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Autopsy data have proposed that a topographical pattern of tauopathy occurs in the brain with the development of dementia due

to Alzheimer’s disease. We evaluated the findings of tau-PET to better understand neurofibrillary tangle development as it is seen in

cognitively unimpaired and impaired individuals. The evolution of Alzheimer’s disease tauopathy in cognitively unimpaired indi-

viduals needs to be examined to better understand disease pathogenesis. Tau-PET was performed in 86 cognitively impaired

individuals who all had abnormal amyloid levels and 601 cognitively unimpaired individuals. Tau-PET findings were assessed

for relationships with clinical diagnosis, age, and regional uptake patterns relative to Braak stage. Regional and voxel-wise analyses

were performed. Topographical findings from tau-PET were characterized using hierarchical clustering and clinical characteristic-

based subcategorization. In older cognitively unimpaired individuals (550 years), widespread, age-related elevated tau signal was

seen among those with normal or abnormal amyloid status as compared to younger cognitively unimpaired individuals (30–49

years). More frequent regional tau signal elevation throughout the brain was seen in cognitively unimpaired individuals with

abnormal versus normal amyloid. Elevated tau signal was seen in regions that are considered high Braak Stage in cognitively

unimpaired and cognitively impaired individuals. Hierarchical clustering and clinical characteristic-based categorizations both

showed different patterns of tau signal between groups such as greater tau signal in frontal regions in younger onset

Alzheimer’s disease dementia participants (most of whom had a dysexecutive clinical presentation). Tau-PET signal increases

modestly with age throughout the brain in cognitively unimpaired individuals and elevated tau is seen more often when amyloid

brain accumulation is present. Tau signal patterns in cognitively unimpaired correspond to early Braak stage but also suggest

tangle involvement in extra-medial temporal and extra-temporal regions that are considered more advanced in the Braak scheme

even when amyloid negative. Our findings also suggest the possibility of widespread development of early tangle pathology rather

than a pattern defined exclusively by adjacent, region-to-region spread, prior to onset of clinical symptoms. Distinct patterns of

neurofibrillary tangle deposition in younger-onset Alzheimer’s disease dementia versus older-onset Alzheimer’s disease dementia

provide evidence for variability in regional tangle deposition patterns and demonstrate that different disease phenotypes have

different patterns of tauopathy. Pathological correlation with imaging is needed to assess the implications of these observations.
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Introduction
Neurofibrillary tangle topographic distribution in the brain

is the basis for Braak neurofibrillary tangle pathological

staging of Alzheimer’s disease (Braak and Braak, 1991).

Braak neurofibrillary tangle stage is strongly associated

with cognitive impairment (Braak and Braak, 1991;

Duyckaerts et al., 1997; Bennett et al., 2004; Sabbagh

et al., 2010; Nelson et al., 2012) but shows considerable

diagnostic overlap with cognitively unimpaired individuals

in autopsy data (Gertz et al., 1996). Some autopsy data of

cognitively unimpaired elderly subjects show that neurofib-

rillary tangle pathology is largely confined to the entorhinal

and adjacent temporal isocortices and not often seen in

temporal neocortex or extra-temporal regions (Braak and

Braak, 1991, 1997; Arriagada et al., 1992; Bouras et al.,

1994). Quantification of tau burden during life using PET

and 18F-AV-1451 is now possible (Fawaz et al., 2014;

Hashimoto et al., 2014; Zimmer et al., 2014) and initial

studies show that AV-1451-PET can identify Alzheimer’s

disease neurofibrillary tangles (Xia et al., 2013a). Recent

studies have shown that tau-PET closely mimics Braak

neurofibrillary tangle staging in Alzheimer’s disease

(Johnson et al., 2016; Ossenkoppele et al., 2016; Schwarz

et al., 2016). In normal ageing, tau-PET signal has been

described to occur in the medial temporal lobe, but only

in other regions when amyloid is present (Scholl et al.,

2016).

Amyloid-PET can identify amyloid-b plaques in the brain

(Klunk et al., 2004; Johnson et al., 2007; Clark et al.,

2012; Driscoll et al., 2012; Kantarci et al., 2012) and is

an important tool for understanding disease pathogenesis

and for selecting participants with abnormal amyloid-b for

therapeutic trials (Sperling et al., 2014). Soluble oligomeric

amyloid-b is hypothesized to be a possible cause of tau

hyperphosphorylation and the development of neurofibril-

lary tangles (Zheng et al., 2002) but the spatial distribu-

tion of amyloid and neurofibrillary tangles differ

(Okamura et al., 2014). A better understanding of the re-

lationship between tau-PET and amyloid-PET across the

spectrum from cognitively unimpaired to cognitively im-

paired is needed. This study is designed to provide insight

on how neurofibrillary tangle pathology might develop in

dementia due to Alzheimer’s disease (ADD) and how amyl-

oid and neurofibrillary tangles interact in early disease

development. Therefore, in this study we evaluated the dis-

tribution of tau-PET findings in cognitively unimpaired

and cognitively impaired individuals. There were four

main aims: (i) assess tau-PET regional uptake as a function

of age and other demographics and its ability to distin-

guish between cognitively unimpaired and cognitively im-

paired individuals; (ii) determine the influence of amyloid

status on regional uptake patterns among cognitively un-

impaired; (iii) assess the similarities of tau-PET findings

with predicted Braak neurofibrillary tangle stage; and (iv)

use clinical groups and clusters of individuals to assess

different tau-PET uptake patterns.

Materials and methods

Subjects

Participants were part of the Mayo Clinic Study of Aging or
Mayo Clinic Alzheimer’s Disease Research Center (Roberts
et al., 2008). The Mayo Clinic Study of Aging is a rando-
mized, population-based, ageing study focused on non-
demented individuals and encompasses a wide age range.
The Mayo Clinic Alzheimer’s Disease Research Center is a
clinic-based study. There were 601 cognitively unimpaired
participants and 86 cognitively impaired participants who
completed imaging studies consecutively between 7 April
2015 and 15 February 2017 that were selected. Tau-PET,
amyloid-PET and MRI scans were performed in all partici-
pants. The participants were determined to be cognitively un-
impaired by a consensus diagnosis (this includes quantitative
data as well as clinical and cognitive assessment by neurolo-
gists, geriatricians, neuropsychologists, and study coordin-
ators). The cognitively impaired individuals were selected if
they had amnestic mild cognitive impairment (MCI) or ADD.
The diagnosis of MCI was based on published criteria
(Petersen, 2004). A diagnosis of dementia was based on the
Diagnostic and Statistical Manual of Mental Disorders
(American Psychiatric Association, 2000). To increase the
likelihood that the cognitively impaired participants were
on an ADD pathway, they were required to have abnormal
amyloid. In addition, clinical notes for all cognitively im-
paired participants were reviewed and participants in which
an ADD pathway was still unclear (i.e. those without an
amnestic component to their presentations) were excluded.
After exclusions, 86 participants remained in the cognitively
impaired group. No adverse events were seen from imaging.
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All participants or designees provided written consent with
approval of Institutional Review Boards.

Neuroimaging

For tau-PET, participants were injected with 370 MBq (range
333–407 MBq) of 18F -AV-1451 prior to imaging and imaging
was performed as four, 5-min frames for a 20-min PET acqui-
sition, 80–100 min post-injection. Amyloid-PET imaging was
performed using Pittsburgh compound B and consisted of
four 5-min dynamic frames acquired 40–60 min after injection
of 628 MBq (range 385–723 MBq) of 11C-Pittsburgh com-
pound B (PIB) as previously described (Lowe et al., 2014).
MRI scans at 3 T with a 3D volumetric T1 magnetization-pre-
pared rapid gradient-echo sequence were performed as previ-
ously described (Murray et al., 2015; Jack et al., 2017).

Image analysis

Cortical regions of interest were defined by an in-house version
of the automated anatomic labelling atlas (Tzourio-Mazoyer
et al., 2002) as previously described (Vemuri et al., 2008a).
Non-linear registration using SPM5 (Ashburner and Friston,
2005) was used to apply the atlas to each subject’s MRI.
The static tau-PET and amyloid-PET volumes were co-regis-
tered to the subject’s own MRI scan. Statistics on image voxel
values were extracted from each labelled cortical region of
interest. Individual tau-PET region of interest median values
were normalized to cerebellar crus (bilateral crus, 1–2) to cal-
culate regional standardized uptake value ratio (SUVr). The
crus region was selected to provide cerebellar grey matter in
relative isolation from CSF spaces and to avoid adjacency to
parahippocampal, fusiform and lingual gyri to avoid bleed-in
signal from tau-pathology. Data with and without partial
volume correction (PVC) using the two-compartment method
(Meltzer et al., 1999) were evaluated. Global cortical amyloid-
PET SUVr was computed from a meta-region of interest nor-
malized to the cerebellar crus where normal or abnormal
status was based on a cut-point of 1.42 (Jack et al., 2017).

Statistical methods

The area under the receiver operating characteristic curve was
calculated to determine group-wise discrimination performance
of tau-PET between cognitively unimpaired and cognitively
impaired individuals and between cognitively unimpaired indi-
viduals with normal amyloid versus abnormal amyloid.
Associations between regional tau-PET SUVr and age were
assessed using Spearman rank correlations within cognitively
unimpaired individuals with normal and abnormal amyloid,
and within cognitively impaired individuals for tau-PET
SUVr with and without PVC. Partial correlations were used
to assess the associations between tau-PET and age among all
cognitively unimpaired individuals, after adjusting for amyloid-
PET (using continuous SUVr and without PVC). Correction
for multiple comparisons across many regions was performed
using permutation-based resampling. For a two-sided family-
wise type 1 error of 0.05 across 47 regions, we used a critical
value of 2.8 (rather than the usual 1.96) for testing and con-
fidence intervals.

We defined elevated tau-PET in each region based on the
95th percentile among 98 cognitively unimpaired individuals

aged 30–49 (all normal amyloid); the 95th percentile was esti-

mated from quantile regression where regions were ordered by
median SUVr. We calculated the percentage of individuals with
elevated tau-PET for each individual region of interest within
cognitively unimpaired abnormal amyloid and normal amyloid

individuals aged 50 years or older and cognitively impaired
amyloid abnormal individuals. Logistic regression was used
to determine if the proportion of cognitively unimpaired indi-
viduals with elevated tau-PET was different among the abnor-
mal amyloid compared to the normal amyloid individuals,

with and without adjusting for age. Permutation tests were
used to determine significant associations after accounting for
multiple comparisons. We also defined a group of individuals
with intermediate amyloid levels, using the upper tertile of the

normal amyloid group (amyloid SUVr of 1.33–1.42, n = 142),
to assess the percentage of individuals with elevated tau-PET
signal. Regions with elevated tau-PET signal were compared to
regions in Braak staging.

We used agglomerative hierarchical clustering with Ward’s
minimum variance method to separately cluster cognitively un-
impaired (530) and cognitively impaired individuals with
similar regional tau-PET findings. Based on the clustering den-

drograms, a graphical summary of the dissimilarity between
clusters, we chose to group individuals into four cognitively
unimpaired and three cognitively impaired clusters by arbitrary
visual selection of groupings. Our preliminary findings from

the hierarchical clustering suggested different topographical
patterns of tau-PET signal. Overall differences in participant
characteristics across the four cognitively unimpaired clusters
and the three cognitively impaired clusters were assessed with

Kruskal Wallis tests for continuous variables and chi-square or
Fisher’s exact tests for categorical variables. Formal tests of
differences in tau-PET among the clusters were not performed
since the clusters were defined by tau-PET. Since the number

of clusters selected was somewhat arbitrary, we also analysed
regional tau-PET findings in a priori subcategorizations of the
participants into groups based on clinical diagnosis, amyloid-
PET status and age as: cognitively unimpaired, normal amyl-
oid550 years; cognitively unimpaired, normal amyloid550

years; cognitively unimpaired, abnormal amyloid550 years;
amnestic MCI, abnormal amyloid550 years; ADD, abnormal
amyloid560 years, ADD, abnormal amyloid 60–70 years;
and ADD, abnormal amyloid570 years.

To qualitatively assess topographic tau-PET findings, images
from participants within each cluster were summed and nor-
malized to produce cluster composite images. Region of inter-
est analyses were performed on clusters and clinical

subcategories. Voxel-wise analyses using SPM5 were also per-
formed for clusters and clinical subcategories. Pairwise differ-
ences between cluster groups and clinical subcategories were
assessed using multiple regression analyses in SPM5 and T-

statistic differences between pairs of groups. The results were
displayed at a false discovery rate corrected P-value threshold
of P5 0.05 and no cortical region masking or cluster-based
thresholding was performed. The T-statistic group difference

maps were transferred to MNI space using spatial normaliza-
tion (Avants et al., 2008) and from the structural abnormality
index (STAND) custom template space to MNI space (Vemuri
et al., 2008b) and the resulting T-statistic maps were visualized

on a 3D rendering with BrainNet-Viewer software (http://
www.nitrc.org/projects/bnv/) (Xia et al., 2013b).
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Results
Cognitively unimpaired and cognitively impaired groups

differed by age, APOE genotype, Mini-Mental State

Examination (MMSE), and tau-PET SUVr (Table 1).

Individuals in the cognitively impaired group were required

to have abnormal amyloid-PET scans.

Group discrimination

Boxplots of tau-PET by clinical diagnosis showed excellent

separation between cognitively unimpaired and cognitively

impaired individuals in multiple regions in the brain [area

under the receiver operating curve (AUROC) values 0.85–

0.94 for many regions] (Supplementary Fig. 1). Tau-PET

AUROC values were improved by PVC in 30 of 47 regions

(P40.05, data not shown). Among cognitively unim-

paired, many temporal and extra-temporal tau-PET regions

also showed significant discrimination between normal and

abnormal amyloid participants (AUROCs 0.60–0.73; 33/47

of regions).

Age associations

Among all cognitively unimpaired, tau-PET SUVr was asso-

ciated with age in many regions. After adjusting for con-

tinuous amyloid-PET, the positive age relationship was seen

in only the inferior temporal and amygdala regions (other

than non-specific uptake in putamen, pallidum and caud-

ate) (Fig. 1). Amyloid PET in this group was also associated

with age and may be difficult to disentangle from a tau-age

association (Supplementary Fig. 2). When the cognitively

unimpaired normal amyloid and cognitively unimpaired ab-

normal amyloid groups were analysed separately, most

regions showed a positive age relationship with tau-PET

SUVr. There were 41/47 regions significantly correlated

with age in the normal amyloid cognitively unimpaired

group with PVC and 20/47 regions significant without

PVC. Age correlations were generally lower without PVC

but still significant in several regions. In the cognitively

impaired individuals, higher tau-PET SUVr was associated

with younger age in most regions. This is likely due to

higher tau-PET signal in younger-onset ADD. The putamen

and pallidum region values increased with age in all groups

and are considered ‘off-target’ binding (Lowe et al., 2016).

Regional observations of elevated
tau-PET signal

Elevated tau-PET SUVr (i.e. tau-PET SUVr above the 95th

percentile of young cognitively unimpaired, aged 30–49)

was most frequently observed among cognitively unim-

paired individuals in the amygdala region (40%), including

both abnormal amyloid (55%) and normal amyloid (31%)

cognitively unimpaired individuals (Fig. 2). Many other re-

gions, including extra-medial temporal and extra-temporal

regions, also had elevated tau-PET among cognitively un-

impaired. The high tau-PET SUVr values were seen outside

the medial temporal lobe in both temporal and extra-tem-

poral regions in both normal amyloid and abnormal amyl-

oid individuals. The percentage with elevated tau-PET was

significantly greater among abnormal amyloid versus

normal amyloid cognitively unimpaired in nearly all brain

regions. However, after adjusting for age, and correcting

for multiple comparisons, this difference remained in only

seven regions (Fig. 2, asterisks). In those who had an inter-

mediate level of amyloid (1.33–1.42), two regions more

frequently had elevated tau-PET signal in the intermediate

Table 1 Characteristics of participants

Characteristic Cognitively

unimpaired

(n = 601)

Abnormal amyloid

cognitively impaireda

(n = 86)

P-value*

Age, years 0.01

Median (IQR) 68 (57, 78) 74 (64, 78)

Min, max 30, 98 52, 94

Male gender, n (%) 331 (55) 50 (58) 0.59

Education, years, median (IQR)b 16 (13, 16) 16 (12, 18) 0.21

APOE "4 positive, n (%)b 156 (27) 52 (67) 50.001

MMSE, median (IQR)b 29 (28, 29) 24 (21, 27) 50.001

Tau-PET, SUVr, median (IQR)c 1.07 (1.01, 1.13) 1.64 (1.44, 1.87) 50.001

Amyloid-PET, SUVr *

Median (IQR) 1.34 (1.26, 1.46) 2.48 (2.15, 2.69)

41.42, n (%) 179 (30) 86 (100)

*P-values are shown for differences between the cognitively unimpaired and cognitively impaired groups. Differences in amyloid-PET were not tested as amyloid-PET was used in

defining the groups.
aThe abnormal amyloid cognitively impaired group includes 35 (41%) individuals with amnestic mild cognitive impairment and 51 (59%) with dementia due to Alzheimer’s disease all

with amyloid-PET SUVr4 1.42.
bEducation was missing for one cognitively unimpaired individual; MMSE was missing for four cognitively unimpaired and three cognitively impaired individuals; APOE genotype was

missing for 28 cognitively unimpaired and eight cognitively impaired individuals.
cTau-PET SUVr is shown for the entorhinal cortex region.
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group than the low group (amygdala and frontal inferior

orbital) and there were no significant regional differences

between the intermediate and high PIB groups. All cogni-

tively normal groups have elevated tau-PET signal in re-

gions that were widespread (temporal, frontal superior

orbital, inferior occipital, frontal mid orbital, precuneus

and others) (Fig. 2 and Supplementary Fig. 3).

Braak staging correlation

The 10 regions (with associated Braak Stage) ranked by the

most frequent tau-PET elevation among cognitively

unimpaired included the amygdala (Braak Stage III),

middle temporal pole (Braak Stage III–IV), inferior tem-

poral (Braak Stage IV), hippocampus (Braak Stage III),

entorhinal cortex (Braak Stage I–II), middle temporal

(Braak Stage IV), superior frontal orbital (Braak Stage V),

rectus (Braak Stage, uncertain), inferior occipital (Braak

Stage V), and fusiform (Braak Stage III-IV) (Fig. 2). The

entorhinal region ranked fifth in overall frequency; it was

tied for eighth in frequency among normal amyloid and

was fourth among abnormal amyloid individuals.

Examples of the imaging findings are shown on the right

in Fig. 2. Tau-PET regions that showed elevated signal

Figure 1 Tau-PET associations with age by region and clinical group. Spearman rank correlation coefficients for the association

between regional tau-PET SUVr (without PVC) and age are shown among all cognitively unimpaired individuals in A with (light red) and without

(dark red) adjusting for amyloid-PET SUVr. Correlations of tau-PET SUVr and age are shown within normal amyloid cognitively unimpaired,

abnormal amyloid cognitively unimpaired, and abnormal amyloid cognitively impaired individuals in B–D for tau-PET values with (lighter colours)

and without (darker colours) PVC. Age was significantly correlated with tau-PET among all cognitively unimpaired in 34 of 47 regions without

adjusting for amyloid-PET SUVr and in 12 of 47 regions after adjusting for amyloid-PET. Age was significantly correlated with tau-PETwithout PVC

in 20/47 regions among normal amyloid cognitively unimpaired, in 10/47 regions among abnormal amyloid cognitively unimpaired, and in 38/47

regions among abnormal amyloid cognitively impaired. Tau-PETwith PVC was associated with age in most regions. Permutation tests were used to

correct P-values and confidence intervals for multiple comparisons across regions.
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could appear as focal or diffuse accumulations with both

abnormal amyloid and normal amyloid individuals and

were seen in low and high Braak stage regions in both

groups.

Hierarchical clustering

Four cognitively unimpaired clusters and three cognitively

impaired clusters were selected by choosing enough distinct

clusters while keeping the number of clusters tractable

(Supplementary Figs 4 and 5). The demographic character-

istics of each cluster are seen in Table 2. Participants within

both the cognitively unimpaired and cognitively impaired

clusters differed by age. The cognitively impaired clusters

also differed by diagnosis, gender, APOE genotype, and

MMSE. The cognitively unimpaired clusters differed by

education, MMSE, and amyloid-PET. Box plots showing

selected regional values are shown in Fig. 3 (all regions;

Supplementary Fig. 6). Formal tests of differences in tau-

PET SUVr across the clusters were not done since the

Figure 2 Percentage of individuals with elevated tau-PET signal in each region with image examples. The plot on the left shows

the percentages of individuals with abnormal tau-PET signal by region within normal amyloid cognitively unimpaired (green), abnormal amyloid,

cognitively unimpaired (blue), and abnormal amyloid cognitively impaired (orange) groups. Asterisks indicate regions where the proportion of

individuals with elevated tau-PET was significantly greater among abnormal amyloid versus normal amyloid cognitively unimpaired after adjusting

for age and correcting for multiple comparisons. Abnormal amyloid cognitively impaired individuals had the higher percentage of elevated tau-PET

in all regions. Transaxial tau-PET images shown on the right show low and high SUVr ranges for normal amyloid (green arrows and circles) and

abnormal amyloid (blue arrows and circles), cognitively unimpaired participants from selected regions (arrows show the regions that correlate

with the images). Three temporal and two extra-temporal regions are shown. SUVr values (white text) are shown below each image. All images

are normalized to the same colour scale.
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clusters were defined by tau-PET, but visual inspection of

the regional tau-PET values show some interesting topo-

graphical distributions of tau-PET among the clusters. In

the cognitively unimpaired clusters 1 through 4 there was

increasing tau-PET signal in all regions. The cognitively

unimpaired cluster 4 had similar tau-PET SUVr levels in

some regions (frontal, inferior parietal, and posterior cin-

gulate regions for example) to the cognitively impaired

cluster 1 group in which there were 61% amnestic MCI

and 39% ADD participants. In general, there was a gradi-

ent in tau-PET signal across the three cognitively impaired

clusters with 15 25 3. Cluster 3 was the smallest cluster,

younger, all were ADD, and had visually different topo-

graphical distributions of tau-PET signal. In particular,

cluster 3 had higher tau-PET SUVr in many regions com-

pared to the other cognitively impaired groups with ex-

amples shown in Fig. 3 as mid-frontal, superior frontal,

posterior cingulate, inferior parietal, angular, and inferior

Figure 3 Box plots of regional tau-PET SUVr by hierarchical clusters. Box plots of tau-PET SUVr for nine regions of interest by the

four clusters among cognitively unimpaired individuals and three clusters among cognitively impaired individuals. Clinical diagnosis and amyloid-

PET status is represented by different colours: normal amyloid cognitively unimpaired, green; abnormal amyloid cognitively unimpaired, blue;

abnormal amyloid amnestic MCI (aMCI), purple; abnormal amyloid ADD, orange. The cognitively unimpaired groups have a gradually increasing

tau-PET signal in all cortical regions. Greater tau-PET signal is seen in temporal and extra-temporal cortical regions (frontal, posterior cingulate,

parietal, angular and temporal inferior) in the cognitively impaired cluster 3 compared to cluster 2 but similar tau-PET signal in the entorhinal

cortex was seen in these two groups. Those in the cognitively impaired cluster 1 are more similar to the cognitively unimpaired cluster 4 than the

other cognitively impaired clusters. Formal tests of differences in tau-PETamong the clusters were not performed since the clusters were defined

by tau-PET.
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temporal regions (AUROC 0.89–1.0). This was in contrast

to other regions such as the medial temporal regions

(amygdala, entorhinal cortex and hippocampus shown)

where the SUVr were more similar between cluster 3 and

cluster 2 (AUROC 0.54–0.65).

Clinical characteristic
subcategorization

A priori grouping of participants by clinical diagnosis, age,

and amyloid-PET abnormality showed tau-PET signal

increasing from cognitively unimpaired normal amyloid to

cognitively unimpaired abnormal amyloid and from amnestic

MCI to ADD individuals. Differences in tau-PET SUVr were

seen among the three cognitively unimpaired groups and

among the four cognitively impaired groups for all nine re-

gions shown in Fig. 4 (P5 0.01 after adjusting for multiple

comparisons). Variation in tau-PET signal across cognitively

impaired groups was comparable to hierarchical clustering

with tau-PET signal being appreciably higher in extra-tem-

poral regions for younger versus older-age cognitively

impaired individuals (Fig. 4 and Supplementary Fig. 7).

Figure 4 Box plots of regional tau-PET SUVr by age, amyloid-PET status and diagnosis subcategorization. Box plots of tau-PET

SUVr for nine regions of interest by clinical diagnosis, amyloid-PET status, and age. Clinical diagnosis and amyloid-PET status are represented with

different colours: normal amyloid cognitively unimpaired, green; abnormal amyloid cognitively unimpaired, blue; abnormal amyloid amnestic MCI

(aMCI), purple; abnormal amyloid ADD, orange. Tau-PET SUVr differed significantly (P5 0.01), after adjusting for multiple comparisons, among

the three cognitively unimpaired groups and among the four cognitively impaired groups for all nine regions shown in the figure. There is greater

tau signal in the medial and extra medial temporal regions (inferior temporal for example; other regions seen on Supplementary Fig. 7) than in the

cognitively unimpaired450 normal amyloid group versus the cognitively unimpaired normal amyloid550 group. The box plots also show a

similar pattern of increased tau-PET signal in younger age ADD as compared to the cluster analysis with much higher extra-temporal tau-PET

signal. However, there are participants in the younger age ADD group with tau-PET signal similar to the older age ADD group.
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In contrast, medial temporal tau-PET signal (entorhinal and

hippocampal regions for example) was more similar be-

tween younger and older cognitively impaired individuals

(560 versus 570 ADD) in the clinical subcharacterization.

The amnestic MCI group generally had lower tau-PET

signal than the ADD groups; however, there were a

number of amnestic MCI individuals with very high tau-

PET SUVr in some regions (angular and parietal regions,

for example). The cognitively unimpaired groups showed

less variation in magnitude of tau-PET signal across regions

than what was seen in the hierarchical clustering. In the

hierarchical clustering, several cognitively unimpaired

normal amyloid participants are clustered with cognitively

unimpaired abnormal amyloid individuals (e.g. green dots

in the cognitively unimpaired cluster 4 in the posterior cin-

gulate, parietal and angular regions, Fig. 3) and are also

similar in tau-PET SUVr to cluster 1 cognitively impaired

individuals. The hierarchical clustering may be better at

identifying cognitively unimpaired individuals with possible

preclinical Alzheimer’s disease tau-PET signal patterns (e.g.

cognitively unimpaired cluster 4 individuals) than simply

grouping cognitively-unimpaired individuals by age and

amyloid abnormality.

Voxel-wise analyses

The voxel-wise image data are displayed as summed image

data from each individual cluster for a descriptive display

(Supplementary Fig. 8) and as contrasts between the clus-

ters to descriptively show tau-PET signal differences (Fig.

5). As the clustering used tau-PET SUVr to identify groups

with similar tau patterns, the reported T-statistic in the

colour bar for the contrasts in these clusters is descriptive.

Cognitively unimpaired clusters topographically look simi-

lar with greater widespread brain tau-PET signal progress-

ing from cognitively unimpaired cluster 1 to cognitively

unimpaired cluster 4 on the summed data. Greater diffuse

temporal and parietal tau-PET signal is visible on the

summed images in cognitively unimpaired cluster 4 or cog-

nitively unimpaired cluster 3 and is seen on the SPM con-

trast as well. On SPM analyses, more contrast between

cognitively unimpaired cluster 2 and cognitively unimpaired

cluster 1 is seen in the frontal regions and continues to be a

prominent finding in the other cognitively unimpaired clus-

ter contrasts. Differences are seen in many other regions of

the brain between the cognitively unimpaired clusters.

Cognitively impaired cluster 3 (mostly younger-age onset

ADD) had the highest levels of tau-PET across most regions

on the region of interest analysis and has greater tau-PET

signal contrast in the frontal, temporal, parietal, posterior

cingulate and angular regions as compared to other cogni-

tively impaired clusters. Interestingly, there was relative

sparing of incremental tau-PET signal in medial temporal

regions in cognitively impaired cluster 3 as compared to

cognitively impaired cluster 2 or cognitively impaired clus-

ter 1. Cognitively impaired cluster 2 has higher tau-PET

signal compared to cognitively impaired cluster 1 in the

temporal, parietal and posterior cingulate regions.

The voxel-wise image data for the clinical-characteristic

groups are displayed as contrasts to show significant differ-

ences in tau-PET signal between the groups (Fig. 6). In

normal amyloid, cognitively unimpaired older participants,

greater medial temporal, extra-medial temporal and basal

frontal tau-PET signal was seen than in younger normal

amyloid, cognitively unimpaired participants. Amnestic

MCI participants had greater temporal, parietal, posterior

cingulate and frontal tau-PET signal than cognitively unim-

paired participants. Similar to the clustering findings, in the

clinically subcategorized group contrasts, younger ADD

show greater contrast of tau-PET signal and more frontal

tau-PET signal with medial temporal sparing than older

ADD.

Tau patterns and relationship with
clinical phenotypes

The clinical phenotypes of the cognitively impaired clusters

differed. In the cognitively impaired cluster 3, 5/6 had the

rare dysexecutive phenotype of ADD while 1/6 was

described as younger-age onset, memory-predominant

ADD. The SPM analysis and region of interest analyses

showed more tau-PET signal in the frontal regions in the

cognitively impaired cluster 3. Interestingly, in the cogni-

tively impaired cluster 2, 3/31 were called dysexecutive

ADD and another one had a mild mixed memory and

dysexecutive presentation. Other individuals in cluster 2

were either MCI or ADD, of which additional clinical find-

ings of sleep apnoea (n = 1), topographical agnosia (n = 1),

and limbic ADD (n = 1) were seen. The dysexecutive ADD

individuals in cognitively impaired cluster 2 had less frontal

tau signal than those in cluster 3 on visual inspection (data

not shown), consistent with the clustering results. The cog-

nitively impaired cluster 3 participants had the lowest

MMSE.

Discussion
Determining the distribution of neurofibrillary tangles

across the lifespan is important to better elucidate the se-

quential evolution of the pathophysiology of ADD. In this

study we used tau-PET to infer the regional characteristics

of neurofibrillary tangles seen in cognitively unimpaired

and cognitively impaired individuals and correlated topo-

graphical tau-PET patterns with clinical diagnosis, age, and

amyloid status. We emphasize four major findings. First,

tau-PET SUVr was modestly associated with age through-

out most regions of the brain in cognitively unimpaired

individuals. Second, this widespread elevated tau-PET

signal in the brain was seen in both normal amyloid and

abnormal amyloid status, cognitively unimpaired individ-

uals (i.e. signal was not confined to medial temporal re-

gions). Third, the distribution of tau-PET signal in
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Figure 5 Comparison of the differences in tau-PET signal between hierarchical clusters. Voxel-wise tau-PET findings that are greater

between pairs of hierarchical clusters are shown. The upper three rows show the comparisons of cognitively unimpaired clusters (green text).

The lower four rows show cognitively impaired cluster comparisons (red text). There is greater tau-PET signal diffusely in cognitively unimpaired

2 versus cognitively unimpaired 1 clusters. Greater tau-PET signal is seen in cognitively unimpaired 3 and cognitively unimpaired 4 versus

cognitively unimpaired 1 in the whole temporal and parietal lobes (arrows). Frontal accumulation is incrementally greater also. The incremental

tau-PET signal seen between the different cognitively unimpaired clusters involves many regions of the brain outside of the temporal lobe. The

magnitude of the increased tau-PET signal in the cognitively impaired clusters is greatest in the frontal lobes and is similar to the findings in Fig. 3.

The cognitively impaired cluster 1 shows increased inferior temporal, medial temporal and posterior cingulate tau-PET signal (arrows) as

compared to cognitively unimpaired cluster 4. Greater tau-PET signal in cognitively impaired 2 versus cognitively impaired 1 is seen in the

temporal, parietal and posterior cingulate regions and less so in the frontal lobe (arrow). Cognitively impaired cluster 3 showed greater tau-PET

signal in the frontal, temporal, parietal, posterior cingulate and angular regions than cognitively impaired 1 or cognitively impaired 2 clusters with

pronounced increase in the frontal lobe versus cognitively impaired cluster 1 (arrows). All results were family-wise error (FWE) corrected,

P5 0.05 and the colour bar shows the T-statistic range for all contrasts but is descriptive as the clustering was defined by using tau-PET SUVr.
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Figure 6 Comparison of the differences in tau-PET signal between clinically characterized groups. Voxel-wise tau-PET findings that

are greater between pairs of the clinically characterized groups are shown. The upper two rows show the comparisons of cognitively unimpaired

groups by age and amyloid status (green text). The lower five rows show comparisons of cognitively impaired groups by diagnosis comparisons

(red text). There is greater tau-PET signal in the inferior temporal lobes (black arrow) (in additional to medial temporal lobes) and frontal orbital

regions (dashed arrow, shown on inferior view) in the cognitively unimpaired450 normal amyloid group versus the cognitively unimpaired

normal amyloid550 group. Greater tau-PET signal is seen in the temporal, parietal and the frontal lobes (dashed arrow) in the cognitively

unimpaired abnormal amyloid group versus the cognitively unimpaired normal amyloid550 group. The amnestic MCI group shows increased

temporal, parietal, posterior cingulate, and frontal tau-PET signal as compared to the cognitively unimpaired abnormal amyloid group and a similar

pattern is also seen in ADD570 versus amnestic MCI. This pattern is seen in ADD 60–69 versus ADD570 but is more diffuse. When the

ADD560 is contrasted to the other ADD groups, incremental frontal tau-PET signal is prominent (dashed arrow) but medial temporal

differences are relatively small (arrow). All results were few corrected, P5 0.05 and the colour bar shows the T-statistic range for all contrasts.

A = amyloid; aMCI = amnestic MCI; CU = cognitively unimpaired.
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cognitively unimpaired individuals suggested a pattern of

early neurofibrillary tangle deposition with similarities to

Braak neurofibrillary tangle staging but also with

exceptions. And fourth, regional hierarchical clustering of

tau-PET signal and clinical characteristic-based grouping of

individuals revealed variable patterns of neurofibrillary

tangle topographical distributions within cognitively unim-

paired and cognitively impaired subgroups. These four ob-

servations demonstrate common principles of the

pathophysiology of ADD: namely that neurofibrillary

tangle abundance is in part an ageing phenomenon; that

b-amyloidosis may be a trigger to neurofibrillary tangle

progression but widespread, low level tangle deposition

can occur in the absence of amyloidosis, and that regional

expansion of increasing neurofibrillary tangle burden

begins during the preclinical phase of the disease and that

neurofibrillary tangle topographical distribution in the

brain can have clinical relevance in impaired individuals.

With our large sample size, we were able to detect a

significant, but modest age relationship with tau-PET

signal in many regions of the brain among (i.e. not just

medial temporal) cognitively unimpaired individuals. In a

prior tau-PET study, the association between increasing age

and higher tau-PET among 38 cognitively unimpaired par-

ticipants was limited to the medial temporal structures, ven-

tral frontal cortex and insula (Scholl et al., 2016). In other

studies, age was not associated with tau-PET signal (Brier

et al., 2016; Schwarz et al., 2016). In one recent study, tau-

PET signal was not seen outside of the medial temporal

lobe in normal amyloid, cognitively unimpaired older

adults (n = 58,450 years) as compared to younger adults

(Pontecorvo et al., 2017). In contrast, our tau-PET findings

in a larger cognitively unimpaired group, showed age-asso-

ciated tau-PET signal in most regions of the brain—

whether individuals had normal or abnormal amyloid

status. The observed broader brain distribution of

age-related, tau-PET signal in cognitively unimpaired par-

ticipants seen in our group may differ from prior reports

because of the size of our population, our recruitment

methods (the cognitively unimpaired group is from a popu-

lation-based sample), or image analysis methodological dif-

ferences. Importantly, for image analyses, we defined

abnormal tau-PET signal as being greater than that seen

in a group of young cognitively unimpaired individuals

(550 years of age) and the definitions of abnormality are

specific for each region rather than for a meta-region of

interest or a large brain region. This has some contrasts

to prior reports that used multi-region-composite regions,

often designed to mimic Braak stage regional anatomy

(Johnson et al., 2016; Scholl et al., 2016; Schwarz et al.,

2016).

Regional tau-PET signal in the cognitively unimpaired

group was shown with and without adjustment for con-

tinuous amyloid-PET SUVr. It is difficult to disentangle

the effects of amyloid on tau-PET signal as amyloid also

has an age relationship in the population (Jack et al.,

2014). After adjustment for amyloid-PET, the positive

tau-PET age associations were limited to inferior temporal

and amygdala regions. Interestingly, in the combined cog-

nitively unimpaired group, some regions were also nega-

tively correlated with age after adjusting for amyloid-PET

SUVr. This may be due to an over-correction or be an

artefact of the analysis, or could be explained if the older

abnormal amyloid individuals were ‘resilient’ to amyloid

(i.e. remained cognitively unimpaired rather than progress-

ing to dementia) and had less tau than younger abnormal

amyloid individuals (Fig. 1A). In support of this idea, when

abnormal amyloid and normal amyloid groups were ana-

lysed separately, positive age correlation was seen in most

regions. Extra-temporal tau-PET signal in normal amyloid,

cognitively unimpaired older adults—similar to our find-

ings—may have been subtly present in prior work, but

was not specifically discussed [see Fig. 1 in Scholl et al.,

(2016), with older normal amyloid individuals showing dif-

fuse tau-PET signal greater than the younger group].

Interestingly, in our cognitively impaired group, higher

tau SUVr was associated with younger age in most regions.

This could be explained by younger-onset probable ADD

(cognitively impaired cluster 3) having more severe tau

burden versus older-onset participants and is consistent

with our cluster findings (Table 2 and Fig. 5).

We evaluated the percentage of individuals with elevated

tau-PET signal in each region among cognitively unim-

paired individuals with normal and abnormal amyloid

status and found that elevated tau-PET signal was seen

frequently in medial temporal lobe regions but also in

many extra-temporal brain regions among those with

either normal or abnormal amyloid status (Fig. 2). This

contrasts with previous reports where participants with

normal amyloid were said to have no tau-PET signal ele-

vation outside of the medial temporal lobe (Scholl et al.,

2016). Most regional elevations showed a trend of being

more frequent in cognitively unimpaired participants with

abnormal amyloid, with some (n = 7) still significantly more

frequent than those with normal amyloid after correction

for multiple comparisons and age. These regional tau-PET

findings have similarities to Braak descriptions of early

neurofibrillary tangle extent, but are not identical, with

some elevated tau-PET regions being located in Braak

Stages III–VI areas. This was true for tau-PET signal in

both normal and abnormal amyloid, cognitively unim-

paired participants and would suggest that high Braak

Stage (extra-medial temporal and extra-temporal neocor-

tex) deposition can occur independent of amyloid. These

findings could be concordant with primary age-related

tauopathy (PART) (Crary et al., 2014) and with our own

pre-tau PET observations in persons with a suspected non-

Alzheimer pathophysiology (SNAP) designation (Knopman

et al., 2013). These findings are supported by prior autopsy

and tissue data. In Braak’s 1996 publication (Braak et al.,

1996), amyloid deposition did not always precede neuro-

fibrillary tangle deposition. Importantly, the neurofibrillary

tangles in PART is 3R/4R and should be identified by

tau-PET. We have previously demonstrated binding of
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AV-1451 to PART tau by autoradiography as compared to

immunohistochemistry (Lowe et al., 2016). Together, these

data provide biomarker evidence to suggest that PART,

commonly thought to be mostly restricted to the medial

temporal lobe and other allocortical areas, or some other

cause of tau-PET signal elevation without amyloid, is a

relatively common finding in cognitively unimpaired and

could be more widespread in the brain than previously

thought. Its clinical significance, however, remains uncer-

tain and correlation with the development of cognitive im-

pairment, longitudinal data and clinicopathological

verification will be needed to further understand its import-

ance. Indeed we recently found poorer cognitive perform-

ance and atrophy of the head of the left hippocampus in

participants with PART suggesting PART may not be a

silent pathology (Josephs et al., 2017).

Two recent studies reported increased tau-PET only in

medial temporal or temporal structures in groups of 15

and 56 cognitively unimpaired individuals, respectively

(Johnson et al., 2016; Ossenkoppele et al., 2016).

Furthermore, extra-temporal neurofibrillary tangle findings

are not highlighted in some large ageing population aut-

opsy studies (Braak and Braak, 1997). These differences

from our findings could be partially explained by the

tissue sampling limitations inherent in autopsy studies and

possibly the smaller sample sizes in previous tau-PET

studies. Our tau-PET findings suggest that high Braak

neurofibrillary tangle stages may be frequently detected

by tau-PET in cognitively unimpaired subjects. Supportive

of these PET findings are smaller cohort autopsy data

showing that: (i) advanced neurofibrillary tangle stages

(IV–VI) are seen in cognitively unimpaired and demented

individuals with considerable overlap (Gertz et al., 1996);

(ii) widespread isocortical neurofibrillary tangles were ‘less

frequent’ but present in cognitively unimpaired (Arriagada

et al., 1992); (iii) ‘a few scattered’ neurofibrillary tangles

are clearly seen in the isocortex in cognitively unimpaired

(Braak and Braak, 1991); and (iv) only small numbers of

normal ageing and ADD patients conform in all respects to

Braak neurofibrillary tangle hierarchy (Gertz et al., 1998).

In addition, autopsy data also support progressive increase

in neurofibrillary tangle frequency with age in limited re-

gions (Braak et al., 1996). In concordance with earlier aut-

opsy data, the magnitude of tau-PET SUVr values among

cognitively unimpaired was relatively low compared to cog-

nitively impaired, suggesting that modest neurofibrillary

tangle involvement as suggested by tau-PET is a reasonable

correlate to autopsy data (Arriagada et al., 1992).

Importantly, quantitative analysis of neurofibrillary tangles

has shown neurofibrillary tangle density/mm2 in the super-

ior frontal cortex to be 4.9 � 0.5 versus 7.7 � 3.3 in cog-

nitively unimpaired versus ADD (a relatively modest

difference), and in layer II of the entorhinal cortex to be

7.4 � 0.8 versus 59.1 � 12.4 in cognitively unimpaired

versus ADD (Bouras et al., 1994). Together, these autopsy

data support fewer, but not absent, neurofibrillary tangles

in extra-temporal and temporal regions in cognitively

unimpaired versus ADD at the time of autopsy, consistent

with the findings on tau-PET of an increasing presence of

neurofibrillary tangles throughout the brain with ageing.

The biological significance of widespread tau-PET signal

in abnormal amyloid and normal amyloid cognitively un-

impaired individuals is unknown. The medial temporal ele-

vations seen in cognitively unimpaired cluster 4 could

represent a classic appearance of pathology that could be

expected to lead to ADD. Further longitudinal imaging and

follow-up will be needed to determine with any certainty

the significance of these findings. Nevertheless, these

tau-PET findings provide observations that could add im-

portant insight to the biology of neurofibrillary tangle de-

velopment in Alzheimer’s disease and direct subsequent

studies. Some current thinking suggests a topographical

progression of neurofibrillary tangle, possibly facilitated

by trans-synaptic spread of misfolded tau protein (Guo

and Lee, 2011). Trans-neural spread through network con-

nections could facilitate this propagation to distant areas

within a functional network (Stancu et al., 2015). The tau-

PET data presented herein support the development of

widespread, age-related neurofibrillary tangles in the

brain. This could be a manifestation of trans-neuronal

spread but at an age years before symptomatic disease.

Worsening of neurofibrillary tangle pathology, associated

with a trigger, possibly amyloid and/or neural network-

related activity, could potentially lead to progressive neuro-

fibrillary tangle pathology that eventually causes clinical

symptoms. Additional recent observations show that sol-

uble phosphorylated high molecular weight tau, found in

the extracellular space, can trigger tau propagation, and

provide supporting biochemical data of another hypothesis

of how widespread tau development throughout the brain

could occur (Takeda et al., 2015). These ideas of tau

spread to distant, non-adjacent brain regions may be con-

sistent with our findings. Widespread tau propagation

could provide the milieu for further neurofibrillary tangle

development, again with the aid of other triggers like amyl-

oid and/or neural network-related activity, in more specific,

disease-related regions. Our data show that age-related,

widespread elevated tau-PET signal becomes more frequent

and of greater magnitude when amyloid is elevated and

supports these ideas. Longitudinal and clinical–pathological

validation studies are needed to evaluate these hypotheses.

Findings from the clustering analyses and subcategoriza-

tion by clinical findings provided several important insights.

The clustering analyses defined three cognitively impaired

groups and demonstrated that younger-age onset ADD had

more diffusely distributed and higher tau-PET SUVr signal

with some cortical region preferences (e.g. frontal regions,

posterior cingulate, and parietal regions being greater) as

compared to older-age onset ADD. The cognitively

impaired clusters differed by age, diagnosis, gender, and

APOE genotype status suggesting clinically relevant impli-

cations of the tau-PET patterns. Medial temporal regions

were also relatively spared in the younger-age onset

cognitively impaired cluster relative to the other cognitively
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impaired clusters. In the cognitively impaired cluster 3, 5/6

had a dysexecutive phenotype of ADD while 1/6 was

described as younger-age onset ADD. Behavioural or dys-

executive ADD is a rare ADD phenotype in which clinical-

anatomic correlations are poorly understood. Previous

work has shown that this group has some biomarker dif-

ferences (atrophy on MRI) as compared to behavioural

variant frontotemporal dementia (Ossenkoppele et al.,

2015). Differences in glucose metabolism and amyloid dis-

tribution in younger onset ADD as compared to older onset

ADD have also been described in prior studies that showed

more parietal abnormalities in younger onset ADD

(Ossenkoppele et al., 2012, 2015). The clustering method

we used grouped mostly dysexecutive ADD phenotype par-

ticipants in a single cluster while the clinically based sub-

categorization included five other individuals in the

ADD560 year-old group. These five individuals in the

clinically based subcategorization did not have highly ele-

vated frontal tau-PET signal (two of whom had a dysexe-

cutive phenotype) as seen in the cognitively impaired cluster

3 (on visual review) and were included in other clusters by

the clustering method. While the numbers are too small to

be definitive, the finding suggests that topographical tau-

PET distribution may be helpful in younger onset ADD

phenotype characterization and that different regional pat-

terns of tau-PET signal are associated with different ADD

phenotypes. Future work in non-amnestic ADD patients

and in persons with other non-Alzheimer’s disease-tauopa-

thies will be important to assess the variability of tau

topographical distributions that may be present in the

tau-disease spectrum.

We hypothesized that the clustering analysis would detect

groups of individuals with distinct regional patterns of tau-

PET signal and particular phenotypes in the cognitively

unimpaired group similar to how it performed in the cog-

nitively impaired group. Increasing tau-PET signal was seen

globally in cognitively unimpaired clusters 1 through 4 and

we saw greater temporal and parietal tau-PET signal in the

highest tau-PET signal cognitively unimpaired clusters. We

may not have been able to detect additional patterns in

cognitively unimpaired individuals possibly because our

cognitively unimpaired cluster groups were large and not

granular enough to detect early development of specific

ADD or atypical ADD phenotypes. It will be interesting

to see in the future if defining tau-PET topographically

associated groups by other clustering selections or other

clinical methods will be better at identifying tau patterns

that can predict ADD phenotypes in preclinical stages.

Lastly, highly accurate group-wise separation of cogni-

tively unimpaired and cognitively impaired groups with

tau-PET was seen using almost any cortical region of the

brain. Similar findings by others have been seen in limited

regions (Johnson et al., 2016; Ossenkoppele et al., 2016;

Schwarz et al., 2016). While medial temporal regions had

some of the highest tau-PET SUVr and AUROC values,

high discriminative ability was seen throughout most

brain regions. Our data support prior findings with the

addition of widespread brain tau-PET signal also being

able to discriminate abnormal amyloid and normal amyl-

oid, cognitively unimpaired groups.

Limitations include tau-PET signal in off-target sites. We

have previously shown that tau-PET signal can be seen in

off-target sites and other non-tauopathies (Lowe et al.,

2016). For example, retention in the choroid plexus could

bias medial temporal lobe regional findings. We think that

this influence is likely minimal as we found that only four

cases in the cognitively unimpaired group had elevated tau

signal only in the entorhinal cortex of the medial temporal

lobe regions and only 1/4 had abnormal entorhinal cortex

tau-PET signal as the sole finding. Two of these four were

unlikely to have a choroid plexus bias because low choroid

plexus retention was seen visually. This demonstrates that

choroid plexus ‘bleed in’ is likely of limited importance in

group-wise analyses. We also showed that entorhinal

cortex tau-PET signal has significant clinical relevance in

region of interest analysis (Fig. 4) supporting the idea of

limited bias. We also selected a group of participants

aged550 to determine tau-PET ‘normality.’ Early tau de-

position may be present in some younger participants. In

any case, this would likely conservatively bias our results.

Autopsy data correlated with ante-mortem imaging and

longitudinal comparisons will be needed for verification

of the implications of age-related or widely disseminated

increases in tau-PET signal and validate cut-points for

tau-PET. Lastly, our analysis averaged region of interest

values from different sides of the brain. In some instances

asymmetry in tau-PET signal between sides may exist (Fig.

2) and could be relevant to individual clinical presentations.

Further analysis using side-specific tau-PET data and clin-

ical correlation will be needed to assess this observation.
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