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The advent of tau-targeted positron emission tomography tracers such as flortaucipir (18F-AV-1451, also known as 18F-T807) have

made it possible to investigate the sequence of development of tau and amyloid-b in relationship to age, and to the development of

cognitive impairment due to Alzheimer’s disease. In this study, flortaucipir tau and florbetapir amyloid positron emission tomog-

raphy were obtained for 217 subjects including 16 young and 58 older cognitively normal subjects, 95 subjects with mild cognitive

impairment (Mini-Mental State Examination 24–30) and 48 subjects with clinically-defined possible or probable Alzheimer’s

disease (Mini-Mental State Examination 410). Images were evaluated visually and quantitatively by regional and voxel-based

cortical to cerebellar standard uptake value ratios. For amyloid positron emission tomography positive (Ab + ) subjects, flortaucipir

neocortical standard uptake value ratio was significantly higher with more advanced clinical stage (Alzheimer’s disease 4 mild

cognitive impairment 4 older cognitively normal) and was significantly elevated for Ab+ mild cognitive impairment and

Alzheimer’s disease subjects relative to the respective Ab� subjects. In contrast, florbetapir Ab� older cognitively normal subjects

showed an increase in flortaucipir standard uptake value ratios in mesial temporal lobe regions (amygdala, hippocampus/choroid

plexus region of interest) compared to younger cognitively normal subjects, but no increased standard uptake value ratios in

neocortical regions. Analysis of covariance with planned contrasts showed no differences in regional or composite posterior

neocortical flortaucipir standard uptake value ratio as a function of diagnostic group among Ab� older cognitively normal or

clinically diagnosed Alzheimer’s disease or mild cognitive impairment subjects. The pattern of flortaucipir distribution among Ab +

subjects was reminiscent of the cross-sectional distribution of tau reported in post-mortem pathology studies, in that the most

commonly affected regions were the inferior and lateral temporal lobes, the same regions where the first signs of increased retention

appeared in Ab + cognitively normal subjects. However, there was large variability in extent/density of flortaucipir tau binding

among Ab + subjects. Although high neocortical flortaucipir retention was consistently associated with an Ab + florbetapir positron

emission tomography scan, not all Ab+ subjects had elevated flortaucipir standard uptake value ratios. Finally, within the Ab+

group, increasing levels of flortaucipir tau binding were associated with increased cognitive impairment, as assessed by Mini-

Mental State Examination and Alzheimer’s Disease Assessment Scale. These results suggest development of tau beyond the mesial

temporal lobe is associated with, and may be dependent on, amyloid accumulation. Further, the results are consistent with the

hypothesis that cortical tau is associated with cognitive impairment.
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Introduction
Pathological accumulation of hyperphosphorylated microtubule-

associated tau protein (MAPT, tau) in neurons and glia under-

lies a wide range of neurodegenerative disorders. Alzheimer’s

disease is the most common tauopathy, affecting �35 million

people worldwide (Querfurth et al., 2010). The Alzheimer’s

disease pathology is characterized by amyloid plaques composed

largely of aggregated amyloid-b (Ab) 1–42 fragments (Kidd

et al., 1963; Masters et al., 1985) and tau-containing neurofib-

rillary tangles (Goedert et al., 1992). Both amyloid plaques and

neurofibrillary tangles are required to establish a neuropatholo-

gic diagnosis of Alzheimer’s disease (Hyman et al., 2012).

In animal models, the introduction of misfolded tau can

alter neuronal excitability and synaptic plasticity in vitro

and can induce, in living animals, behavioural deficits that

vary with the placement of the abnormal tau seed (Pooler

et al., 2014; Stancu et al., 2014). Correlative studies in

post-mortem human tissue indicate that progressive tau-

based neurofibrillary pathology is associated with the progres-

sive clinical manifestations of Alzheimer’s disease. While older

subjects with no impairment can have neurofibrillary tangles

in the entorhinal cortex and adjacent hippocampus (Bouras

et al., 1994), widespread neocortical tau deposition is only

observed in subjects with significant cognitive impairment

(Tomlinson et al., 1970). Pathological series have shown

that Braak Stage (Braak and Braak, 1991; Braak et al.,

2006), representing extent of tau pathology, correlates with

cognitive status (Riley et al., 2002) as does the density of

neurofibrillary pathology assessed in various neocortical

regions (Nelson et al., 2007).

Because of its central role in Alzheimer’s disease and

other neurodegenerative disorders, the tau protein has

emerged as an attractive therapeutic target. It has been

argued that anti-tau therapeutics may be more efficacious

than anti-amyloid approaches because tau is more closely

associated with cell death in Alzheimer’s disease (Giacobini

et al., 2013). Anti-tau therapeutic approaches have

included attempts to restore the normal function of the

tau protein by inhibition of tau phosphorylation (Del Ser

et al., 2013) and tau aggregation (Anand et al., 2014).

Other therapeutic strategies have focused on reducing ac-

cumulation or spread of tau aggregates (Holtzman et al.,

2016). Recently, infusion of an anti-tau antibody was

shown to block propagation of tau pathology and improve

cognition in a mouse model of Alzheimer’s disease

(Yanamandra et al., 2013).

The amyloid cascade hypothesis (Selkoe, 1991; Hardy et al.,

2002) suggests the appearance of tau pathology is downstream

from the deposition of amyloid-b plaques. This hypothesis is

supported both by findings that mutations increasing amyloid-

b are sufficient to produce a genetic form of Alzheimer’s dis-

ease, characterized by the presence of both neuritic plaques

and tau neurofibrillary tangles, whereas mutations increasing

tau may result in dementia, but do not produce an Alzheimer’s

disease clinical or neuropathological phenotype (Hardy et al.,

2002). It is also supported by CSF biomarker data suggesting

changes in CSF amyloid-b can be observed earlier in the dis-

ease course than changes in CSF tau (Jack et al., 2010). More

recently it has been suggested that tau and amyloid-b path-

ology may develop independently and that amyloid-b may

accelerate pre-existing tau pathology (Jack et al., 2013). This

hypothesis is supported both by clinical and pathological

observations that tau aggregates may be found in ageing indi-

viduals in the absence of amyloid-b (Crary et al., 2014) and

may itself produce mild amnestic cognitive changes (a phe-

nomenon dubbed a primary age-related tauopathy, PART).

Further, numerous experiments show in vitro, ex vivo and

in vivo manipulations that increase amyloid-b load enhance

or enable both production and spread of tau pathology

(Lewis et al., 2001; Bolmont et al., 2007). Thus, an under-

standing of the interaction of tau and amyloid-b in Alzheimer’s

disease may be critical both to understanding the course of the

disease and the development of effective therapies.

The recent development of PET imaging ligands for both

amyloid-b and tau represents an important advance in this

direction. There are now three 18F-labelled amyloid ima-

ging agents approved for use in major international regions

(Clark et al., 2012; Curtis et al., 2015; Sabri et al., 2015).

Several groups have recently reported progress in develop-

ing PET tracers for imaging tau deposition. These include a

series of 18F-labelled arylquinoline derivatives (Okamura

et al., 2013) and 11C-labelled phenyl/pyridinyl-butadienyl-

benzothiazoles/benzothiazoliums (Maruyama et al., 2013).

A third group described the 5H-pyrio[4,3-b] indole,18F-

T807 (subsequently known as 18F-AV-1451 or flortaucipir)

as a potential PET tracer for detection of tau pathology

(Xia et al., 2013; Chien et al., 2014). In vitro autoradio-

graphy studies show flortaucipir binds with a dissociation

constant (Kd) of 14.6 nM using brain sections from the
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frontal lobe of patients with Alzheimer’s disease (Xia et al.,

2013). Companion immunohistochemical staining showed

co-localization with PHF-tau pathology but not with amyl-

oid-b on adjacent sections, indicating that the flortaucipir

autoradiography signal is most likely due to selective bind-

ing to tau pathology, although some off-target binding has

been identified in midbrain regions (Marquié et al., 2015).

Initial clinical results with flortaucipir were reported for six

subjects, including two diagnosed with Alzheimer’s disease,

one diagnosed with mild cognitive impairment (MCI) and

three healthy control subjects (Chien et al., 2014). The au-

thors concluded there was both rapid uptake into the brain

and subsequent clearance from the white matter. Inspection

of standard uptake value ratio (SUVr) data from various

brain regions indicated greater flortaucipir binding in

Alzheimer’s disease and MCI cases compared to healthy

controls, particularly in the mesial and lateral temporal

lobes, parietal lobe and hippocampus. This pattern of tau

deposition observed by imaging was thought to be consist-

ent with the distribution of tau pathology observed at aut-

opsy (Braak and Braak, 1991; Braak et al., 2006).

Numerous groups have since begun to explore the poten-

tial of these proposed tau PET imaging agents. Lacking a

true gold standard (e.g. autopsy) for establishing that the

tracers distribute in the same pattern as aggregated NFT

tau in living humans, studies have focused on drawing par-

allels between the localization of tracer on PET imaging

and the pattern of NFT accumulation thought to reflect

stages of Alzheimer’s disease pathology (Braak et al.,

2006; Brier et al., 2016; Cho et al., 2016a; Johnson

et al., 2016; Schöll et al., 2016; Schwarz et al., 2016).

Studies have also noted that the distribution of tau tracer

PET signal differs from the regional distribution of an

amyloid PET tracer signal in the same patients (Brier

et al., 2016; Cho et al., 2016a, b; Schöll et al., 2016).

Additionally, two groups have shown that flortaucipir

PET signal correlates significantly with CSF tau (Brier

et al., 2016; Chhatwal et al., 2016; Gordon et al., 2016).

Finally, the relationship between tau tracer PET signal and

cognitive performance has also been explored. Although

quantitative estimates of tau accumulation on PET imaging

have been consistently higher in subjects with clinically

diagnosed Alzheimer’s disease dementia than in clinically

normal controls (Cho, et al., 2016a; Johnson et al., 2016;

Lockhart et al., 2016), the degree of relationship between

estimates of cortical tau and cognitive task performance has

varied across studies, with some studies reporting substan-

tial and significant correlations between neocortical SUVr

and Mini-Mental State Examination (MMSE) (Okamura

et al., 2014; Cho et al., 2016b; Johnson et al., 2016).

However, others have found no significant relationship be-

tween average cortex SUVr and cognition, but reported

significant associations between regional tracer retention

and specific tasks (Brier et al., 2016) or specific clinical

presentations across the Alzheimer’s disease spectrum

(Ossenkoppele et al., 2016).

Together these findings provide reasonable confidence

that the putative tau imaging agents in general and flortau-

cipir in particular may be useful for estimating density and

distribution of tau pathology in patients with cognitive im-

pairment suspected due to Alzheimer’s disease. However,

the studies to date have been mostly single centre studies,

with modest numbers of subjects and weighted towards

clinically normal subjects.

The present report expands the clinical evaluation of flor-

taucipir to include multicentre cross-sectional (baseline)

evaluation of more than 200 subjects including young cog-

nitively healthy controls, older controls, and patients with

MCI or with possible or probable Alzheimer’s disease.

These subjects are part of an ongoing study that will exam-

ine the relationships between flortaucipir tau imaging, flor-

betapir PET amyloid status, and longitudinal cognitive

deterioration.

Materials and methods

Participants

A total of 223 subjects were enrolled in this study from 25
sites. One subject did not receive a flortaucipir scan, one sub-
ject did not receive a florbetapir scan, and two subjects had
technical issues (cerebellum out of field of view) with their
flortaucipir scans. Additionally, two clinically-diagnosed,
Ab + Alzheimer’s disease patients with increased flortaucipir
retention by visual examination were excluded; one because
a large left temporal arachnoid cyst precluded use of standard
temporal lobe regions of interest for purposes of quantitating
flortaucipir and florbetapir retention, and another because the
flortaucipir scan was started at only 63 min post-administra-
tion (planned start time is 80 min, see below), which could
potentially produce an underestimation of SUVr for that sub-
ject. Thus, the 222 subjects that received flortaucipir were
included in the safety analysis and 217 evaluable subjects
were included for the efficacy analysis, including 16 young
cognitively normal (YCN) and 58 older cognitively normal
(OCN) subjects, 95 subjects with MCI, and 48 subjects with
clinically-defined possible or probable Alzheimer’s disease.
Cognitively normal subjects had no evidence of cognitive im-
pairment by history or examination and had a screening visit
MMSE529. YCN subjects were between 20 and 40 years of
age, and OCN subjects were 450 years of age. MCI subjects
had a diagnosis consistent with National Institute of Aging
(NIA)-Alzheimer’s Association criteria (MCI-Alzheimer’s dis-
ease), were 450 years of age and had an MMSE5 24.
Subjects in the Alzheimer’s disease group were 450 years of
age, met NIA-Alzheimer’s Association core clinical criteria for
possible or probable Alzheimer’s disease and had an MMSE 4
10. Subjects were excluded from participation if they were
females of childbearing potential not using adequate contra-
ception, had a history of stroke, current clinically significant
cerebrovascular disease, drug or alcohol abuse or dependence,
or if they were participating in a trial with other experimental
drugs. This protocol was approved by the relevant institutional
review boards and all subjects or authorized representatives
signed informed consent prior to conduct of study procedures.
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Results from an interim analysis of a subset of these subjects
have previously been published (Schwarz et al., 2016).

Assessments

All subjects underwent a clinical diagnostic interview including
detailed medical history, physical and neurologic examin-
ations, and cognitive/functional testing including MMSE,
Alzheimer’s Disease Assessment Scale (ADAS)-Cog, and a cog-
nitive/functional test battery (to be reported elsewhere). An
MRI performed at screening or within 6 months prior to en-
rolment ruled out significant CNS lesions and was used for
processing of the PET images. Vital signs, laboratory values
and ECG were obtained prior to and after the flortaucipir PET
scans, and adverse events were monitored for 48 h post scan.

Imaging acquisition and analysis

Flortaucipir PET images used in this study were acquired for
20 min, as four 5-min frames, beginning 80 min after injection
of 370 MBq flortaucipir. This uptake time was chosen
based on a separate analysis of dynamic scans taken over a
0–130-min period (Shcherbinin et al., 2016). On a separate
day, subjects underwent a florbetapir PET scan for 10 min,
as two 5-min frames, beginning 50 min after injection of
370 MBq florbetapir F18. All PET data were reconstructed
with an iterative or row-action maximum likelihood algorithm
with an image size of 128 � 128 or 200 � 200 matrix, pixel
size of 2–2.67 mm � 2–2.67 mm, slice thickness of 2–4.25 mm,
and post-reconstruction Gaussian filter of 3–5 mm or a relax-
ation parameter of normal or sharp filter. A T1-weighted volu-
metric MRI image was also acquired.

For the florbetapir data analysis, images were spatially nor-
malized to MNI atlas space using a florbetapir PET template in
SPM (Friston et al., 2007). SUVr values were calculated as an
unweighted average of six cortical regions (cortical average
SUVr: based on mesial orbital frontal, anterior cingulate, pre-
cuneus, posterior cingulate, parietal, and temporal) using
whole cerebellum as a reference region (Joshi et al., 2015).
Florbetapir images were also visually interpreted by two
experienced readers (M.D.D. and A.K.A.) and classified by
consensus as Ab + or Ab�. Readers had access to regional
and global average quantitative PET scan information, which
was used as an adjunct to the visual read.

For the analysis of flortaucipir PET data, the 5-min PET
images were motion corrected, then summed into a single
20-min image. The summed image was then co-registered in
subject space to T1-weighted MRI image, which in turn was
spatially normalized to MNI atlas space using the MNI152 T1-
weighted MRI template (Fonov et al., 2009) using FSL. SPM
was used to segment T1 MRI images into probabilistic tissue
maps corresponding to grey matter, white matter, and CSF.
Transformations from the MRI-to-atlas spatial normalization
were then used for spatial normalization of the subject-space
co-registered flortaucipir PET data to MNI atlas space. For
SUVr calculation, regions of interest for the individual hemi-
spheric parcellations from the Automated Anatomical Labeling
(AAL) atlas belonging to fusiform, parietal, temporal, occipi-
tal, and frontal cortical areas were used. Regions of interest
near the brain periphery (parietal, temporal, occipital, frontal)
were eroded using the brain boundary formed by the average
atlas space T1 MRI from all Ab� subjects 450 years of age to

reduce the likelihood of measuring activity in the extra-cortical
CSF. To further reduce this likelihood, regions of interest were
masked to incorporate only voxels intersecting subject grey
matter tissue (tissue class likelihood 450%). Regions of inter-
est for subcortical areas including amygdala, hippocampus,
parahippocampus, fusiform, and striatum were also used.
Hippocampal, parahippocampal and fusiform regions of inter-
est were further divided into anterior and posterior subsections
to permit measurement of flortaucipir focal uptake in these
areas. Note, due to the relatively small size of some subcortical
structures, limitations of co-registration technology and reso-
lution of PET, the correspondence of the PET signal with the
nominal AAL region may be imperfect; in particular, the
hippocampus region of interest may have overlapped with
parts of choroid plexus and/or fornix. Additionally, because
atrophy resulted in extension of the standard striatal region
of interest into ventricle in many patients, this region of inter-
est was modified to a reduced size. For the reference region, a
cerebellar grey matter region derived from the cerebellar crus-
taneous (cere-crus-1 region of interest from AAL) modified by
translating it inferiorly by 6 mm was chosen. This modification
was performed to avoid possible overlap with inferior cortical
areas and supratentorial CSF.

Individual parcellations across left and right hemispheres
were grouped using voxel weights during SUVr calculation
(region of interest size in number of voxels was used to
weight the contribution of each region of interest to this aver-
age). Finally, a composite posterior neocortical SUVr was cal-
culated as the weighted average of temporal, parietal and
occipital areas. These areas were selected based on visual
examination of data from pilot trials (e.g. NCT 02051764)
as being most likely to evidence specific flortaucipir retention
in Ab+ Alzheimer’s disease and MCI subjects. This selection is
further supported by an interim analysis of a subset of these
subjects, which indicated that the earliest/most commonly af-
fected areas were the temporal cortex and posterior regions
(Schwarz et al., 2016), and are also consistent with the obser-
vations of other groups using this tracer (Johnson et al., 2016)
and other tracers (Okamura et al., 2014). Voxel-wise SUVr
images were also created, with voxels normalized to the
same reference region described above. Mean images were cre-
ated by averaging the voxel-wise images grouped by diagnostic
cohort and florbetapir PET visual interpretation amyloid status
(Ab + or Ab�).

Statistical methods

Descriptive statistics were applied to summarize the subjects’
demographic and baseline cognitive status by clinical diagnos-
tic group. ANOVA with pair-wise comparisons was applied to
evaluate differences among continuous variables, and �2 tests
were applied to evaluate difference of categorical variables
across diagnosis groups. Subjects were further classified by
amyloid status (Ab + , Ab�) according to expert visual reads
augmented by quantitative information. Analysis of covariance
was used to evaluate differences in regional and average neo-
cortical flortaucipir SUVr values across clinical diagnosis
groups and amyloid status, adjusting for baseline age.

Planned contrasts within the model evaluated differences
among cognitively normal subjects and those with MCI and
Alzheimer’s disease by amyloid status (i.e. within the Ab + , or
Ab� subgroups). Similarly, the flortaucipir SUVr values were
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also compared within each diagnostic group (i.e. Alzheimer’s

disease, MCI, or OCN) according to amyloid status through

planned contrasts. YCN were not included in this model to
better evaluate the effect of age exclusively among the older

subjects. However a two sample t-test was conducted to evalu-

ate possible differences in regional flortaucipir SUVr and neo-

cortical average flortaucipir SUVr between the Ab� OCN and
YCN groups. The relationship between normal ageing and

flortaucipir was evaluated using Pearson correlation, within

the Ab� OCN group.
A mixed effect model was used to assess the relationship of

cognitive function with age, florbetapir SUVr, and flortaucipir
SUVr values. MMSE or ADAS 11 score was used as the de-

pendent variable in this model. The fixed effects included clin-

ical diagnosis, age, florbetapir SUVr, flortaucipir SUVr, and all
possible two-way and three-way interaction terms among these

three variables. The random effect includes intercept. All ana-
lyses were conducted using SAS windows version 9.4. Due to
the exploratory purpose of this study, no multiplicity adjust-
ments were made during analyses.

Results
Table 1 shows the demographics and baseline characteris-

tics for the 217 subjects with valid flortaucipir and florbe-

tapir 18F PET scans. Cognitive status was assessed by

MMSE values, which ranged from a low of 12 in the

Alzheimer’s disease group to a high of 30 in the MCI

and cognitively normal groups. The Alzheimer’s disease

group was significantly older than the MCI (P = 0.02)

Table 1 Demographic and baseline characteristics

AD (n = 48) MCI (n = 95) OCN (n = 58) YCN (n = 16) Total

population

(n = 217)

Age (years)

Mean (SD) 74.2 (8.79)a 70.4 (8.98) 68.5 (10.29) 28.9 (4.88) 67.7 (14.33)

Median 73 71 69 27.5 71

Min, max 54, 95 50, 92 50, 87 21, 39 21, 95

Gender

Female (%) 27 (56.3) 48 (50.5) 26 (44.8) 7 (43.8) 108 (49.8)

Male (%) 21 (43.8) 47 (49.5) 32 (55.2) 9 (56.3) 109 (50.2)

Race

Black or African (%) 2 (4.2) 7 (7.4) 9 (15.5) 3 (18.8) 21 (9.6)

Caucasian (%) 44 (91.7) 86 (90.5) 47 (81) 11 (68.8) 188 (86.6)

Native American/Alaskan (%) 1 (2.1) 0 0 0 1 (0.5)

Asian (%) 0 1 (1.1) 1 (1.7) 1 (6.3) 3 (1.4)

Other (%) 1 (2.1) 1 (1.1) 1 (1.7) 1 (6.3) 4 (1.8)

Education (years)

Mean (SD) 15.3 (2.42) 15.8 (2.94) 15.7 (1.9) 16.6 (1.79) 15.7 (2.51)

Median 16 16 16 16 16

Min, max 6, 18 8, 27 12, 20 12, 19 6, 27

MMSE

Mean (SD) 22.1 (3.72)b 27.8 (1.79) 29.5 (0.5) 29.6 (0.51) 27.1 (3.51)

Median 23 28 30 30 29

Min, max 12, 28 24, 30 29, 30 29, 30 12, 30

ADAS

Mean (SD) 19.8 (7.95)b 10.3 (4.50) 5.7 (3.33) 4.1 (2.54) 10.7 (7.37)

Median 19 9 6 4 8

Min, max 8, 47 3, 24 1, 18 1, 10 1, 47

Years since diagnosis

n 40 82 35 13 122

Mean (SD) 2.3 (2.78) 1.6 (2.02) N/A N/A 1.9 (2.31)

Median 1.2 0.9 N/A N/A 1.0

Min, max 0.0, 12.6 0.0, 10.9 N/A N/A 0.0, 12.6

Florbetapir SUVr

Mean (SD) 1.31 (0.32)b 1.19 (0.25) 0.97 (0.14) 0.91 (0.07) 1.13 (0.27)

Median 1.37 1.15 0.95 0.91 1.01

Min, Max 0.80, 1.83 0.79, 1.78 0.82, 1.71 0.81, 1.01 0.79, 1.83

Florbetapir positive (%) 32 (66.7) 46 (48.4) 5 (8.6) 0 83 (38.2)

AD = Alzheimer’s disease; SD = standard deviation.
aAlzheimer’s disease group significantly older than the MCI (P = 0.02) and OCN groups (P = 0.003).
bAlzheimer’s disease group significantly different than MCI and cognitively normal groups (P5 0.0001).
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and OCN groups (P = 0.003) and had significantly lower

MMSE and higher (more impaired) ADAS scores than the

MCI or the cognitively normal groups (P5 0.0001).

Although there were no significant differences in education

across diagnostic groups, these were highly educated sub-

jects with a mean of nearly 16 years of schooling com-

pleted. Mean florbetapir PET SUVr values were higher in

the Alzheimer’s disease and MCI group than in the YCN or

OCN group (P50.0001); florbetapir PET was classified as

Ab + for 32/48 (66.7%) Alzheimer’s disease, 46/95

(48.4%) MCI, 5/58 (8.6%) OCN, and 0/16 (0%) YCN

subjects (Fishers exact test comparing percentages across

diagnostic groups; P5 0.0001).

Analysis of safety

A total of 43 adverse events affecting 32 individual subjects

were reported; none were considered serious. The most

common adverse events were injection site pain (n = 7,

3.2%), elevations in blood pressure as measured from

pre-administration to post-scan (n = 6, 2.7%), headache

(n = 3, 1.4%), paraesthesia (n = 2, 0.9%), and fatigue

(n = 2, 0.9%). No other adverse events occurred more

than once per subject, and none were more than moderate

in intensity.

Flortaucipir image results

Figure 1 shows flortaucipir voxel-wise SUVr images aver-

aged across subjects within diagnostic cohort as a function

of amyloid status (visual interpretation: Ab + or Ab�). The

mean images suggest that little focal retention of flortauci-

pir occurred in YCN other than possibly a slight elevation

in the midbrain/brainstem (Fig. 1A). On average, Ab�
OCN showed no focal cortical retention but the mean

image showed increased flortaucipir retention in midbrain,

striatum and some mesial temporal lobe regions, particu-

larly in the amygdala and hippocampus/choroid plexus

region. The pattern of flortaucipir retention in Ab� clinic-

ally diagnosed MCI or Alzheimer’s disease subjects was

similar to that for Ab� OCN, with no focal retention in

cortical areas, but elevated retention in striatum, hippocam-

pus/choroid plexus and brainstem. The pattern of retention

in Ab + OCN was similar to that for Ab� OCN, with the

exception of slightly increased retention in the amygdala

and hippocampus region of interest with some spread to

isocortical areas, particularly lateral temporal cortex in

some subjects. The density and area of affected cortical

regions further increased in Ab + MCI and further still in

Ab + Alzheimer’s disease subjects (Fig. 1B).

Figure 2 shows tracer retention in representative individ-

ual young and older Ab� cognitively normal and in Ab +

OCN, MCI, and Alzheimer’s disease subjects. The tracer

retention in individual Ab + subjects was consistent with

the pattern described above, in that the lateral temporal

lobes appeared to be the first and most common area af-

fected in individuals. However, there was considerable

variability in extent and laterality of affected areas in indi-

vidual subjects, with some Ab + subjects showing flortau-

cipir retention limited to focal regions of the temporal lobe,

and others showing widespread distribution to posterior

regions and in some cases frontal lobes. In some cases

flortaucipir distribution was symmetrical, but in other

cases flortaucipir retention was markedly greater in one

hemisphere than the other. In addition, there were also

differences across Ab + subjects with respect to the relative

intensities in limbic versus cortical regions (e.g. Fig. 2D row

1 versus 3) that may reflect varying patterns of tau distri-

bution recently noted in the pathology literature (Murray

et al., 2011).

To obtain quantitative estimates of flortaucipir retention,

regional and composite SUVr values were obtained. Table

2 shows mean and standard deviation for SUVr values for

representative regions as well as nominal statistical prob-

abilities for group comparisons as a function of diagnostic

cohort and amyloid status.

Similarly, analysis of covariance with planned contrasts

to compare groups of interest showed no differences in re-

gional or composite posterior neocortical SUVr as a func-

tion of diagnosis among Ab� clinically diagnosed

Alzheimer’s disease, MCI and OCN. However, for Ab +

subjects, flortaucipir neocortical SUVr increased across

diagnostic groups (Alzheimer’s disease4MCI4OCN)

and was consistently elevated for Ab + MCI and

Alzheimer’s disease subjects relative to the respective Ab�
subjects (Table 2).

There were no differences in regional or average neocor-

tical SUVr between the Ab� OCN and YCN groups.

However, Ab� OCN subjects showed age-related increases

in flortaucipir SUVr as evidenced by a difference in SUVr

between YCN and Ab� OCN that reached the nominal

level of significance in the striatum (P = 0.0001), amygdala

(P = 0.002) and anterior hippocampus/choroid plexus

(P = 0.013) regions of interest. Looking only within the

Ab� OCN group, there was also a significant correlation

between age and SUVr (r = 0.33, and 0.36 for anterior

hippocampus/choroid plexus and striatum, respectively,

P5 0.02).

Figure 3 shows a scatter plot of SUVr averaged across

representative cortical regions for individual subjects in the

different diagnostic categories. Consistent with the statis-

tical analysis above, Ab� subjects had consistently low

composite posterior cortical flortaucipir SUVr. Subjects

with high composite posterior neocortical flortaucipir

SUVr (outside the upper 99% confidence limits for YCN,

dashed line) were predominantly Ab + . However, it is clear

that a significant proportion of Ab + subjects also had pos-

terior cortical average SUVr that fell within the range of

controls. Upon visual review of these images, many ex-

hibited focal and/or unilateral flortaucipir uptake in neo-

cortical regions, especially lateral temporal lobe (Fig. 4), a

pattern that was rare, albeit not always absent, in Ab�
subjects.
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Figure 1 Mean flortaucipir voxel-wise SUVr images for each age/diagnostic cohort by florbetapir PET amyloid status (Ab+ or

Ab�). Images are scaled from 1–2.5 SUVr units and overlaid on an average of MRI from all study patients in radiologic orientation such that the

right side of each image represents left hemisphere of the brain. (A) Ab�; (B) Ab+ . AD = Alzheimer’s disease; ROI = region of interest.

754 | BRAIN 2017: 140; 748–763 M. J. Pontecorvo et al.



Figure 2 Flortaucipir voxel-wise SUVr images for representative individual Ab� control (YCN/OCN) and Ab+ OCN, MCI,

and Alzheimer’s disease subjects. (A) Ab� control (YNC/OCN), (B–D) Ab+ OCN, MCI and Alzheimer’s disease subjects, respectively.

PET images are scaled from 1–2.5 SUVr units and overlaid on each subject’s respective MRI. Note in addition to differences in overall extent of

retention, there are also subjects with relatively limbic sparing (D, first row) and limbic predominant (D, third row) patterns (arrows) consistent

with the pathology literature (Murray et al., 2011). AD = Alzheimer’s disease; y/o = years old.
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Table 2 Composite posterior cortical and regional, mean (SD), flortaucipir SUVr by clinical diagnostic cohort and

amyloid status

Region AD MCI OCN YCN Group comparison

n = 48; 33 Ab+ n = 95; 46 Ab+ n = 58; 5 Ab+ n = 16 P5 0.05*

Cortical average combination region of interest

Ab+ SUVr 1.55 (0.352) 1.36 (0.377) 1.09 (0.061) AD4OCN; AD4MCI; MCI4OCN

Ab� SUVr 1.07 (0.083) 1.05 (0.082) 1.07 (0.085) 1.09 (0.062)

P§: Ab+ versus Ab� 50.0001 50.0001 0.3662

Frontal

Ab+ 1.39 (0.417) 1.21 (0.354) 0.99 (0.137) AD4OCN; AD4MCI

Ab� 0.99 (0.114) 0.98 (0.090) 1.00 (0.095) 1.04 (0.083)

P§: Ab+ versus Ab� 50.0001 50.0001 0.4568

Occipital

Ab+ 1.43 (0.310) 1.32 (0.386) 1.08 (0.025) AD4OCN; AD4MCI

Ab� 1.08 (0.088) 1.06 (0.081) 1.08 (0.085) 1.11 (0.067)

P§: Ab+ versus Ab� 50.0001 50.0001 0.6004

Parietal

Ab+ 1.60 (0.466) 1.33 (0.430) 1.07 (0.081) AD4OCN; AD4MCI

Ab� 1.03 (0.101) 1.02 (0.092) 1.03 (0.091) 1.07 (0.072)

P§: Ab+ versus Ab� 50.0001 50.0001 0.2569

Temporal

Ab+ 1.64 (0.403) 1.42 (0.373) 1.11 (0.091) AD4OCN; AD4MCI; MCI4OCN

Ab� 1.09 (0.085) 1.08 (0.089) 1.10 (0.091) 1.10 (0.060)

P§: Ab+ versus Ab� 50.0001 50.0001 0.3814

Amygdala

Ab+ 1.48 (0.185) 1.35 (0.204) 1.23 (0.119) AD4OCN; AD4MCI

Ab� 1.24 (0.235) 1.14 (0.137) 1.13 (0.117) 1.03 (0.096) AD4OCN; AD4MCI; OCN4YCN

P§: Ab+ versus Ab� 50.0001 50.0001 0.2245

Anterior hippocampus

Ab+ 1.43 (0.207) 1.35 (0.186) 1.25 (0.171) AD4OCN

Ab� 1.21 (0.203) 1.17 (0.149) 1.17 (0.143) 1.07 (0.110) OCN4YCN

P§: Ab+ versus Ab� 50.0001 50.0001 0.3409

Posterior hippocampus

Ab+ 1.29 (0.184) 1.32 (0.179) 1.27 (0.160)

Ab� 1.19 (0.215) 1.26 (0.193) 1.26 (0.193) 1.17 (0.145)

P§: Ab+ versus Ab� 0.1074 0.1747 0.8572

Anterior parahippocampal

Ab+ 1.49 (0.243) 1.32 (0.245) 1.07 (0.135) AD4OCN; AD4MCI; MCI4OCN

Ab� 1.12 (0.204) 1.03 (0.151) 1.04 (0.106) 1.02 (0.085)

P§: Ab+ versus Ab� 50.0001 50.0001 0.5698

Posterior parahippocampus

Ab+ 1.40 (0.197) 1.29 (0.203) 1.12 (0.128) AD4OCN; AD4MCI; MCI4OCN

Ab� 1.10 (0.151) 1.10 (0.132) 1.09 (0.113) 1.07 (0.098)

P§: Ab+ versus Ab� 50.0001 50.0001 0.5642

Fusiform

Ab+ 1.66 (0.347) 1.47 (0.370) 1.15 (0.104) AD4OCN; AD4MCI; MCI4OCN

Ab� 1.16 (0.109) 1.11 (0.106) 1.12 (0.103) 1.11 (0.076)

P§: Ab+ versus Ab� 50.0001 50.0001 0.6271

Striatum

Ab+ 1.28 (0.153) 1.28 (0.155) 1.25 (0.239)

Ab� 1.18 (0.174) 1.19 (0.171) 1.20 (0.189) 1.00 (0.120) OCN4YCN

P§: Ab+ versus Ab� 0.1269 0.0567 0.9579

AD = Alzheimer’s disease.

*P-value5 0.05: pair-wise comparisons through planned contrasts within the ANCOVA model, adjusting for age. Planned contrasts included differences among OCN subjects and

MCI or Alzheimer’s disease within amyloid status groups (Ab+ or Ab�; rows) and differences in flortaucipir SUVR values across amyloid status for each diagnostic group

(Alzheimer’s disease, MCI, and OCN; columns). A separate, independent two-group t-test compared OCN versus YCN. Corrections for multiple comparisons were not performed.

Exact P-values can be found in Supplementary Table 1.
§P-values comparing Ab+ versus Ab�.
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Figure 4 shows four representative Ab + clinically diag-

nosed Alzheimer’s disease subjects with flortaucipir neocor-

tical average SUVr in the range of young controls. The first

three subjects are examples of subjects with tracer retention

in lateral temporal lobe of at least one hemisphere that was

elevated beyond that typically seen in Ab� clinically

normal subjects (cf. Fig. 2A).

Both tau and amyloid-b density, as measured by flortau-

cipir and florbetapir SUVr values, respectively, independ-

ently correlated with cognitive performance on MMSE

(flortaucipir SUVr: r = �0.42, P5 0.0001; florbetapir

SUVr: r = �0.47, P5 0.0001) and ADAS (flortaucipir

SUVr: r = 0.45, P50.0001; florbetapir SUVr: r = 0.49,

P50.0001). There was also a significant correlation be-

tween flortaucipir and florbetapir SUVr (r = 0.64,

P50.0001) and among the Ab + subjects, a significant

inverse correlation between flortaucipir SUVr and age

(r = �0.48, P5 0.0001). However, when combined in a

mixed model with clinical diagnosis and age as predictors

of MMSE or ADAS, none of the factors besides clinical

diagnosis achieved significance (Supplementary Table 2)

These relationships are represented graphically in Fig. 5.

Figure 5A shows the relationship between florbetapir and

flortaucipir SUVr. As previously described (Fig. 3), Ab�
florbetapir PET scans were consistently associated with

low flortaucipir SUVr. While Ab + florbetapir PET scans

were not always associated with elevated flortaucipir

SUVr, the probability of an elevated flortaucipir SUVr

increased as a function of florbetapir SUVr. Figure 5B

shows the relationship between flortaucipir SUVr and age

for both Ab� and Ab + subjects. As noted above, Ab�
subjects had low posterior neocortical average flortaucipir

SUVr regardless of age, whereas Ab + subjects had

increased SUVr compared to controls, but showed an

age-related decrease in flortaucipir SUVr. Finally, Fig. 5C

and D shows the relationship between flortaucipir SUVr

and ADAScog11 error score for Ab + subjects under 75

and over 75, respectively. Although the relationship be-

tween flortaucipir SUVr and ADAS was significant in

both groups (P = 0.0039 and P = 0.0443, respectively),

examination of the scatter plots shows that in the younger

(575 years) cohort, the demented subjects consistently

showed elevated flortaucipir SUVr (41.25, beyond the

range of young controls), and the strength of relationship

between flortaucipir SUVr and ADAS was limited primarily

by a group of MCI subjects with high flortaucipir SUVr

despite limited cognitive impairment. In contrast, approxi-

mately half of the demented patients over 75 years of age

had relatively low flortaucipir SUVr despite substantial cog-

nitive impairment. Visual examination of mean voxel-wise

SUVr images from these 475-year-old subjects reveals flor-

taucipir retention in essentially the same regions as in the

under 75 year olds, but with a lessor density. Thus, the

mean images from the Ab + over 75 year old Ab + demen-

ted subjects most resemble the images from the Ab + MCI

subjects less than 75 years old (Fig. 6)

Discussion
Flortaucipir is a PET imaging agent designed to directly

assess the level of aggregated tau in the brains of living

patients. The present study examined the brain distribution

and retention of flortaucipir in relation to florbetapir PET

amyloid status (Ab + or Ab�), clinical diagnosis (cogni-

tively normal, MCI or Alzheimer’s disease), age, and cog-

nitive performance (MMSE and ADAS). In Ab + subjects

flortaucipir neocortical SUVr increased significantly across

clinical diagnostic groups (Alzheimer’s

disease4MCI4OCN) and was significantly elevated for

Ab + MCI and Alzheimer’s disease subjects relative to the

respective Ab� subjects. Ab� cognitively normal subjects

showed an age-related increase in tracer retention in some

mesial temporal lobe regions (amygdala, hippocampus/

choroid plexus) as well as presumed off-target binding in

brainstem and striatum, but minimal focal cortical reten-

tion. The pattern of flortaucipir distribution and retention

in Ab� cognitively impaired (clinically diagnosed MCI and

Alzheimer’s disease) subjects did not differ from that in

cognitively normal subjects. The pattern of flortaucipir dis-

tribution among Ab + subjects was reminiscent of the

cross-sectional distribution of tau reported in post-mortem

pathology studies (Braak and Braak, 1991, Braak et al.,

2006), in that the most commonly affected regions were

in the temporal lobe. This is also where the first signs of

increased retention appeared in Ab + cognitively normal

subjects, though with only five subjects in this group, the

Figure 3 Posterior neocortical composite SUVr for indi-

vidual subjects by diagnostic category. X-axis: (diagnostic

group, amyloid status), YCN are shown in red. Y-axis: flortaucipir

(AV1451) combination SUVr. Horizontal reference line shows upper

99% confidence limit for YCN. AD = Alzheimer’s disease;

CN = cognitively normal.
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relatively mild changes seen in this group should be con-

sidered with caution. Further increases in density and a

wider cortical distribution were observed on average in

the Ab + MCI and Alzheimer’s disease groups. However,

there was significant variability in extent and density of

flortaucipir tau binding among the Ab + subjects.

Elevated flortaucipir tau binding was associated with an

increased prevalence of cognitive impairment as assessed

by MMSE and ADAS, especially in subjects under the

age of 75.

These results are consistent with the hypothesis (Jack

et al., 2013) that tau and amyloid pathology may begin

independently, but that spread of tau beyond mesial tem-

poral lobe is associated with, and may be dependent, on

amyloid accumulation. Further, the results are consistent

with the hypothesis that cortical tau may be associated

with neuronal dysfunction and associated cognitive

impairment.

Approximately a third of the demented subjects and half

of the MCI subjects in this study were Ab� based on the

florbetapir scan interpretation. The relatively high propor-

tion of Ab� subjects, particularly in the demented group,

may be in part a consequence of the inclusion of clinically

defined possible, as well as probable Alzheimer’s disease

cases. The finding of low focal cortical flortaucipir reten-

tion in these Ab� subjects is consistent with the interpret-

ation that a negative florbetapir scan indicates the absence

of Alzheimer’s disease and thus, the absence of Alzheimer’s

disease-related tau deposition (hence low cortical flortauci-

pir retention). Interestingly increased mesial temporal lobe

flortaucipir SUVr was observed with age even in these Ab�

subjects. It is possible that some of this signal could repre-

sent spill out from flortaucipir binding in the choroid

plexus. This may represent binding to abnormal tau aggre-

gation (Ikonomovic et al., 2016) but it could also reflect off

target binding (Lowe et al., 2016), alternatively the elevated

SUVr in the hippocampus/choroid plexus region of interest

may reflect age-related aggregation of tau in the mesial

temporal lobe, the pathologically defined syndrome of pri-

mary age-related tauopathy (PART, Crary et al., 2014).

Although elevated flortaucipir in the composite posterior

cortical SUVr was consistently associated with a positive

amyloid PET scan, not all Ab + subjects showed an ele-

vated composite posterior cortical SUVr. Visual examin-

ation of images from Ab + subjects with lower posterior

neocortical composite flortaucipir SUVr suggested that

many, but not all, had focal retention in lateral temporal

cortex beyond the level seen in cognitively normal controls.

Longitudinal studies are required to determine whether the

presence of focal tau accumulation in the lateral temporal

cortex represents an early stage of Alzheimer’s disease (e.g.

Braak III), as might be suggested from comparison to the

pathology literature (Schwarz et al., 2016) or some non-

Alzheimer’s disease tauopathy, or whether it simply reflects

image noise. It also remains to be determined whether all

Ab + subjects eventually show increased retention in lateral

temporal lobe and whether Ab + subjects with low/focal

flortaucipir retention are at increased risk for future

spread of neuropathological tau (as represented by flortau-

cipir) resulting in progressive cognitive impairment.

These questions may have important implications for

future clinical trials of anti-Alzheimer’s disease therapeutic

Figure 4 Ab+ subjects with low cortical average SUVR values. Subjects with low flortaucipir SUVr values may still have abnormal tracer

retention in limited cortical regions. AD = Alzheimer’s disease; CN = cognitively normal; ROI = region of interest.
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agents. Previous results showing that subjects who have a

clinical profile of MCI due to Alzheimer’s disease or prob-

able Alzheimer’s disease and who are Ab� (thus inconsist-

ent with Alzheimer’s disease) deteriorate at a slower rate

than subjects who are Ab + (Doraiswamy, 2012, 2014)

have led to amyloid status assessment as a screening pro-

cedure for most phase III clinical trials. The present finding

that Ab + subjects may differ in tau density and distribu-

tion, despite similar MMSE scores at baseline, raises add-

itional considerations. Will Ab + patients with low tau

deteriorate at different rates than subjects with high dens-

ity/widespread distribution of tau and how might this affect

study power? Is there an optimal range of tau (disease

stage) for treatment with anti-amyloid or anti-tau thera-

pies? Ongoing longitudinal follow-up may shed further

light on these questions.

The pattern of tracer retention in the present study is

consistent with and extends previous findings (Chien

et al., 2014; Cho et al 2016 a, b; Johnson et al., 2016;

Schöll et al., 2016; Schwarz et al., 2016) to a larger sample

including both Ab + and Ab� mildly-impaired and demen-

ted subjects. Also consistent with previous reports, the vari-

ation in flortaucipir retention in the present study was

associated with variation in degree of cognitive impairment

across all subjects and also within the Ab + subgroup. As a

group, Ab + subjects with elevated composite posterior cor-

tical SUVr were at increased risk for dementia and for cog-

nitive impairment, as evidenced by MMSE or ADAS scores

(Fig. 5). This relationship was even clearer in subjects under

the age of 75 than in the study as a whole. Whereas some

older individuals carried diagnoses of Alzheimer’s disease

or had significant impairment based on MMSE/ADAS

scores despite low posterior cortical average flortaucipir

retention, this was rare in subjects under the age of 75.

This contrast of tau distribution between under 75 and

over 75 aged subjects has not previously been reported in

PET imaging studies, perhaps due to the small number of

impaired patients in previous studies. However, these

Figure 5 Relationship between florbetapir PET SUVr, flortaucipir SUVr, diagnosis, age and ADAS score. (A) Scatterplot of

relationship between florbetapir and flortaucipir SUVr for individual subjects by age, diagnosis and amyloid status. (B) Scatterplot of relationship

between age and flortaucipir SUVr for individual subjects by age, diagnosis and amyloid status (r and P-values refer to Ab+ subjects only). (C and

D) Scatterplot of relationship between flortaucipir SUVr and cognition for individual subjects by diagnosis and amyloid status and age (575 years,

C; 475 years D). AD = Alzheimer’s disease; CN = cognitively normal.
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results are in agreement with pathology reports that show

reduced correlation between level of tau and dementia in

the ‘oldest old’ compared to younger patients (Prohovnik

et al., 2006; Middleton et al., 2011). The most likely

explanation is that in older individuals, Alzheimer’s dis-

ease-related cognitive impairments may be exacerbated by

age-related neurodegeneration and other pathologies, such

as Lewy bodies or TAR DNA-binding protein 43 (TDP-43,

encoded by TARDBP) inclusions, or comorbidities such as

cardiovascular or cerebrovascular disease. Conversely,

younger subjects may be relatively free of other pathologies

and hence may be able to sustain a higher load of

Alzheimer’s disease pathology at the same level of cognitive

impairment (cf. 575 years MCI versus 475 years

Alzheimer’s disease in Fig. 6).

This hypothesis is consistent with recent biomarker find-

ings (Jack et al., 2016) suggesting that the incidence of

neurodegenerative disease in the absence of amyloidosis in-

creases more than 10-fold between ages 65 and 85,

whereas incidence of amyloidosis in the absence of neuro-

degeneration shown by MRI and FDG PET biomarkers

peaks between ages 60 and 75. Together these results sug-

gest a model of Alzheimer’s disease wherein mesial tem-

poral tau and other neuropathologic insults, as evidenced

by MRI or FDG PET, begin independently, with an increas-

ing likelihood as a function of age. The onset of amyloid-

osis amplifies this impact by enabling the spread of tau

beyond the mesial temporal lobe, resulting in the neuronal

dysfunction and cognitive impairment associated with

Alzheimer’s disease. Amyloid-enabled tau spread may add

to or uncover deficits resulting from non-Alzheimer’s dis-

ease related pathologies, so that the magnitude of cognitive

deficit may be due to both the degree of concomitant path-

ology and the density and spread of tau.

It is still unclear how amyloid enables the spread of tau

through neocortical regions. In vitro studies have shown

that amyloid-b aggregates can cross-seed tau aggregates

(Vasconcelos et al., 2016) and in vivo studies have shown

that intracerebral injection of aggregated amyloid-b can en-

hance both the expression of tau aggregates in hippocam-

pus and the spread of tau from hippocampus to cortex of

transgenic mice (Bolmont et al., 2007). However, both

histopathology studies in autopsy tissue (Braak and

Braak, 1991) and recent PET imaging studies with amyloid

and tau tracers (Brier et al., 2016; Cho et al., 2016a; Schöll

et al., 2016) suggest an incomplete overlap in the pattern of

distribution of amyloid and Alzheimer’s disease. In PET

studies, deposition of amyloid appears to occur roughly

simultaneously across multiple brain areas with the greatest

concentrations in frontal cortex and medial parietal cortex

(precuneus, posterior cingulate), whereas tau deposition is

seen most often in, and may be largely limited to the tem-

poral cortex, at a time when the amyloid PET scan shows

widespread neocortical amyloid. Thus, local neocortical

density of amyloid does not appear to necessarily translate

into local tau accumulation. Rather in both animal studies

(Bolmont et al., 2007; Pooler et al., 2014) and in the pre-

sent and other tau PET imaging studies (Brier et al. 2016;

Figure 6 Mean flortaucipir voxel-wise SUVr images for Ab+ MCI and Alzheimer’s disease subjects_75 years and 575 years

old. Note the similarity between the pattern of demented (Alzheimer’s disease) subjects 575 years to MCI subjects 575 years of age.

AD = Alzheimer’s disease.
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Cho et al., 2016 a, b; Schöll et al., 2016), elevated neocor-

tical amyloid was associated with increased medial tem-

poral tau accumulation, followed at later stages of disease

by a hierarchical spread to lateral temporal and other neo-

cortical regions. Longitudinal follow-up and multimodal

evaluations may be valuable in further elucidating the

course of this process.

This report is based on an analysis of the baseline data

from an ongoing longitudinal study. As such, it has a

number of important limitations, several of which have

previously been mentioned. Although the present study is

the largest to evaluate a tau-targeted PET imaging agent to

date, the number of subjects still represents a relatively

small population on which to characterize the pattern of

tracer retention while accounting for factors such as age,

diagnosis and amyloid status. In particular, only five OCN

subjects were classified as Ab + , and the increases in mesial

and lateral temporal lobe flortaucipir uptake in these pa-

tients compared to Ab� OCN were relatively modest.

Although these results are similar to those reported recently

for larger cohorts of Ab + clinically normal subjects

(Johnson et al., 2016; Schöll et al., 2016), additional data

are needed in this important subject group, because flortau-

cipir PET scans in this group of subjects could provide

information on the earliest stages of Alzheimer’s disease

pathological changes (i.e. preclinical Alzheimer’s disease,

Sperling et al., 2011).

It should be noted that the inclusion criteria of the pre-

sent study were designed to select for subjects with

Alzheimer’s disease-like clinical profiles (MCI-Alzheimer’s

disease, possible or probable Alzheimer’s disease) and

excluded subjects with primary behavioural and motor def-

icits, such as those associated with non-Alzheimer’s disease

tauopathies like fronto-temporal dementia and progressive

supranuclear palsy. Therefore, the present data alone

are not sufficient to evaluate the sensitivity and specificity

of this pattern of tracer retention for Alzheimer’s disease

versus other non-Alzheimer’s disease tauopathies. However,

the finding, in this study, that elevated posterior cortical

flortaucipir SUVr was observed only in Ab + subjects is

consistent with the hypothesis that flortaucipir retention

in these areas may represent an Alzheimer’s disease-specific

pattern. This concept is also supported by recent in vitro

studies that have suggested that flortaucipir may have a

greater propensity for specific binding to Alzheimer’s

disease tissue than to other non-Alzheimer’s disease

tauopathies (Marquié et al., 2015; Lowe et al., 2016;

Sander et al., 2016).

Moreover, the study was exploratory by design. Although

the prespecified statistical analyses have returned nominal

P-values, we did not correct for multiple comparisons, and

thus the P-values should be considered a guide to the

reliability of the findings, rather than a formal test of

hypotheses. The image analysis methods presented represent

initial techniques for quantifying overall flortaucipir reten-

tion. The regions of interest employed were large and not

specifically designed for sensitivity to tau accumulation.

Statistically-derived regions designed to focus on voxels

most likely to be sensitive to amyloid burden and/or cogni-

tive impairment might be more useful in stratifying patients

for degree of current impairment or risk for future deterior-

ation. It may also be possible to improve on the current

cerebellum reference region. Similarly, the cognitive tests re-

ported here (MMSE, ADAS-Cog) are global measures of

cognitive status. Analyses of the more specifically targeted

tasks in a more extensive neuropsychological test battery

are ongoing to determine if specific categories of tasks (e.g.

working memory tasks) are associated with flortaucipir re-

tention in specific brain regions or voxels.

Finally, although the pattern of flortaucipir retention

across brain areas was generally, and on average, consistent

with the expectation for a tau imaging compound, there

was significant individual variability. There was also accu-

mulation of tracer in some unexpected regions. Specifically,

the apparent age-related retention in the striatum and mid-

brain was not anticipated based on the typical distribution

of tau pathology in ageing and Alzheimer’s disease.

Although tau may accumulate in striatum in later stages

of disease, it is not expected to be present in elderly

normal subjects (Braak and Braak, 1991, Braak et al.,

2006). Kinetic analyses (Shcherbinin et al., 2016) suggest

that both uptake and washout of tracer in the striatum of

older subjects is higher than other brain regions, particu-

larly compared to tau-rich regions. These results could be

consistent with the presence of a high-density, low-affinity

binding site.

Marquié and colleagues (2015) have reported that flor-

taucipir binds with high affinity in areas that also are rich

in neuromelanin, which could contribute to the apparent

flortaucipir signal near what may be substantia nigra in the

midbrain. A similar locus of flortaucipir retention has also

been reported in another recent study (Johnson et al.,

2016). Also, the extent of age-related flortaucipir retention

in the hippocampus region of interest, and particularly the

region that appears to overlap choroid plexus, while con-

sistent with other recently reported flortaucipir imaging stu-

dies (Jack et al., 2016; Johnson et al., 2016), was not

anticipated at the outset of any of these studies. Although

the neuropathology literature has suggested early tau accu-

mulation (Braak stage 1–2) in ventral mesial temporal

structures, the choroid plexus has not been a focus of pre-

vious investigation. However, a recent histopathologic

study demonstrated the presence of AT8 immunoreactive

phosphotau in the choroid plexus, suggesting the observed

retention on PET imaging may be on-target binding to

aggregated tau in Biondi ‘ring’ tangles (Ikonomovic et al.,

2016) although this is not a consistent finding (Lowe et al.,

2016).

In summary, mesial temporal (amygdala and hippocam-

pus/choroid plexus) flortaucipir retention increased with

age regardless of amyloid status. In contrast, in Ab + sub-

jects neocortical flortaucipir retention increased with diag-

nostic severity in a pattern reminiscent of the cross-

sectional distribution of tau reported in post-mortem

18F-AV-1451 PET tau binding and amyloid burden BRAIN 2017: 140; 748–763 | 761



pathology studies (Braak and Braak, 1991, Braak et al.,

2006). These results are consistent with the hypothesis

(Jack et al., 2013) that tau and amyloid pathology may

begin independently, and with the suggestion that spread

of tau beyond mesial temporal lobe in Alzheimer’s disease

is associated with, and may be dependent on, amyloid ac-

cumulation. Elevated flortaucipir tau binding was asso-

ciated with an increased prevalence of cognitive

impairment, as assessed by MMSE and ADAS, especially

in subjects under the age of 75, consistent with the hypoth-

esis that cortical tau may be proximally associated with

neuronal dysfunction and associated cognitive impairment

in Alzheimer’s disease. Together these results support fur-

ther evaluation of flortaucipir tau PET imaging as a pos-

sible tool for aiding diagnosis, staging disease, and

monitoring effects of Alzheimer’s disease therapies.
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