatial spread of
tauopathy throughout the neurodegenerative process. The
concordance between PET and CSF tau assessments is
analyzed in a number of recent studies. The data currently
available are based on small populations and are all based
on 18F-AV1451.
In 31 cognitively normal elderly individuals, Chhatwal
et al. found an uptake of 18F-AV1451 mainly limited at
the temporal lobe (entorhinal cortex, and parahippocampal
and inferior temporal cortex) with a strong correlation of
regional SUVR to CSF protein levels, including total tau
(t-tau), phosphorylated tau (p-tau), and amyloid measures
(Aβ42) [93].
In another study with 41 cognitively normal and 11
cognitively impaired elderly individuals, there was a significant correlation between 18F-AV1451 uptake and CSF
t-tau, p-tau and Aβ42, highly significant for the tau proteins. Increased 18F-AV1451 uptake in the medial temporal, parietal, and frontal cortices is associated with CSF
tau pathology, but when restricting the analysis to the cognitively normal subjects, only Aβ42, and not t-tau or p-tau,
was associated with increased 18F-AV14 uptake limited to
the medial temporal lobe and the adjacent neocortex [94].
The relation between CSF and PET tau and Aβ measures could be topographically specific, with CSF tau and
p-tau levels correlating to 18F-AV1451 binding in particular within the temporal lobe [95, 96].
A study of 24 Aβ-positive AD (based on 11C-PiB PET)
and 29 non-AD patients suggests that CSF and PET measures are probably biomarkers of different aspects of tau
pathology, as correlations from strong (p-tau) to moderate
(t-tau and Aβ) calculated in the whole collective fell to
moderate (p-tau and t-tau) to weak (Aβ) when the analysis
was restricted to AD patients [97].
In the two studies of Mattson et al., 30 cognitively normal elderly individuals (15 with preclinical AD, i.e., CSF
Aβ < 650 ng/l), 14 prodromal AD, and 39 AD dementia
patients were examined [98, 99]. 18F-AV1451 uptake was
markedly increased in AD dementia patients and moderately in prodromal AD, and not in preclinical AD. CSF
t-tau and p-tau were increased to similar levels in AD and
prodromal AD, as well as in preclinical AD. The correlation between CSF tau measures and 18F-AV1451 differed by stage and region, and it was moderate mainly
in AD dementia patients and in frontal, temporoparietal,
and posterior medial temporal cortex. The diagnostic performance was excellent for 18F-AV1451 and superior to
CSF tau biomarkers for AD dementia; for prodromal AD,
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F-AV1451 and CSF tau had comparable diagnostic performance. The authors conclude that CSF t-tau and p-tau
could represent “disease state” biomarkers, indicating the
presence of AD, even in preclinical AD, while 18F-AV1451
could additionally serve as a “disease stage” biomarker
with continuously increasing uptake during of the clinical
course of the disease, strongly linked to neurodegeneration
and cognitive symptoms [98, 99].

Discussion
The clinical use of a biomarker should undergo a rigorous validation process. We recently proposed a five-phase
framework for the validation steps required for biomarker
use in AD and associated neurodegenerative diseases [5].
The evidence summarized in this review shows that tau
PET imaging has demonstrated the rational for use (Phase
I). Phase II study is, however, still incomplete. Some largescale studies including over hundreds of participants,
mainly with 18F-AV-1451, have shown the ability of tau
imaging to discriminate healthy individuals and patients
with AD. However, systematic validation against gold
standard neuropathology is still lacking, and only case
reports or small case series are available to date, as summarized above. Cross-validation and comparisons between
tracers are still very limited [20, 60]. The complete validation of Phase II aims will be required before the proper
testing of Phase III objectives.
The main open question raised from the studies conducted in patients populations is the specificity of binding,
mainly to the different tau isoforms or to off-target-binging
sites, namely in the basal ganglia.
The binding observed in the basal ganglia, which
increases with age, and has been observed increased in
some non-AD tauopathies, while in vitro studies do not
show specific autoradiographic binding in this region,
needs further investigations. There is also a possible crossreactivity to TDP-43, not supported by in vitro data, but
suggested by the observations in the semantic variant of
primary progressive aphasia [62, 63].
Future studies will also investigate the added clinical
and diagnostic value of this tool, as compared with other
biomarkers. Multiple studies have shown the association
between tau PET abnormalities and atrophy or changes
in glucose metabolism, with partially concordant results
[100–102]. Multiple studies have shown concordance
between tau deposition and atrophy, with a more severe
and widespread tau deposition, suggesting a higher sensitivity [25, 30, 35, 37, 42, 43]. However, the presence of
an association between tau PET and neurodegeneration
markers (atrophy and hypometabolism) in a patient population does not allow testing the added prognostic value

of T and N markers in evaluating individual subjects and
the definition of appropriate diagnostic algorithms [103].

Conclusions
Tracers targeting tau deposits have been rapidly introduced
in clinical research studies over the last 5 years and tested
in hundreds of individuals, showing high promises, such
as the good correlation with the expected distribution from
pathological and in vitro studies and the strong association with clinical impairment, and leaving some open
questions, in particular linked to their specificity, their
spectrum of affinity in non-AD tauopathies, and off-target
binding sites. Ongoing and future studies will clarify their
diagnostic utility, their impact on patient management, and
their potential usefulness as surrogate markers in clinical
trials testing disease-modifying treatments.
The availability of these new disease biomarkers is
beyond doubt a major step toward precision medicine in
neurodegenerative disorders associated with cognitive
impairment.
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