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A B S T R A C T

Utilizing [18F]-AV-1451 tau positron emission tomography (PET) as an Alzheimer disease (AD) biomarker will require identiﬁcation of brain regions that are most
important in detecting elevated tau pathology in preclinical AD. Here, we utilized an unsupervised learning, data-driven approach to identify brain regions whose tau
PET is most informative in discriminating low and high levels of [18F]-AV-1451 binding. 84 cognitively normal participants who had undergone AV-1451 PET
imaging were used in a sparse k-means clustering with resampling analysis to identify the regions most informative in dividing a cognitively normal population into
high tau and low tau groups. The highest-weighted FreeSurfer regions of interest (ROIs) separating these groups were the entorhinal cortex, amygdala, lateral occipital
cortex, and inferior temporal cortex, and an average SUVR in these four ROIs was used as a summary metric for AV-1451 uptake. We propose an AV-1451 SUVR cut-off
of 1.25 to deﬁne high tau as described by imaging. This spatial distribution of tau PET is a more widespread pattern than that predicted by pathological staging
schemes. Our data-derived metric was validated ﬁrst in this cognitively normal cohort by correlating with early measures of cognitive dysfunction, and with disease
progression as measured by β-amyloid PET imaging. We additionally validated this summary metric in a cohort of 13 Alzheimer disease patients, and showed that this
measure correlates with cognitive dysfunction and β-amyloid PET imaging in a diseased population.

1. Introduction
The primary pathologies of Alzheimer disease (AD) are β-amyloid
plaques and misfolded hyperphosphorylated tau protein in the form of
neuroﬁbrillary tangles (NFTs) (Braak et al., 2006). The amyloid cascade
hypothesis proposes that the abnormal accumulation of β-amyloid is an
early event that induces a cascade of changes that eventually results in
tau pathology (neuroﬁbrillary tangles, neuritic plaques and neuropil
threads), synaptic and neuronal loss and, eventually, dementia (Hardy
and Higgins, 1992). While increased β-amyloid deposition in the brain
can be seen decades prior to symptom onset, both postmortem (Delaere
et al., 1989; Duyckaerts et al., 1987; McLean et al., 1999) and in vivo
(Rowe et al., 2007; Villemagne et al., 2011) studies indicate that
cross-sectional β-amyloid burden does not strongly correlate with concurrent neurodegeneration and clinical disease severity. In contrast,
studies of tau pathology have found that the density of neuroﬁbrillary

tangles (NFTs) strongly correlates with both neurodegeneration and
cognitive status (Arriagada et al., 1992; Bierer et al., 1995). The relationship between cognition and tau has increased interest in assessing tau
pathology in vivo as well as developing anti-tau therapies (Giacobini and
Gold, 2013). However until recently, measurement of tau in vivo have
been limited to cerebrospinal ﬂuid (CSF) measurements.
A number of positron emission tomography (PET) tracers targeting in
vivo tau ﬁbrils have been developed (Marquie et al., 2015; Okamura
et al., 2014; Villemagne and Okamura, 2016). Early reports have shown a
relationship between increased tracer uptake and worsening cognitive
status (Brier et al., 2016; Chien et al., 2013; Day et al., 2017; Gordon
et al., 2016; Johnson et al., 2015; Sch€
oll et al., 2016; Wang et al., 2016)
Unlike β-amyloid, that has a relatively diffuse deposition in the brain, tau
pathology in the context of AD has a stereotypical pattern of propagation,
most prominently characterized in early neuropathological work by
Braak and colleagues (Braak and Braak, 1991). Tangles are present
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primarily in the transentorhinal cortex in early stages (Braak 1–2), then
progress to the entorhinal cortex, hippocampus and rest of the medial
temporal lobe cortex (Braak 3–4) and ﬁnally throughout the neocortex
(Braak 5–6) (Braak et al., 2006).
The utility of using tau PET as an imaging biomarker for staging
preclinical AD individuals will depend on deﬁning a clinically relevant
summary measure as well as a cut-off for positivity, similar to cut-offs for
β-amyloid PET imaging. Early attempts to deﬁne summary measures have
forced the tracer into approximations of pathological staging (Sch€
oll
et al., 2016; Schwarz et al., 2016). Neuropathological studies sample a
ﬁnite subset of regions and consider whether any pathology is present in
a binary manner. PET quantiﬁes the amount of pathology present in
tissue and can continuously sample the whole-brain. Further, the spatial
resolution of PET, local properties of the tissue, and potential off-target
binding of the tracer may increase or decrease the sensitivity of a given
structure to tau PET relative to neuropathological staining. These
methodological differences may cause pathologically-derived summary
measures of tau PET to be a misrepresentation of the most informative
brain regions. Initial reports have suggested this with demonstration of
more widespread cortical AV-1451 uptake than initially predicted by
Braak & Braak staging (Brier et al., 2016; Gordon et al., 2016; Johnson
et al., 2009).
Approximately one-third of cognitively normal older individuals have
β-amyloid pathology at autopsy (Morris et al., 1996) and in vivo using
PET or cerebrospinal ﬂuid assays (Morris et al., 2010). It is currently
unknown where in the brain elevated tau as measured by PET is most
sensitive in detecting preclinical AD. Here, we utilized a data-derived
method to determine the key areas of the brain where AV-1451 binding would be the most informative in detecting early, preclinical levels of
tau in cognitively normal older adult populations. Speciﬁcally, we utilize
a sparse k-means clustering algorithm, previously used to deﬁne PiB
positivity (Cohen et al., 2013; Villeneuve et al., 2015), to determine the
key differentiating areas of the brain where AV-1451 binding is most
informative. We propose taking the mean SUVR of these key regions of
interest to represent a summary measure of tau retention. We validate the
clinical utility of this data-derived measure by relating to early measurers
of cognitive dysfunction and disease progression, represented by β-amyloid burden.

Table 1
Demographics table.
CDR ¼ 0

CDR>0

N

84

Mean Age, yr (SD)
Gender, n male (%)
ApoE4, n (%)
Amyloid PET status, N Pos from available
N underwent episodic memory tests
N underwent attentional control tests
Mean Lag Time to AV-45 or PiB scan, yr
(SD)

69 (9)
44 (52%)
24 (29%)
18/67
51/84
46/84
0.24
(0.66)

13 (9 CDR 0.5, 3 CDR 1, 1
CDR 2)
78 (8)
6 (46%)
7 (54%)
12/13
12/13
6/13
0.44 (0.82)

Stroop color naming task, the Simon task, and the
consonant-vowel/odd-even task-switching paradigm (Aschenbrenner
et al., 2015a). In-depth descriptions have been published elsewhere
(Aschenbrenner et al., 2015a; Johnson et al., 2009). Tests of memory and
attention were selected as both have previously shown to be sensitive to
preclinical levels of pathology (Aschenbrenner et al., 2015a, 2015b;
Hassenstab et al., 2016; Monsell et al., 2014).
2.3. MRI imaging
T1-weighted images were acquired on a Siemens Biograph mMR or
TIM Trio 3 T scanner with: repetition time (TR) ¼ 2300 ms, echo time
(TE) ¼ 2.95 ms, ﬂip angle (FA) ¼ 9 , 176 slices, in plane resolution
240  256, slice thickness ¼ 1.2 mm acquired in sagittal orientation.
Images underwent volumetric segmentation using FreeSurfer 5.3 (Fischl
et al., 2002) to identify 36 anatomic regions of interest (ROIs), collapsed
across left and right hemispheres (all cortical ROIs and the hippocampus
and amygdala were included; full list in supplemental section).
2.4. PET imaging
Tau PET imaging was performed using [F-18]- AV-1451. Participants
received a single intravenous bolus of between 7.2 and 10.8 mCi of AV1451. Aβ PET imaging was performed with either ﬂorbetapir (AV-45) or
Pittsburgh Compound B (PiB). AV-1451 and PiB data were acquired on a
Siemens Biograph 40 PET/CT scanner. AV-45 data were acquired on a
Biograph mMR scanner. Participants who underwent Aβ PET imaging
received either a single intravenous bolus between 6.2 and 19.9 mCi of
PiB or a single intravenous bolus between 7.4 and 11.3 mCi of AV-45.
As previously reported PET data were processed using a region of
interest approach (Su et al., 2015, 2013). FreeSurfer segmentations using
the Desikan atlas were used as the basis of the quantitative analysis to
obtain regional SUVR with whole cerebellum (AV-1451) or cerebellar
gray (AV-45 and PiB). SUVR data from the left and right hemisphere ROIs
were averaged to create bilateral ROIs. Partial-volume correction was
performed using a regional spread function (RSF) technique (Rousset
et al., 1998; Su et al., 2015). For AV-1451, data from the 80–100 min
post-injection window were used for the analysis (Brier et al., 2016;
Gordon et al., 2016), and for AV-45 and PiB, data from the 50–70 min
and 30–60 post-injection window were used instead, respectively.
Aβ PET positivity from PiB scans was deﬁned as a mean cortical SUVR
of 1.42 (Brier et al., 2016; Sutphen et al., 2015), commensurate with a
previously deﬁned PiB mean cortical binding potential cut-off of 0.18
(Mintun et al., 2006; Su et al., 2013). An equivalent AV-45 mcSUVR cutoff of 1.22 to deﬁne RSF-corrected Aβ PET positivity was deﬁned using
linear regression in a cohort of 100 individuals who had both AV-45 and
PiB imaging as part of a crossover study.

2. Materials & methods
2.1. Participants
All participants were drawn from ongoing studies on memory and
aging at the Knight Alzheimer's Disease Research Center at Washington
University in St. Louis. All cognitively normal (CN) (with Clinical Dementia Rating (Morris, 1993) (CDR ¼ 0)) participants (n ¼ 84) and
participants with dementia due to Alzheimer disease (n ¼ 13 CDR > 0, 9
CDR ¼ 0.5, 3 CDR ¼ 1, 1 CDR ¼ 2) who had undergone PET imaging with
AV-1451 between 11/2014 and 05/2016 were included in the study. A
subset (N ¼ 63/97, episodic memory; N ¼ 52/97, attentional control)
completed a neuropsychological battery within 1 year of the AV-1451
scan (mean lag 0.42 yr (sd 0.29 yr)). A subset (N ¼ 80/97) completed
a β-amyloid (Aβ) PET scan within 2 years of the AV-1451 scan (mean lag
time of 0.36 yrs (sd 0.36 yrs). Demographic information is presented in
Table 1. Participants provided informed consent and all procedures were
approved by the local IRB and were HIPPA compliant.
2.2. Neuropsychological testing
Two neuropsychological composite measures were computed. The
episodic memory composite included the Selective Reminding Test
(Grober et al., 1988), Associate Learning from the Wechsler Memory
Scale (WMS) (Rubin et al., 1998), and immediate recall of the WMS
Logical Memory or WMS-Revised Logical Memory (Wechsler, 1987). The
attentional control composite included computerized versions of the

2.5. Statistics
2.5.1. Sparse K-means w/resampling
We employed the sparse k-means (SKM) method (Witten and
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Tibshirani, 2010) to cluster our CN participants into two groups (k ¼ 2)
denoting high and low levels of tau. Previous work examining PET
β-amyloid deposition using k-means clustering (Cohen et al., 2013; Villeneuve et al., 2015) as well as Gaussian mixture models (Mormino et al.,
2014; Villeneuve et al., 2015) indicates that cognitively normal older
adult populations can be separated into those with and without elevated
levels of Aβ. Similarly we divided our CN population into two populations, one with low level of tau (normal or early preclinical AD) and
higher level of tau (later preclinical AD). These participants can be
classiﬁed as having low and high levels of PET tau, respectively.
Sparse k-means is similar to classical k-means in that the goal is to
assign a cluster membership for all participants such that the withincluster difference is minimized and the between-cluster differences are
maximized. Unlike classical k-means, which assumes that all variables
are of equal weight, SKM outputs weights of the variables (FreeSurfer
ROIs) to determine which most signiﬁcantly affect the clustering. We
combined SKM with a resampling approach previously implemented in
the literature (Bi et al., 2011). Brieﬂy, for each of 500 iterations, ROI data
(n ¼ 36) for 300 samples (participants) was drawn with replacement
from the original data set (84 CN participants) with SKM clustering then
applied to each iteration. This process was performed two times. The ﬁrst
time, the most highly weighted ROIs were determined by taking the
mean weight of each ROI across the 500 iterations. The second time, an
unweighted mean across the four most highly weighted ROIs was
computed for each sample. An average of this unweighted mean was
taken for all samples (participants) assigned to each cluster, resulting in
two mean SUVR values for each iteration, one each for the low and high
tau clusters. The midpoint of these two values was taken as the cut-off
between the low and high tau clusters. A ﬁnal cut-off was determined
by taking the mean of the midpoints across all 500 iterations. Additionally the proportion of times each of the unique 84 participants was
assigned to the high PET tau cluster was calculated.
The number of ROIs selected to be in the summary measure was based
on the maximum number of ROIs (n) after which addition of the nþ1
next highest weighted ROI did not improve the ability of the summary
measure in predicting Aβ PET positivity. Receiver operator characteristic
(ROC) curve analyses were completed, iteratively evaluating the area
under the curve (AUC) of the top 2, 3, 4, 5, and 6 highest weighted ROIs
in predicting Aβ PET positivity. These analyses were completed twice,
once within just the CN participants and again with both the CN and AD
participants.

off, all participants were classiﬁed as having low or high tau. In the CN
participants who had received both tau PET and AV-45 scans, ANCOVA
analyses compared individuals with high and low levels of tau on their
AV-45 mcSUVR, controlling for age and gender.
3. Results
3.1. Mean AV-1451 signal in AD
The mean AV-1451 voxel-wise SUVR uptake was averaged within the
AD and CN participant cohorts. The difference in mean AV-1451 SUVR
between these two groups, at a voxel-wise level was taken to identify the
AD-speciﬁc tracer uptake seen within our participant cohorts (Fig. 2).
Increased AV-1451 retention can be seen in the temporal lobe cortical
and subcortical regions as well as retention in the parietal and lateral
occipital areas. The spatial pattern of tau deposition seen in our AD individuals is consistent with reports from multiple neuroimaging centers
(Gordon et al., 2016; Johnson et al., 2015; Sch€
oll et al., 2016; Schwarz
et al., 2016).
3.2. Sparse K-means & resampling weights and cut-offs
The mean weights for each of the ROIs across the ﬁrst set of 500
simulations are shown in Fig. 3 and Supplemental Table 1. These weights
indicate their importance for separating cognitively normal participants
into high tau and low tau groups. ROC curve analyses were completed,
iteratively evaluating the ability of the top 2, 3, 4, 5, and 6 highest
weighted ROIs in predicting Aβ PET positivity. The same results were
obtained with both inclusion and exclusion of the cognitively impaired
population. When completed within the cognitively normal participants,
the AUCs for the summary measures were: 0.676 for top 2 ROIs, 0.691 for
the top 3 ROIs, 0.730 for the top 4 ROIs, 0.730 for the top 5 ROIs, 0.730
for the top 6 ROIs. As there was no additional beneﬁt to inclusion of the
ﬁfth highest weighted ROI into the summary measure, the four highest
weighted ROIs were selected for the summary measure: entorhinal cortex, lateral occipital cortex, inferior temporal cortex, and amygdala. A
simple arithmetic mean of these four regions was used as a summary
measure for AV-1451 uptake.
During the second set of 500 iterations, a cut-off value and the stability of high tau versus low tau cluster assignments was calculated. The
ﬁnal unweighted SUVR cut-off was found to be 1.25. Because alternative
reference regions are still being considered for AV-1451, an identical set
of 500 iterations was done with SUVR data that was processed using
cerebellar cortex as the reference. Using this reference region, the SUVR
cut-off was found to be 1.22. The stability of the high vs. low tau
designation was evaluated by looking at the proportion of high tau and
low tau classiﬁcations for each of the 84 participants in the original data
set, as shown in Fig. 4. Of the 84 participants, 18 were classiﬁed in the
high tau cluster greater than 75% of the time, while 58 of the 84 participants were classiﬁed in the low tau cluster greater than 75% of the
time. There were 8 participants whose SUVRs were intermediate. The
results of the resampling showed that 90% (76 of 84 participants) had

2.6. Relationships with Aβ deposition, neuropsychological performance,
and clinical status
Partial correlations were calculated in the CN cohort looking at the
relationship between tau deposition and neuropsychological composite
scores controlling for age and gender. Analyses were undertaken using
the unweighted AV-1451 SUVR mean across ROIs from the SKM analysis
and across ROIs approximating Braak stages 1–4 constructed with input
from a neuropathologist (Fig. 1). For reference, these analyses were also
completed in the entire population (CN and AD). Using the derived cut-

Fig. 1. Pictorial representation of FreeSurfer Regions of Interest assigned to Braak stages 1–4, made in consultation with a neuropathologist.
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Fig. 2. Axial, coronal, and sagittal planes of the mean difference in AV-1451 SUVR between cognitively normal and Alzheimer diseases individuals.

Fig. 3. Mean weights for each of the FreeSurfer Regions of Interest from 500 iterations of the sparse k-means algorithm when clustering cognitively normal participants into k ¼ 2 groups.

group greater than 75% of the time. Those that were classiﬁed as
consistently in the low tau cluster with k ¼ 2 were split between the
middle SUVR and lowest SUVR groups, with 25 of the 84 having
inconsistent group membership between these groups.
3.3. Relationship of tau PET to neuropsychological measures
The summary measure for AV-1451 uptake as deﬁned above signiﬁcantly correlated with episodic memory and attentional control in the CN
population (Fig. 5). In the CN cohort, when controlling for age and
gender, the partial correlation with the PET tau summary measure was
r ¼ -0.309 (p ¼ 0.035) for the attentional control composite and
r ¼ 0.311 (p ¼ 0.023) for the episodic memory composite. For reference, when including the AD participants, and controlling for age and
gender, the relationships between the PET tau summary measure and the
neuropsychometric composite scores improved: r ¼ -0.501 (p < 0.001)
for attentional control and r ¼ 0.642 (p < 0.001) for episodic memory
(not shown in ﬁgure).
The utility of the summary measure derived from the SKM clustering
was compared with one that was derived by Braak staging. When controlling for age and gender, the partial correlation with the mean SUVR
across ROIs in Braak stages 1–4 was r ¼ 0.078 (p ¼ 0.61) for attentional
control and r ¼ 0.378 (p ¼ 0.005) for episodic memory (Fig. 6). For
reference, when including the AD participants and controlling for age
and gender, the relationships between the mean SUVR across ROIs
derived from Braak staging and the neuropsychometric composite scores
improved: r ¼ 0.456 (p < 0.001) for attentional control and r ¼ 0.658
(p < 0.001) for episodic memory.

Fig. 4. Proportion of total iterations that each participant was classiﬁed in the high tau
cluster, as a function of mean AV-1451 SUVR across top four highest-weighted FreeSurfer
regions of interest.

consistent cluster membership over 75% of the time. The spread of the
mean AV-1451 SUVR in participants classiﬁed in the high vs. low tau
clusters is depicted in Supplemental Fig. 1.
Utilizing k ¼ 3 did not introduce a new cluster capturing the individuals with inconsistent group membership using k ¼ 2. When utilizing k ¼ 3 the group membership for the high tau cluster was similar,
with 16 of the 84 participants being classiﬁed into the highest SUVR

3.4. Relationship of tau PET with Aβ PET status
The summary measure for AV-1451 uptake was found to be
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Fig. 5. Relationship between mean AV-1451 SUVR across the top four highest-weighted FreeSurfer regions of interest (SKM ROIs) and A) attentional control composite score and B)
episodic memory composite score.

Fig. 6. Relationship between mean AV-1451 SUVR across Braak stages 1–4 FreeSurfer regions of interest (Braak ROIs) and A) attentional control composite score and B) episodic memory
composite score.

performance and Aβ status.
The introduction of PET Aβ imaging provided a way to detect preclinical AD in vivo. Classifying individuals as Aβþ has become a standardized practice in both research and clinical settings, and has been
used as a selection tool to enrich clinical trials (Sperling et al., 2014).
Prior work indicates that tau, rather than Aβ pathology is a better predictor of cognition (Arriagada et al., 1992; Bierer et al., 1995). Being able
to detect cognitively normal individuals with elevated tau pathology in
addition to Aβ will identify those individuals at greatest risk for cognitive
decline and potentially further enrich clinical trials beyond using Aβ
status alone.
Here, we used a data driven method to arrive at the most clinically
relevant regions of interest to be used in a summary metric of tau PET
burden. Sparse k-means clustering is a method that has previously been
used as an objective method for deﬁning PiB positivity (Cohen et al.,
2013; Villeneuve et al., 2015). We made the apriori prediction that our
cognitively normal population contains two subpopulations, one that has
low levels of tau (either absence or very early stages of AD) and another
that has high levels of tau. This prediction was informed by previous
evidence that up to one-third of older adult, control patients have pathological evidence of preclinical AD and 27% of our cognitively normal

signiﬁcantly higher in those cognitively normal participants who were Aβ
PET positive in comparison to those who were Aβ PET negative, when
controlling for age and gender (F(1,63) ¼ 12.58, p < 0.001) (Fig. 7A).
When classifying each of the cognitively normal participants who also
had AV-45 scans as either having high tau or low tau by the cut-off
deﬁned above, the participants in the high tau group were found to
have signiﬁcantly higher mcSUVR than those individuals who had low
tau after controlling for age and gender (F(1,54) ¼ 16.90, p < 0.001), as
shown in Fig. 7B.
4. Discussion
We sought to deﬁne the AV-1451 tau PET regions of interest that are
most informative in identifying preclinical levels of tau PET pathology
using a data driven method. We found that tau PET in the entorhinal
cortex, lateral occipital cortex, inferior temporal cortex and amygdala
were most important in differentiating between high tau and low tau
individuals, and a partial-volume corrected SUVR cut-off of 1.25 best
separated these groups when using the whole cerebellum as a reference
region. Moreover, we found that within our CN population tau PET in
these data-derived regions correlated with neuropsychological
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a

b

Fig. 7. A) Mean AV-1451 SUVR across the top four highest-weighted FreeSurfer regions of interest in the cognitively normal participants stratiﬁed by Aβ positivity and B) Mean AV-45
SUVR in cognitively normal participants, classiﬁed as having high tau or low tau based on SUVR cut-off of 1.25.

(Aschenbrenner et al., 2014). This study provides evidence that tau
burden as measured by tau PET may be used to correlate with this
biomarker as well as with episodic memory.
We propose an SUVR cut-off of tau positivity of 1.25 using a whole
cerebellar reference. As commonly done with other AD biomarkers this
cut-off was derived to differentiate between low and high levels of tau
within a preclinical population, not as a cut-off between normal and
diseased populations. As with other biomarkers, tau PET is a continuous
measurement and having low levels of tau PET does not imply the absolute lack of neuronal injury; rather, the cut-off represents levels of
injury that are below a clinically meaningful threshold. This preliminary
cut-off can be used in the future for staging preclinical AD populations
based on National Institute on Aging and Alzheimer's Association
guidelines (Sperling et al., 2011).
While the focus of our study was on deﬁning stages in a preclinical
population, we also evaluated our summary measure in our participants
who either had a clinical diagnosis of Alzheimer disease at the time of the
scan or developed it during the course of the study. All but one of these
participants was classiﬁed in the high tau group. The CDR 0.5 participant
who was found to be have low tau had an Aβ PET burden that was below
the Aβ cut-off for positivity, suggestive that this participant may be have
been misclassiﬁed clinically. These results are suggestive that the summary measure will have utility in describing PET tau uptake in diseased
populations as well.
There are some limitations of this work. One limitation of our study is
the size of our cognitively normal cohort, from which the summary
measure and cut-off for positivity was derived. However, there is precedent for establishing cutoffs, in Aβ PET imaging for example, within
similarly sized or smaller cognitively normal cohorts (Cohen et al., 2013;
Mintun et al., 2006). A second limitation is our use of an unweighted
mean from the highest weighted regions of interest in the summary
measure of tau. Utilizing an unweighted mean may decrease the sensitivity of the measurement, as it discounts the relative importance of the
four ROIs for differentiating between high and low tau cognitively
normal participants. Similarly, regions were not weighted by their differential volumes. These choices were made to maximize the generalizability of our approach across clinical and research settings. As more data
is accrued by the ﬁeld and across centers a more nuanced approach may
be considered to improve the sensitivity of summary measure even
further. In this study, we utilized a sparse k-means method for clustering.
We were motivated to use this machine learning algorithm because it is
unsupervised and has been used previously to deﬁne Aβ PET cutpoints
(Cohen et al., 2013; Villeneuve et al., 2015). We recognize that there are
alternative methods that could also be used (Jack et al., 2017). Such
approaches have their own strengths and limitations, and selecting the

participant cohort that was Aβ PET positive. The assumption that this
population could be represented bimodally was conﬁrmed by the stability of cluster assignment of individuals.
While previous studies have attempted to deﬁne cut-offs and summary measures for tau, there have been assumptions that tracer uptake
follows the spatial pattern proposed by neuropathological studies (Sch€
oll
et al., 2016; Schwarz et al., 2016). While pathology is informative in
understanding the stereotypical pattern of spread of neuroﬁbrillary tangles, it is important to acknowledge its limitations. Pathological staging
entails testing for the presence of neuroﬁbrillary tangles during ﬁnite
sampling of speciﬁc areas. PET allows for whole-brain quantiﬁcation of
tau burden and in essence reﬂects the amount or density of tracer uptake
in a given area of tissue. The sensitivity of the PET itself is also inﬂuenced
by the technical properties and constraints (e.g. spatial resolution, off
target binding) inherent to the technique. For these reasons the key regions where tau PET will be most informative should not be based solely
on the neuropathological as they represent overlapping but not identical
properties of the pathology.
The temporal lobe areas of this summary measure are consistent with
early tau as proposed by the Braak staging of neuroﬁbrillary tangles in
AD (Braak et al., 2006). However, unlike the staging proposed by Braak
et al., we found that the lateral occipital cortical region developed PET
AV-1451 tau, a region not predicted to have early tau deposition based on
pathological staging (Braak et al., 2006). Involvement of the lateral occipital region is seen in prior work with AV-1451 (Brier et al., 2016;
Gordon et al., 2016; Johnson et al., 2015; Sch€
oll et al., 2016; Schwarz
et al., 2016). Whether this elevation in AV-1451 uptake is secondary to
true NFT binding or whether it is secondary to non-NFT binding sites is
presently unclear in the ﬁeld. These results are suggestive that the spatial
pattern of AV-1451 uptake in preclinical AD is more widespread than
predicted by pathological staging. Whether this is secondary to the
methodological constraints of pathological studies, or due to the spatial
resolution of PET, the results of this study further corroborate that
pathological staging cannot directly be applied to staging tau imaging.
We used an unsupervised learning, k-means clustering approach to
determine which regions’ levels of tau are most informative for making
this cluster assignment. While our methodology produced weights of
regions, an unweighted mean of the highest-weighted regions is more
easily computed across centers and clinically relevant for future comparisons of tau PET and other biomarkers. We show that this data-derived
summary measure has clinical relevance, correlating with performance in
neuropsychological testing better than a summary measure derived from
Braak neuroﬁbrillary tangle staging in AD. Attentional control is a sensitive measure of early cognitive dysfunction in very mild AD (Perry and
Hodges, 1999) as well as preclinical levels of AD pathology
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optimal choice is an ongoing discussion within the ﬁeld. Finally, the most
important external validator of this metric will be its ability to track
disease progression longitudinally, as a function of clinical status or Aβ
biomarkers. This will be a focus for future work, as we begin to acquire
longitudinal data with AV-1451 PET.
The work presented here utilizes a data-derived k-means clustering
approach to show that tau as measured by AV-1451 PET in the entorhinal
cortex, lateral occipital cortex, inferior temporal cortex, and amygdala
are most important in detecting elevated tau in preclinical AD. This
spatial pattern of AV-1451 uptake is more widespread than predicted by
pathological staging, suggestive of more advanced pathology with intact
cognitive status than previously thought. Increased tau in these regions
correlates with early cognitive impairment, and can differentiate between Aβ positive and negative cognitively normal individuals. Finally,
this work proposes an SUVR cut-off of 1.25 across these four regions for
differentiating between individuals with high and low levels of PET tau
within a cognitively normal population.
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