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Abstract

The recent development of tau-specific positron emission tomography (PET) tracers enables in
vivo quantification of regional tau pathology, one of the key lesions in Alzheimer's disease (AD).
Tau PET imaging may become a useful biomarker for clinical diagnosis and tracking of disease
progression but there is no consensus yet on how tau PET signal is best quantified. The goal of the
current study was to evaluate multiple whole-brain and region-specific approaches to detect
clinically relevant tau PET signal. Two independent cohorts of cognitively normal adults and
amyloid-positive (AB*) patients with mild cognitive impairment (MCI) or AD-dementia
underwent [18F]AV-1451 PET. Methods for tau tracer quantification included: (i) in vivo Braak
staging, (ii) regional uptake in Braak composite regions, (iii) several whole-brain measures of
tracer uptake, (iv) regional uptake in AD-vulnerable voxels, and (v) uptake in a priori defined
regions. Receiver operating curves characterized accuracy in distinguishing Ap™ controls from
AD/MCI patients and yielded tau positivity cutoffs. Clinical relevance of tau PET measures was
assessed by regressions against cognition and MR imaging measures. Key tracer uptake patterns
were identified by a factor analysis and voxel-wise contrasts. Braak staging, global and region-
specific tau measures yielded similar diagnostic accuracies, which differed between cohorts. While
all tau measures were related to amyloid and global cognition, memory and hippocampal/
entorhinal volume/thickness were associated with regional tracer retention in the medial temporal
lobe. Key regions of tau accumulation included medial temporal and inferior/middle temporal
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regions, retrosplenial cortex, and banks of the superior temporal sulcus. Our data indicate that
whole-brain tau PET measures might be adequate biomarkers to detect AD-related tau pathology.
However, regional measures covering AD-vulnerable regions may increase sensitivity to early tau
PET signal, atrophy and memory decline.

Keywords
Tau; B-amyloid; Positron emission tomography; AV-1451; Biomarker; Alzheimer's disease

Introduction

The aggregation of hyperphosphorylated tau protein into intracellular neurofibrillary tangles
(NFT) is one of the key pathological lesions in Alzheimer's disease (AD), but early tau
pathology in medial temporal lobe regions is also common in cognitively normal elderly
people (Crary et al., 2014). Post-mortem data indicate that tau accumulation begins in mid-
life, years before amyloid beta (Ap) plagues deposit in the neocortex (Braak and Braak,
1991, 1997). The recent advent of tau-specific positron emission tomography (PET) tracers
now allows assessment of regional tau load in the living human brain (Dani et al., 2016;
Saint-Aubert et al., 2017; Villemagne et al., 2015), which will provide new insights into the
etiology of AD, and help diagnostic accuracy, early detection, and development of treatment.
The tau-specific radioligand that has been most widely studied so far is 18[F] Av-1451
(T807), which binds with high affinity to paired-helical filament tau in AD patients (Chien et
al., 2013; Lowe et al., 2016; Marquié et al., 2015). Several studies have recently shown that
the topography of tau tracer retention corresponds well with expected pathologic stages of
NFT deposition delineated by Braak and Braak (Cho et al., 2016a; Johnson et al., 2016;
Schoéll et al., 2016; Schwarz et al., 2016). Across studies, most normal elderly adults
demonstrate elevated binding confined to the medial temporal lobe, whereas neocortical
binding, particularly in the inferior temporal lobe, is associated with clinical impairment and
the presence of Ap. Furthermore, recent tau PET studies have found a close relationship
between patterns of tau deposition and hypometabolism (Ossenkoppele et al., 2016; Saint-
Aubert et al., 2016), atrophy (Sepulcre et al., 2016; Wang et al., 2016) and cognitive
impairment (Brier et al., 2016; Johnson et al., 2016; Ossenkoppele et al., 2016), in contrast
to weaker associations seen with Ap.

AP PET imaging has been employed for over a decade, and it is now commonly used in
therapeutic trials and as a biomarker for clinical diagnosis (McKhann et al., 2011; Siemers et
al., 2016). In contrast, the novel modality of tau PET has only recently been incorporated
into a proposed new biomarker classification system (Jack et al., 2016a). In this new A/T/N
system, AR (PET or CSF Ap 42), tau (PET or CSF phospho-tau), and neurodegeneration
(fluorodeoxyglucose-PET, structural MRI, or CSF total tau) are each rated as positive or
negative to categorize individuals. While cutoffs for AR PET positivity have been intensively
studied and compared across different AR PET imaging agents (Landau et al., 2013;
Mormino et al., 2012; Villeneuve et al., 2014), there is no consensus yet on how to label tau
PET scans as normal or abnormal. Unlike the diffuse distribution of A, which is commonly
quantified as global cortical mean tracer uptake, tau accumulation shows a hierarchical
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pattern of spread (Cho et al., 2016a). Thus, the question of how to define tau accumulation
requires examination of both the quantity of tracer retention and its location, each of which
can be defined in multiple ways. One approach that has been recently used to categorize tau
PET positivity is based on the mean tracer uptake in a pre-specified set of “AD-signature”
regions (Jack et al., 2016b; Wang et al., 2016). Authors defined cut points by the accuracy to
distinguish between clinically impaired and cognitively normal adults. An alternative to a
binary classification, previously examined in our lab (Schéll et al., 2016), is a multi-stage
approach as proposed by Braak and Braak that is based on the topographic pattern of NFT
pathology.

The goal of the current study was to evaluate and compare different approaches to detect
clinically relevant tau PET signal and to stage participants. Two ind ependent cohorts of AB*
and AR~ cognitively healthy adults as well as AB* patients with mild cognitive impairment
(MCI) or AD-dementia received [18F]AV-1451 tau PET. We employed topographic staging
of tau based on Braak-region specific tracer uptake. We also assessed different whole-brain
measures to define tracer retention including a global average, a voxel-wise t-score relative
to young/middle-aged participants, and the number of supra-threshold voxels. Finally, we
quantified tau from AD-vulnerable composite regions: one defined by our group of MCI and
AD patients and a second reported in the literature (Jack et al., 2016b). Because we do not
have independent neuropathological data to confirm the validity of each method, we
examined reliability across cohorts, and correlations with clinical and other variables to
assess face validity. For each approach we derived imaging biomarker cut points of tau
positivity by discriminating Ap- cognitively normal elderly participants from Ag* MCI and
AD patients in one cohort, and tested their reliability (i.e. accuracy) in the other cohort.
Finally, we compared the regional pattern of tau PET signal across the different approaches.

Materials and methods

Participants

We studied two independent samples, both of which included Ap*and AR~ cognitively
normal adults, as well as AR patients diagnosed with mild cognitive impairment (MCI) or
probable AD dementia (Table 1). Participants underwent structural MRI, [18F]AV-1451 PET
imaging, neuropsychological assessment and standard laboratory blood tests including
apolipoprotein E (ApoE) genotyping. Elderly subjects and patients received [11C]PiB
(sample 1) or [18F] Florbetapir (sample 2), which was used to define A status (see PET).
The Institutional Review Boards of all participating institutions approved the study and
informed consent was obtained from all participants or authorized representatives.

Sample 1 (BACS/UCSF)

The first sample comprised 12 young and middle-aged controls (YC/MAC; age range 20-60
yrs) and 74 older cognitively normal controls (OC; 61-93 yrs) from the Berkeley Aging
Cohort Study (BACS), of whom 33 were PiB* (based on threshold global DVR > 1.065; see
PET for details). Twelve subjects with MCI (55-80 yrs) and 48 patients with probable AD
(48-83 yrs) were recruited from the University of California San Francisco (UCSF) Memory
and Aging Center.
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BACS eligibility requirements included the following: no MRI or PET contraindications,
living independently in the community, Mini-Mental State Examination (MMSE; Folstein et
al., 1975) = 25, normal performance on cognitive tests (within 1.5 SD of normative values
on the California Verbal Learning Test (CVLT) (Delis et al., 2000) and Delayed Recall from
the Wechsler Memory Scale (Wechsler, 1997)), absence of neurological or psychiatric
illness, and lack of major medical illnesses and medications that affect cognition.
Furthermore, we excluded subjects if they performed below normative values in more than
one follow-up session and/or more than one memory test (i.e. verbal and spatial figure
recall).

Clinical diagnoses of AD/MCI patients were established by consensus in a multidisciplinary
team. All patients underwent standard dementia screening including medical history and
physical examination, caregiver interview, and neuropsychological examination. Patients
met National Institute on Aging—Alzheimer's Association (NIA-AA) criteria for MCI due to
AD (n=12; Albert et al., 2011) or probable AD dementia (7= 48; McKhann et al., 2011).
The AD group was relatively young with a mean age at PET of 63 yrs (31/48 with early age
[< 65 years] at symptom onset) and included a variety of clinical AD phenotypes such as
posterior cortical atrophy, logopenic variant of primary progressive aphasia, amnestic and
non-amnestic manifestations. All patients met criteria for AR positivity except for one AD
patient with no PiB scan who was part of our original data set for definition of Braak ROI-
based standardized uptake value ratios (SUVR) thresholds (Schéll et al., 2016). As one of
our goals was to re-calculate Braak thresholds using that original data set, we included that
patient in the current study.

Sample 2 (ADNI)

Sample 2 included 42 OC (65-83 yrs), 19 MCls (60-92 yrs) and 9 late-onset AD patients
(73-89 yrs) from the Alzheimer's Disease Neuroimaging Initiative (ADNI). ADNI is a
multisite longitudinal biomarker study that has enrolled over 1500 cognitively normal older
individuals, people with early or late amnestic MCI, and people with early AD (www.adni-
info.org). The OC group also included 11 subjects with subjective memory concern (SMC),
defined as participants who scored within normal ranges for cognition (Clinical Dementia
Rating [CDR] = 0) but indicated that they have memory concerns. The MCI group consisted
of 7 subjects with early mild cognitive impairment (EMCI) and 12 with late mild cognitive
impairment (LMCI) based on performance on the Wechsler Memory Scale Logical Memory
Il (Aisen et al., 2010). MCI and AD diagnoses were made using standard criteria (Petersen
etal., 2010).

We only included ADNI subjects who had a Florbetapir scan within 2 years of the AV-1451
scan. All MCI and AD patients had positive Florbetapir-PET scans (global SUVR > 1.11).

Magnetic resonance imaging (MRI)

For all subjects included in the study, 1 x 1 x 1 mm? resolution T1-weighted magnetization
prepared rapid gradient echo (MPRAGE) images were acquired. Data for BACS participants
were collected at 1.5 T at Lawrence Berkeley National Laboratory (LBNL) (see Scholl et al.,
2016 for details); MCI/AD patients underwent 3 T MRI at the UCSF Neuroimaging Center
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(Ossenkoppele et al., 2015). For ADNI we used maximally-preprocessed 3 T MPRAGE
images that have been corrected for non-uniformity and distortion, and at uniform voxel
resolution.

All MPRAGE scans were processed with FreeSurfer (v5.3.0 in BACS/UCSF and v5.3.1 in
ADNI; http://surfer.nmr.mgh.harvard.edu/) to derive regions of interest (ROISs) in each
subject's native space using the Desikan-Killiany atlas. ROIs were used for calculation of
region-specific tau PET measures after partial volume correction (PVC; see AV-1451
processing for ROI-based analyses and Baker et al., submitted for publication). FreeSurfer
output was also used to derive bilateral hippocampal volume and entorhinal thickness
measures.

MRI images were also segmented into brain tissue types using SPM12 (Statistical
Parametric Mapping; Wellcome Department of Cognitive Neurology, London, England).
Tissue segments for non-cerebral tissues (cerebrospinal fluid [CSF], soft tissue, bone) were
subsequently used for PVC. Segmentations for gray matter, white matter and CSF were
summed to derive total intra cranial volume (ICV), which was included as a covariate in
correlation analyses between tau measures and hippocampal volume to account for
differences in head size.

Finally, we created an inferior cerebellar gray ROI (which we used as reference region for
AV-1451) from the reverse-normalized cerebellar SUIT template (rnCereSUIT). A detailed
description including code can be found in Baker et al. (submitted for publication).

PET (Positron emission tomography)

Imaging in BACS/UCSF—A detailed description of AV-1451 (tau) PET and PiB (Ap)
PET acquisition for BACS/UCSF has been published previously (Ossenkoppele et al., 2016;
Scholl et al., 2016). Briefly, PiB and AV-1451 PET data were acquired at LBNL. AV-1451
scans were collected within 38 + 80 days of PiB.

We created AV-1451 SUVR images based on mean uptake over 80-100 min post-injection
(Baker et al., 2016; Shcherbinin et al., 2016; Wooten et al., 2016) normalized by mean
inferior cerebellar gray matter uptake. We chose inferior cerebellum as reference region as
the superior portion of the cerebellar gray showed frequent tracer binding as well as bleeding
in from neighbored cortical regions (see Baker et al., submitted for publication; Fig. 3).

AV-1451 PET images were reconstructed using an ordered subset expectation maximization
algorithm with weighted attenuation and smoothed with a 4 mm Gaussian kernel with scatter
correction (calculated image resolution 6.5 x 6.5 x 7.25 mm? using Hoffman). SUVR
images were coregistered and resliced to the structural MRI closest in time to AV-1451 PET.
BACS/UCSF AV-1451 SUVR images were further smoothed with a 4.7 x 4.7 x 2.8 mm?3
FWHM kernel to achieve a similar resolution as the ADNI data (i.e. 8 x 8 x 8 mm?3).

Distribution volume ratios (DVRs) for PiB images were generated with Logan graphical
analysis on PiB frames corresponding to 35-90 min post-injection using a cerebellar gray
matter reference region (Logan et al., 1996; Price et al., 2005). The global cortical PiB DVR
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was calculated as a weighted mean across FreeSurfer-derived frontal, temporal, parietal and
posterior cingulate cortical regions. Participants were classified as PiB-positive if their
global PiB DVR was above 1.065, a cutoff adapted from previous thresholds developed in
our laboratory (Mormino et al., 2012; Villeneuve et al., 2015).

For 1 middle-aged subject who received a PiB scan (note that PiB scans were not mandatory
for the YC/MAC) no full dynamic PiB data was available; in this case, an SUVR image was
generated (50—-70 min post-injection, cerebellar gray reference). The MAC was PiB-negative
(global PiB SUVR = 1.13), (Villeneuve et al., 2015). We only included OC and patients with
full dynamic PiB data (i.e. PiB DVR images) into our analyses except for one AD patient
with no PiB scan who was part of our original data set for definition of Braak ROI-based
thresholds (Schdll et al., 2016).

Imaging in ADNI—For ADNI participants, AV-1451 scans were collected within 151

+ 181 days of the Florbetapir scans. Subjects were scanned beginning at 75 min post-
injection, for 30 min (6 x 5 min frames). As in BACS/ UCSF, SUVR images were created
based on mean uptake over 80-100 min post-injection normalized by mean inferior
cerebellar gray matter. In ADNI SUVR images are smoothed to a common resolution of 8
mm?3 (Joshi et al., 2009).

Florbetapir image acquisition details have been previously described in detail (Landau et al.,
2012, 2013). Briefly, Florbetapir images consisted of 4 x 5 min frames acquired at 50-70
min post-injection; these were realigned, averaged, resliced to a common voxel size (1.5 mm
x 1.5 mm x 1.5 mm), and smoothed to a common resolution of 8 mm3. MPRAGE images
that were acquired concurrently with the baseline Florbetapir images were used as a
structural template to define cortical and reference regions in native space for each subject
using FreeSurfer (v5.3.1) as described previously.

After coregistering Florbetapir scans for each subject to baseline structural MRI scans, we
extracted weighted cortical retention means (SUVRs) from frontal, cingulate, parietal, and
temporal regions. These were averaged and divided by a whole cerebellum reference region
to create a SUVR with a positivity threshold of 1.11 (Landau et al., 2012, 2013).

AV-1451 data processing for ROI-based analyses in individual space

In both data sets, analyses based on a priori defined regions of interest were performed on
AV-1451 SUVR images in individual space after correction for partial volume (PV) effects.
A detailed description of our PVC method including code to create the ROIs can be found in
Baker et al. (submitted for publication). Goals of the PVVC were to correct for choroid plexus
and basal ganglia signal bleeding into neighboring regions (such as hippocampus), and to
account for PV effects due to atrophy. In contrast to our recent study on AV-1451 Braak ROI
staging (Schoéll et al., 2016), we additionally included non-cerebral tissues into the PVC to
correct for spill-over from extra-cortical hotspots (ECH). As described in Baker et al.
(submitted for publication), ECH in skull, meninges and soft-tissue was found to decrease
with age. In contrast, choroid plexus and basal ganglia uptake increases with age. We used
the Geometric Transfer Matrix approach (Rousset et al., 1998) for PVVC based on FreeSurfer-
derived ROIls. The set of ROIs can be found in Baker et al. (submitted for publication) in
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Table 2. In addition, we used skull, tissue and CSF segments from SPM tissue probability
masks to correct for high signal in extra-cortical regions. Finally, ROI-specific PV-corrected
SUVR values were re-normalized by PV-corrected inferior cerebellar gray.

In addition, for comparability with other studies, we also report cut points and performance
of staging for non PV-corrected data.

AV-1451 data processing for voxel-wise analyses in MNI space

In both AV-1451 samples, voxel-wise analyses used SUVR images (normalized to inferior
cerebellar gray) that were transformed into MNI1152 space (1 mm x 1 mm x 1 mm voxel
size). Therefore, T1 images were spatially normalized by SPM12 (using SPM standard
normalization) and warping parameters were applied to the PET data.

Approaches for quantification of tau

Braak ROI-based staging—First we quantified tracer retention in ROIs that
anatomically approximate the pathologic stages of tangle deposition delineated by Braak and
Braak (Braak and Braak, 1991). Specifically we calculated weighted mean SUVR (after
PVC, native space) from 3 composite ROIs that correspond to anatomical definitions of
Braak stages /11 (transentorhinal), I1I/1V (limbic), and V/VI (neocortical). Freesurfer
indexes for the different Braak ROIs can be found in Baker et al. (submitted for publication)
in Table 2. Based on Braak ROI-specific tracer uptake in different clinical groups we have
recently employed a regression-based approach to classify subjects into stages and thereby
derive SUVR thresholds for each Braak ROI. A detailed description of this approach can be
found in Scholl et al. (2016).

In brief, we employed a conditional inference tree in R (v. 3.1.2; Ihaka and Gentleman,
1996) using the function “ctree” of the package “party” to classify subjects with regard to
their clinical diagnosis (i.e. YC, OC, AD). We started at late Braak regions, entering the
whole dataset into the model to derive an SUVR threshold above which subjects were
classified as stage V/VI. After removal of those subjects, we continued the staging with the
next Braak ROI (I11/1V). Continuing this approach we derived 3 thresholds to assign subjects
to stage V/VI, stage 111/1V, and stage I/11, defining subjects reaching no threshold as stage 0.

In the current study, we first aimed to re-calculate Braak ROI-based thresholds due to
changes in data pre-processing. Therefore, we used the original sample of 5 young (age
range 20-26 yrs) and 33 elderly controls from BACS and 15 AD subjects from UCSF.
Changes to preprocessing included an initial smoothing to match ADNI AV-1451 resolution,
the addition of non-cerebral tissues to the PVC, as well as final re-normalization of each
region post-PVC by inferior cerebellar gray. Furthermore, as regions that are likely to reflect
extensive off-target binding, we excluded basal ganglia (Lowe et al., 2016; Marquié et al.,
2015) and thalamus from the Braak ROls.

After deriving new thresholds, we applied them to newly acquired data from BACS and
UCSF subjects, and to the ADNI sample.

Neuroimage. Author manuscript; available in PMC 2018 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maass et al.

Page 8

Mean SUVR in Braak stage composite ROIs—In addition to the 4-level Braak ROI-
based staging, we also examined mean SUVR (after PVC, native space) within each single
Braak composite ROI as a possible regional tau PET biomarker.

Whole-brain measures of tracer uptake—We calculated three whole-brain tau PET
scores. First, to derive a global mean SUVR, we calculated a size-weighted average across
all ROIs that were included in the Braak regions after P\/C (note that this does not include
basal ganglia and thalamus).

Second, we used the MNI space SUVR images (no PVC, cortical mask excluding basal
ganglia and thalamus) to calculate a global sum #value score across “abnormal” voxels. The
explicit mask can be downloaded from Supplementary file 1. The t-value for each voxel in
each scan was calculated relative to the mean and standard error of the mean of BACS
YC/MAC subjects (for each voxel: &ypject=[SUVRgypject -mean(SUVRycmac)l/
SE(SUVRyc/mac)- For every participant, we calculated the sum of #values across all voxels
where ¢> 4 (corresponding to 1-sided alpha of .001, 11 degrees of freedom). The utility of a
Esum score as a diagnostic indicator of PET scan abnormality has been reported previously
(Chenetal., 2011; Herholz et al., 2002) when using FDG-PET to calculate a summary
measure of hypometabolism. A square-root transformation of the t-sum was performed as
proposed by Herholz et al. (2002).

Finally, as a whole-brain measure of tau spread, we counted the number of voxels above a
certain SUVR threshold for each subject in MNI space data (no PVC, cortical mask
excluding basal ganglia and thalamus; see Supplementary file 1). First we examined the
relationship between SUVR threshold and number of supra-threshold voxels in each group.
We determined the SUVR threshold (in an SUVR range from 1 to 3, with .1 step-size) that
yielded the best discrimination between Ap- OC and MCI/AD patients by means of receiver
operating characteristics (ROC) area under the curve (AUC). A threshold of 1.4 yielded the
highest AUC compared to other cutoffs (see results); we therefore used percentage of voxels
above an SUVR of 1.4 as a measure for subsequent analyses.

Mean SUVR in AD-vulnerable voxels—To identify regions that are particularly
sensitive for measuring AD-related tracer uptake, we performed voxel-wise 2-sample #tests
between AD/MCI patients and AR~ OC within each sample (in SPM12). Results were
family-wise error (FWE) corrected at cluster-level (0gszer < .05) using an uncorrected
threshold at voxel-level of p,,xes< .001. We created an AD-vulnerable binary overlap mask
consisting of voxels found significant in both samples. We used this mask to derive a mean
SUVR for each subject in this “AD vulnerable” ROI (in MNI space, no PVC). The AD-
vulnerable mask can be downloaded from Supplementary file 2.

A priori ROI (Jack et al., 2016) and IFT mean SUVR—We also included an “a priori
ROI” of AD-signature regions in our analyses that has been reported previously (Jack et al.,
2016b). The a priori ROl mean SUVR was formed from a size-weighted average of uptake
in entorhinal, amygdala, parahippocampal, fusiform, inferior temporal, and middle temporal
ROIs (PV-corrected data).
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Finally, we also determined mean SUVR in the inferior temporal gyrus (IFT), a region in the
temporal lobe that shows strong AD-related tau PET signal.

Statistical analyses

Group comparisons—To test for significant group effects (i.e. group differences in
demographics or tau PET measures), we ran non-parametric Kruskal-Wallis tests, followed
by post-hoc Mann-Whitney U group-wise comparisons. Non-parametric tests were applied
due to small group sizes, and as they do not require the data to be normally distributed.
Group analyses were run in SPSS (IBM Corp., IBM SPSS Statistics, V 24, Armonk, NY,
USA). We only report significant group differences at Bonferroni-corrected p-thresholds (1-
tailed, alpha = .05, BACS/UCSF: 10 comparisons, ADNI: 6 comparisons).

Correlation of tau PET measures with clinical and other imaging variables—To
assess and compare associations between the ten different tau PET measures and clinically
relevant variables, we ran non-parametric Spearman rank correlations across all subjects
within each sample (excluding BACS YC/MAC). Variables of interest comprised PiB DVR
(BACS/UCSF) or Florbetapir SUVR (ADNI) as measures of Ap, MMSE as a measure of
global cognition, percentage correctly recalled words on CVLT (BACS/UCSF) or RAVLT
(Rey Auditory Verbal Learning Test (Rey, 1964); ADNI) as measures of verbal memory, and
hippocampal volume and entorhinal thickness as cross-sectional measures of atrophy. A
shorter version of the CVLT was used for UCSF patients (recall across trials 1-4 on a list of
9 words) as compared to the standard CVLT used for BACS controls (recall across trials 1-5
on list of 16 words). For the correlational analyses with volume, we included ICV as
covariate to control for head size. We report absolute values of correlation coefficients to
normalize different directionality across variables. We also calculated the mean correlation
coefficient across all regressions for each tau measure to assess the overall clinical relevance
of that measure. Therefore, we first Fisher-transformed rho values to Z-values, averaged, and
finally back-transformed Z-values to rho values. P-values were Bonferroni-corrected for
multiple comparisons (1-tailed, alpha = .05, 10 comparisons).

Receiver operating characteristics and cut point determination—The major goal
of this study was to compare the different tau PET measures in their ability to detect AD-
related tau-PET signal. Therefore, we chose ROC analyses to evaluate the discriminative
power of each measure to separate patients with MCI or probable AD from healthy elderly
participants, (Metz, 1978). While all AD dementia and MCI patients included in the current
study were AR, to ensure that we selected controls not on the AD pathway, we restricted
ROC analyses to Ap- OC. To compare tau measures, we calculated the AUC in
distinguishing MCI/AD patients from AR~ OC within each sample (in SPSS using non-
parametric estimates). Furthermore, we derived cutoffs in each data set, defined as the value
that maximized accuracy (cutoffi,,x). Accuracy was defined as sensitivity + specificity - 1
(i.e. Youden's index). If several cutoffs yielded the same accuracy, we chose the lowest value
to maximize sensitivity. We then applied the cutoffs derived in one sample to the other
independent sample and report this measure of accuracy, sensitivity and specificity at
cutoffieqt. Notably, the determination of ultimate tau PET thresholds requires a “‘gold
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standard’ of truth, and thus pathological examination. We run ROC analyses on both PV-
corrected and uncorrected data.

Key regions contributing to abnormal tau measures

Factor analysis—We performed a factor analysis to derive the major data-defined uptake
topography (i.e. factor score that explains most variance), represented by a group of brain
regions that accumulate deposits in a positively or negatively correlated manner. The
resulting factor score serves as summary uptake measures unbiased by assumptions of ROI
or reference regions. A similar approach has been used recently by Brier et al. (2016), who
applied singular value decomposition on AV-1451 data to identify unique disease-related
stereotypical spatial patterns.

The particular type of factor analysis we used is called Nonparametric Sparse Factor
Analysis (NSFA; Knowles and Ghahramani, 2011), which optimizes for sparsity (and hence,
interpretability) of latent topographical factors, while allowing the number of factors to grow
as needed. We fit the model to 89 baseline AV-1451 PET scans in the ADNI database (31
OC, 11 SMC, 19 EMCI, 19 LMCI, and 9 AD subjects). Of note, the factor analysis was run
prior to the current analyses on an earlier data set of ADNI AV-1451 scans also including
AP~ MCI and AD patients to increase variability.

To convert AV-1451 scans into an input format amenable for factor analysis, we represented
each scan as a vector consisting of the PV-corrected means of 40 bilateral FreeSurfer-defined
brain regions. These include the 36 bilateral Braak ROIs as well as cerebral white matter,
cerebellar gray matter, cerebellar white matter and brainstem (note that choroid plexus and
non-cerebral tissues were not included here). Each scan vector was normalized by its I1-
norm (“Manhattan norm”), and then each region value was standardized to a Z-score across
all subjects. In other words, each input value represents the percentage contribution of a
particular region to the total scan signal, normalized to standard deviations above the
population mean. The model was fit via Gibbs sampling. Results were averaged over the last
100 samples out of 10,000, and the model converged to K=12 factors.

Comparison of spatial tau patterns between approaches—Finally we determined
the key regions contributing to each measure of abnormal tau tracer uptake. For each method
to quantify tau tracer uptake, which can be an a priori defined composite ROl or a binary
mask derived by whole-brain analyses, we report the percentage of individual regions
included in that ROI/mask. Individual regions are the 36 cortical and subcortical brain
regions (bilateral) that composed the Braak stage ROIls. For supra-threshold voxels, we
calculated a binary overlap mask between cohorts, which is the overlap of frequency maps
thresholded at .2 (voxels with SUVR > 1.4 in more than 20% of subjects in both cohorts).
For AD-vulnerable voxels we used the overlap between significant t-test maps. We then
identified how much of each individual ROI (in MNI space) was covered by that binary
mask. In addition, we report the factor weights for the factor score that explained most
variance in AV-1451 tracer uptake. Here, regions with highest positive weights can be
interpreted as regions contributing most to high global tau.
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Results

Sample characteristics

Sample characteristics are summarized in Table 1. Of note, the ADNI sample (/7= 70) was
only half the size of BACS/UCSF (/7=146), and did not include young control participants.

For both samples, age, MMSE and verbal memory differed between diagnostic groups
(Kruskal-Wallis test, p<.001). There was no group difference in education in any sample
(all p>.06).

In BACS/UCSF, MCI and AD patients comprised a variety of phenotypes across a broad age
range (48-83 yrs). Both patient groups were significantly younger than the elderly controls
(Mann-Whitney U, 2-tailed, pgo< .02). In contrast, ADNI MCI and AD patients were older
than ADNI controls; a difference that was significant for the MCI group only (0g,-= .02).

In both cohorts, AD patients performed significantly worse on the MMSE and CVLT/
RAVLT than control participants (all pqo< .01). The same was true for MCI subjects in
ADNI who had lower cognitive scores than OC (all pgor< .01).

Approaches for quantification of tau
Braak ROI-based staging

Re-calculation of Braak ROI thresholds: The initial step involved recalculation of the
previously published Braak stage classification (Schéll et al., 2016) using the original data
set (5 young and 33 old controls, 15 AD patients) reprocessed as described above. To derive
thresholds for each Braak composite ROI, we used a non-parametric class of regression trees
to classify subjects in stages (I/11, 111/1V, VIV1) with regard to clinical diagnosis, based on
each subject's mean SUVR in that ROI. Proceeding from high (V/VI) to low Braak (1/11)
regions, we derived cutoff SUVR values above which subjects were classified at the specific
stage (all p-values < .001). Results are summarized in Table 2.

Similar to our previous results (Schéll et al., 2016), the classification approach assigned
14/15 AD patients to stage V/VI (Braaky, mean SUVR > 1.873), the 1 remaining AD
subject and 6/33 elderly controls to stage 111/1V (Braak,;;y mean SUVR > 1.304), and
23/33 elderly controls and 2/5 young subjects to stage I/l (Braak;,; mean SUVR > 1.129).
The remaining 4/33 old and 3/5 young controls were classified as stage 0. Similarly,
thresholds for non PV-corrected data were derived and are as follows: 1.407, 1.232 and
1.135 for Braakyy, Braaky;;y and Braak), mean SUVR, respectively. When using non-
PV corrected data, stages differed by + 1 for 22/146 BACS/UCSF and 10/ 70 ADNI
subjects.

Validation of Braak stage ROI thresholds on independent data sets: Next we applied the
new thresholds (PV-corrected) to the remaining newly acquired BACS controls (7 YC/MAC,
41 OC) as well as 12 MCI and 33 AD patients from UCSF (Table 2). Most AD subjects (n=
29/33) were assigned to stage V/VI, whereas the majority of MCI patients were classified as
stage HI/IV (n=5/12), with 4 in stage VV/VI and 3 in stage I/1l. Only 7/41 elderly controls
were assigned to stage 111/IV. The majority of old controls (7= 34/41) and all YC/MAC
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participants were assigned to stage I/11 or 0. Braak ROI specific tracer uptake for each group
across the whole BACS/UCSF sample is displayed in Fig. 1A (left panel). Thresholds are
illustrated as solid lines. Braak ROl uptake for early- versus late-onset ADs is further
illustrated in Supplementary Fig. S1. Early-onset AD patients (age < 65 years) showed
stronger uptake in Braaky regions compared to late-onset patients (p = .002).

In a next step we used the Braak ROI thresholds to categorize ADNI subjects (Table 2 and
Fig. 1A; right panel). ADNI AD patients had overall lower Braaky, ROl uptake than
UCSF patients. Only 1/9 AD and 1/19 MCI patients exceeded the threshold for stage V/VI.
Most MCI (n=10/19) and AD patients (/7= 5/9) were assigned to stage 111/ 1V, the
remaining patients to stage I/11 (5/19 MCls, 3/9 ADs) or stage 0 (3/19 MCls). From all 43
ADNI elderly controls, 8 were classified as I11/1V, whereas the majority (n = 25/43) were
categorized as stage I/Il. The remaining 9/43 OC were classified as stage 0.

Across both samples, 70% of AR~ OC were categorized as stage I/l and only 6% as stage
I1/1V, while in AB* OC the proportion for stage 111/1VV was much higher with 36%. No
elderly normal subject exceeded the threshold for stage V/VI. Regarding MCI subjects, 48%
fell into the I11/1V category and 16% exceeded the threshold for stage V/VI. Out of all AD
patients, 77% were assigned to stage V/VI, 16% to stage 111/IV and only 7% stage I/1l. The
percentage of subjects assigned to specific stage is illustrated for each group in
Supplementary Fig. S2.

Voxel-wise comparisons between Braak ROI stages. In a next step we wanted to verify
the regions accounting for the difference in Braak ROI-specific AV-1451 uptake and thus
assignment to different stages. We performed voxel-wise 2-sample t-tests between
participants assigned to contiguous stages (using the MNI-warped SUVR images, no PVC),
merging both samples to increase sample size. Results are illustrated in Fig. 1B. Stage /11
participants (/7= 89) showed significantly more tau tracer uptake in hippocampus and
adjacent parahippocampal regions (mostly anterior) than stage 0 participants (7= 33).
Voxel-wise t-tests between stage I11/1V (n=45) and 1/11 subjects revealed elevated uptake in
medial temporal lobe, inferior temporal cortex, retrosplenial/ posterior cingulate cortex,
parietal and frontal regions. Stage 111/1V is of particular interest since it might be considered
as the transitional stage towards AD. We additionally examined tracer uptake patterns
separately patients (MCI/AD, n=24) and controls (n=21) in stage II/1V (see
Supplementary Fig. S3). Regions showing elevated tracer retention (relative to stage /11
controls) in cognitively normal subjects staged 111/IV were remarkably similar to those seen
in AD/MCI patients, but with weaker tracer uptake. In both t-tests, strongest difference was
seen in amygdala/entorhinal cortex at the border towards the hippocampal head. Finally,
voxel-wise comparisons between participants classified as stage V/VI (= 49) and those
classified 111/1V showed elevated tracer uptake across the whole brain, only sparing primary
visual and motor regions.
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Mean SUVR in Braak stage composite ROIs

Across all Braak stage ROIs and within both samples, mean SUVR (PV-corrected) differed
by group (Kruskal-Wallis test, all p<.01). As expected, mean SUVRs increased by
diagnostic group (YC/MAC < OCAB™ < OC-AB* < MCI < AD).

In the BACS/UCSF sample, tracer uptake in Braak;;;; ROIs was different between all groups
except for MCI vs. AD patients (0> .2). Mean SUVRs in Braak;.;v ROIs significantly
differed between all groups. For the Braaky/n/ composite ROI there was no significant
difference between YC/MAC and AB~ OC or between AB* OC and MCI patients (007> 1)
but differed between all other groups.

For the ADNI cohort, mean tracer retention was significantly lower for A~ OC than Ap*
OC and MCI patients in all Braak composite regions. The difference between Ap- OC and
AD patients was only significant for Braaky;; and Braak,;;;y ROls. AB* OC, MCls and ADs
did not significantly differ in any Braak stage composite region (all pgg.-> .09).

Whole-brain measures of tracer uptake

The global mean SUVRs derived from a weighted average across all Braak regions
(excluding basal ganglia and thalamus) after PV/C are displayed as individual data and
group-specific mean values in Fig. 2A (BACS/UCSF on left, ADNI on right). In BACS/
UCSF, global mean SUVRs were significantly different between all groups except for YC/
MAC and AR~ OC (0gorr=-17). In ADNI, AB™ OC were lower than AB* OC and MCls but
not lower than ADs (.0, = .07). AB* OC, MCls and ADs did not significantly differ (all
Peorr> -2). UCSF AD patients had on average nearly twice as much global tracer uptake as
ADNI AD patients.

Next, the sum of t-values across abnormal voxels for each group is shown in Fig. 2A. For
BACS/UCSF, t-sum scores were not significantly different between YC/MAC and A~ OC
(Deorr= -16) but differed between all other groups. Within the ADNI cohort, AR~ OC had
lower t-sum scores than all other groups, whereas AB* OC, MCls and ADs did not differ (all

Peorr™ -2).

Finally, we measured the spatial extent of elevated tracer uptake by counting the number of
supra-threshold voxels. A threshold of 1.4 yielded the highest AUC compared to other
cutoffs (see Methods and Fig. 2B). Individual subject data and average values by diagnostic
groups are shown in Fig. 2C. In BACS, YC/MAC had on average only 2% of supra-
threshold voxels, whereas in AR~ OC 4% and in AB* OC 8% of voxels exceeded an SUVR
of 1.4. In UCSF, MCI patients had 28% and AD subjects 65% of voxels above 1.4. The
percentage of supra-threshold voxels was not significantly different between YC/MAC vs.
AR~ OC (Peorr > -2), but differed between all other groups. In the ADNI sample, Ap- OC had
significantly lower percentage of supra-threshold voxels (2%) than all other groups. There
was no significant difference between AB* OC (9%), MCls (19%) and ADs (22%) (all pcorr
> .16). The location of voxels above 1.4 is displayed in Fig. 2C as frequency map for each
cohort (frequency across subjects). These maps indicate that the most frequent location of
supra-threshold voxels is similar to distribution of elevated tracer uptake seen in subjects at
stage HI/IV (Fig. 1B).
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Mean SUVR in AD vulnerable voxels—To identify regions that show high tau tracer
retention related to AD, we performed 2-sample t-tests between AD/MCI patients (all Ap™)
vs. Ap- elderly controls. Results are illustrated in Fig. 3A (FWE-corrected at cluster-level;
Peluster < -05, Proxer < -001). While UCSF AD patients showed higher tau tracer uptake than
controls across most brain regions, ADNI patients had higher tracer uptake than controls in a
more limited set of regions, including medial temporal and inferior temporal regions, retro-
splenial/posterior cingulate, parietal and frontal cortex (peak in amygdala). However, regions
showing strongest difference between patients and controls were remarkably similar across
cohorts (also note that the ADNI sample is much smaller). The overlap between significant
t-maps across both samples was used to create an “AD-vulnerable mask”, from which we
calculated mean SUVR values for each group (see Fig. 3B and Supplementary file 2 for
download). This mask should be highly sensitive to AD-related tau accumulation and yield
good tau PET-based discrimination between AD/MCI patients and controls. In BACS/UCSF,
mean SUVRs in the AD-mask were not different between AB~vs. AB* OC (pgor= .16) or
AB* OC vs. MCI subjects (oo = .06), but differed between all other groups. For ADNI,
AR~ OC had significantly lower uptake than all other groups, whereas AB* OC, MCls and
ADs did not significantly differ (all porr> .2).

A priori ROI (Jack et al., 2016) and IFT ROl mean SUVR—WE also calculated mean
SUVR in an a priori defined ROI that combined a set of AD-signature regions (Jack et al.,
2016b) as well as the IFT as one key region that shows elevated tau PET signal in AD.
Individual data and group-specific mean values for the PV-corrected data are displayed in
Fig. 3C. In BACS/UCSF, mean uptake in the a priori ROI as well as IFT was significantly
different between all groups. For ADNI, AR~ OC subjects had lower values than the other
groups in both ROIs, whereas AB* OC, MCI and AD patients did not differ (all gz > .2).

Determination and validation of cut-points

We compared the different approaches for tau quantification in their diagnostic ability to
distinguish AR~ elderly control subjects from AD/MCI patients by means of ROC analyses.
Cut points for abnormal tau were derived in each sample as the value that maximized
accuracy (i.e. sensitivity and specificity) measured as Youden index. For all tau measures,
cutoff values are displayed as dashed lines in Figs. 1-3. For ROI-based measures we
calculated thresholds using both PV-corrected SUVR data (Table 3, left column) and non-PV
corrected data (Table 3, right column).

Discriminative power (AUC) for the different tau PET measures was excellent in BACS/
UCSF and ranged from .88 to .99. AUC was overall lower for ADNI with values between .
76 and .87. Cutoff values that maximized accuracy (cutoffy,x) were similar across samples
and generally slightly lower for the ADNI sample.

In BACS/UCSF, global measures (e.g. global mean SUVR or percentage of supra-threshold

voxels) performed equally well as regional measures (e.g. a priori ROI or Braak,;;;;y SUVR)
with AUCs = .97. The IFT regional mean SUVR yielded highest AUC with .99 for both PV-
corrected and non-corrected data.
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For ADNI, AUC was highest for the mean SUVR in the a priori ROI (PV-corrected; AUC =.
87), but percentage of supra-threshold voxels as a global measure performed similarly well
(AUC = .86).

We also applied cut points that maximized accuracy in one sample to the opposite
(independent) sample and examined accuracy, sensitivity and specificity at cutoffieg. When
thresholds were derived in BACS/UCSF and applied to ADNI, re-test accuracy was between
64% (Braak;;;; ROI mean SUVR; PV-corrected) and 36% (Braaky/ ROI; no PVC).
Applying cut points derived in ADNI to BACS/UCSF yielded better overall accuracy, which
was highest for the Braak;;;;y ROl (no PVC) with 89% and lowest for Braak;;;; ROI (no
PVC) with 64%.

Correlation of tau PET measures with cognition, A and structural measures

A tile plot for each sample displaying absolute Spearman correlation coefficients is shown in
Fig. 4. In both cohorts all tau PET measures were significantly positively related to Ap (all
Peorr < -001; all rho > .6). The relationship was strongest for the Braak ROI-based stage (rho
=.79) in BACS/UCSF and the a priori ROl mean SUVR in ADNI (rho = .73). Regarding
global cognition, increasing tau PET scores were significantly related to decreasing MMSE
across all approaches and both samples. The strongest correlation was found with Braak
stage and IFT mean SUVR in BACS/UCSF (both rho = -.71) and Braakj;;; mean SUVR in
ADNI (rho = -.54). Verbal recall performance showed weaker but more specific associations
with tau measures, especially in ADNI. In BACS/UCSF participants, all tau measures were
significantly related to verbal recall (all pg,,r< .001) with the highest correlation for Braak
stage, a priori ROl mean SUVR, and Braak;;;;y ROl mean SUVR (all rho = -.39). In the
ADNI sample, only Braak;;; ROI (entorhinal/hippocampal) tracer uptake showed a
significant relationship to RAVLT performance (rho = -.40, pgo= .004). Lowest
correlations with verbal memory were found with Braaky, mean SUVR in both samples
(rhogacs/ucsk = -33 and rhoapy = -12). Finally, bilateral hippocampal volume and
entorhinal thickness were most strongly related to tau in the same regions, i.e. Braaky,; ROIs
in both cohorts (hippocampal volume: rhogacs = —.37, rhoapn; = —.51; entorhinal
thickness: rhogacs = —.52, rhoapn= —-53; all pgor < .001).

We also computed the mean correlation coefficient for each tau PET measure as an index of
overall clinical significance. In BACS/ UCSF, mean correlation coefficients were above .44
for all tau measures with the strongest mean correlation found for Braak ROI-based stage
(rho = .52) and regional uptake in the a priori-ROI (rho = .52) with very similar values for
IFT (rho = .51) and Braak;;;;v ROIs (rho = .50). In ADNI, Braak;;;; ROl mean SUVR
showed strongest average correlation with imaging and cognitive measures (rho = .55),
followed by a priori ROl mean SUVR (rho = .47) and Braak stage (rho = .45; all other rho
values < .44).

Effects of partial volume correction

While all voxel-wise measures of tracer uptake that required warping to MNI space are not
corrected for PV effects, we applied PVC in subject-space to derive ROI-based SUVRs. We
applied PVC to account for AV-1451 off-target binding in choroid plexus close to the
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hippocampus, basal ganglia, and non-cerebral tissues (all related to age) as well as to
account for atrophy effects.

When we examined correlations between non PV-corrected SUVRs and cognition, A and
structural measures, correlations were weaker but the overall pattern of results was
consistent. When comparing accuracies for separating MCIs/ADs from Ap- old controls
between PV-and non PV-corrected data, AUC values were similar (Table 3). Cutpoints for
the non PV-corrected data were overall slightly lower by ~.1 SUVR units, except for the
Braak;;; composite ROI.

Key regions contributing to abnormal tau measures

Finally we examined the key spatial pattern of in vivo tau pathology. We ran a factor
analysis on PV-corrected ROI data as a data-driven approach to identify the major regions
contributing to high global tau signal. Since many ROIs were highly correlated with each
other, they might be more concisely summarized as topographies. We only report the factor
that explained most variance (81%) and that might be interpreted as global tau. Factor
weights for all individual Braak stage ROls are displayed in Table 4 sorted from low to high
Braak stage. In addition, positive factor weights are illustrated as a heat map in Fig. 5.
Regions with strongest positive factor weights comprised inferior parietal, middle and
inferior temporal, and middle frontal cortex. Basal ganglia, and thalamus, regions that
typically show off-target binding, had highest negative factor weights (not shown).
Furthermore, cerebellum, brain stem and cerebral white matter, regions that usually show no
tracer uptake, also had negative factor loadings.

In addition to the factor analysis, we calculated the percentage of each individual region
included in a specific tau measure (e.g. a composite ROI or binary mask; see Table 4).
Regions of which more than 50% were covered by a mask/composite ROI are highlighted in
bold in Table 4. Key regions contributing to all approaches included mainly Braak stage 111
ROls, i.e. amygdala, parahippocampal and fusiform cortex, as well as entorhinal cortex
(Braak stage 1) and inferior/middle temporal gyri (Braak stage IV). Another region that
frequently showed supra-threshold voxels, high vulnerability to AD and that received a high
positive weight in the factor analysis was the banks of the superior temporal sulcus (Braak
stage V). Other regions that strongly contributed to the AD-vulnerable mask were isthmus
cingulate (retrosplenial cortex) and precuneus. Parietal and frontal regions received high
factor weights in the factor analysis, and also partially contributed to the AD-vulnerable
mask and to supra-threshold voxels.

Discussion

In the current study we evaluated multiple approaches for in vivo quantification and staging
of tau pathology measured by AV-1451 PET. In two independent cohorts of cognitively
normal and impaired subjects we examined the quantity of tau tracer retention and its
location. Braak region-based staging, whole-brain and regional tau measures all showed
similar diagnostic accuracies when distinguishing MCI and AD patients from A"
cognitively normal elderly subjects (Table 3). Across the different approaches, key regions
vulnerable to tau accumulation included entorhinal, parahippocampal, fusiform, amygdala,
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inferior/middle temporal, retrosplenial cortex, inferior parietal cortex, precuneus and banks
of the superior temporal sulcus (Table 4). Our data suggest that global measures can capture
tau PET signal in those brain regions and might be eligible biomarkers for classifying tau
PET scans as abnormal. However, while all tau measures were related to A and global
cognition, whole-brain measures showed weak associations with memory and medial
temporal lobe atrophy measures (Fig. 4). Medial temporal lobe structures are affected early
in the neurodegenerative process and previous imaging studies suggest that entorhinal
thickness and hippocampal volume are sensitive markers of early AD (e.g. Desikan et al.,
2009; Jack et al., 1997). Thus it appears that while a more global approach performs well for
staging and classification, regional tau measures are more sensitive to early
neurodegeneration and memory decline.

There is emerging evidence from recent tau PET studies that regional tau deposition is
closely linked to structural and functional deterioration in aging and AD (e.g. Ossenkoppele
et al., 2016; Saint-Aubert et al., 2016; Sepulcre et al., 2016). Consistent with our findings,
Cho et al. (2016) reported strongest correlations between memory scores and medial
temporal tau, whereas global cognition was associated with tau in wide regions of the cortex
across MCI and AD patients. Similar findings have been seen in cognitively normal adults
and AD patients (Ossenkoppele et al., 2016; Schéll et al., 2016; but see also Brier et al.,
2016 for opposite pattern of results). Furthermore, several tau PET studies have shown a
close relationship between patterns of tau deposition and atrophy measures (Cho et al.,
2016b; Sepulcre et al., 2016; Wang et al., 2016). Sepulcre et al. (2016) reported strongest
local-to-local associations between in vivo tau accumulation and gray matter intensities in
the anterior medial temporal lobe. Similarly our data revealed strongest correlations of
hippocampal volume and entorhinal thickness with tau tracer uptake in Braak;;;; ROIs across
both samples and further supports that tau deposition closely mirrors neurodegeneration and
functional decline.

To assess reliability of tau PET biomarkers we ran all analyses in two independent cohorts.
Although most tau PET measures yielded similar discrimination based on AUC within each
sample, accuracies were overall lower in ADNI compared to BACS/UCSF. Samples differed
in demographic and clinical characteristics for both patients and controls. The ADNI sample
was much smaller than BACS/UCSF, and in contrast to UCSF patients the majority of ADNI
patients were only mildly cognitively impaired. While all ADNI patients were amnestic and
mostly above 70 years of age, UCSF patients comprised a variety of AD clinical phenotypes
of mostly early age-of-onset. Furthermore, almost 70% of ADNI AD patients were carriers
of the APOE €;4 allele, whereas the proportion in UCSF AD patients was lower at around
50%. ADNI AD patients had relatively low neocortical tracer uptake (Fig. 1A; right), and
voxel-wise as well as ROI-based analyses revealed highest tracer uptake in the medial
temporal lobe extending to inferior temporal and posterior cingulate/retrosplenial cortex
(Fig. 3A, right). In contrast, UCSF AD patients had prominent neocortical uptake across
wide regions of the brain (Fig. 3A; left). Within UCSF AD patients, early-onset patients
showed higher neocortical uptake (Supplementary Fig. S1). Together these findings are in
line with previous observations by Ossenkoppele et al. (2016); overlapping data set) that
greater AV-1451 uptake in neocortical regions is associated with younger age-of-onset and
non-amnestic clinical presentations of AD patients, while greater medial temporal lobe
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vulnerability is seen in older patients with amnestic symptoms and carriers of the APOE ¢;4
allele. The different characteristics of AD patients are the likely explanation for the lower
accuracies in ADNI compared with BACS/ UCSF.

ADNI control participants were younger than BACS subjects. AB* controls in ADNI had
similarly high tau measures as ADNI AD and MCI patients, and 50% of ADNI AB* OC
were classified as stage 111/1V compared to only 30% of BACS AB* elderly control
participants. Although AB* OC in BACS had on average higher tracer uptake than A~ OC,
there was a large range of tau PET values within and overlap between both groups. One
explanation for the relatively low tau values seen in some AB* BACS participants could be
differing Ap positivity thresholds for PiB vs. Florbetapir. The cutoff for AP positivity
applied to BACS (PiB DVR > 1.065), which is based on previous results from our lab
(Mormino et al., 2012; Villeneuve et al., 2015), was lower compared to the cutoff used in
ADNI (Florbetapir DVR > 1.1) as suggested by a comparative radiotracer study (Landau et
al., 2013). This may have resulted in categorizing some BACS OC as AB* at an earlier stage
of Ap accumulation compared to ADNI. On the other hand, the older age of BACS controls
might partially explain the high medial temporal uptake in some AR~ BACS participants
(Crary et al., 2014; Scholl et al., 2016). Regardless of the exact reason, it seems that the two
cohorts were different in two important ways: the ADNI cohort AD patients had less
neocortical tau than the UCSF AD patients, and the ADNI Ap* OC had more neocortical tau
accumulation than BACS Ap* OC. These cohort differences likely drive the different
sensitivity, specificity, and accuracy of the varying thresholds we tested. Despite these
differences, cutoffs were remarkably similar across cohorts.

It is worth noting that, while these cohort differences are important for the ultimate
deployment of thresholds and for understanding the biology of the AD pathway, they are not
crucial to the conclusions of this study. Our primary aim in comparing the performance of
different metrics was not to “diagnose” AD, but rather to see how the different metrics
perform in different situations. Thus, we chose a simple discrimination — separating Ap-
controls from AB™ patients — and uniformly compared the metrics. We compared the
diagnostic performance of these different measures as an indication of the test
characteristics; we do not propose that these results indicate diagnostic accuracy. More work
with larger samples and validation with neuropathological data will be needed for this.

Only recently has tau PET been incorporated into a proposed biomarker classification
system (Jack et al., 2016a). Classification of individuals as tau ‘positive’ or ‘negative’ is
relevant for clinical diagnosis, for inclusion of subjects in therapeutic trials, or for studies on
normal aging, and the optimal cutoff depends on the context of use. Two previous studies
that investigated cut points for AV-1451 tau PET imaging (Jack et al., 2016b; Wang et al.,
2016) used a similar a priori defined AD-signature ROI to derive SUVR values for
classification of subjects. Wang et al. determined an SUVR of 1.19 (applying PVC) and Jack
et al. an SUVR of 1.32 (without PVC) as optimal cut points to separate AB*™ AD patients
from AR elderly controls. Using the same a priori ROI as Jack and colleagues, we derived
an SUVR cut point of ~1.4 with PVC and an SUVR of ~1.2 without PVC. Interestingly,
most of our approaches converged on a critical cutoff SUVR between 1.2-1.5, suggesting
that values above that range might be considered as pathological. Similarly, the percentage
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of voxels above 1.4 (non-PV corrected) yielded good diagnostic accuracy in both cohorts
and was correlated with clinical measures. Applying PVC to the data overall increased cut
points (by ~.1 SUVR units), a factor that has to be taken into account when cutoffs are
applied. We chose to apply PVC because AV-1451 shows strong age-related off-target
binding to basal ganglia and choroid plexus as well as binding to skull, meninges and tissue
bleeding into neighbored cortical regions (see Baker et al., submitted for publication).
However, PVC can also introduce errors which differ according to the correction method
employed. We feel that partial volume corrected results should be compared with
uncorrected results to evaluate introduction of errors. In our results, accuracies for staging of
patients and controls were very similar for non-PVVC and PVC data, suggesting that effects
of PVC might be small at the group level. However, because off-target binding varies
considerably across subjects and is related to age, it might strongly affect the data at the
individual level. In addition to the choice of PVC, other factors such as reference region,
smoothing filter or normalization to a standard space will impact the exact cut point, and so
far no standard processing method for AV-1451 exists. Thus, at this point, thresholds for
positivity are likely to be laboratory-dependent.

Our data suggest that whole-brain tau PET measures might be adequate biomarkers to detect
AD-related tau pathology with high specificity, since AD patients usually show tau
accumulation in wide areas of the neocortex (Braak stages IV-VI). Regional tau PET
measures covering AD vulnerable regions might be more sensitive to detection of early tau
pathology, which can be important for therapeutic intervention in clinical trials of preclinical
AD or for studies of normal aging. However, a single value and binary classification scheme
cannot cover the full spectrum of disease progression. Recent in vivo data (Cho et al., 2016a;
Scholl et al., 2016; Schwarz et al., 2016) recapitulated the known ex vivo pattern of
hierarchical tau spread described by Braak and Braak (1991). Thus, a topographical tau PET
staging system might better track the gradual expansion of tau accumulation than a binary
classification system. We assessed the feasibility of Braak ROI-based tau PET staging in two
independent cohorts. Our 4-stage system assigned most young/middle-aged adults to stage 0,
most healthy elderly subjects to stage /11, most MCI patients to stage 11/ and most AD
patients to stage V/VI (see Supplementary Fig. S2). Increasing Braak stage was related to
increasing AP and worse cognition and tracer uptake in early Braak regions was related to
early structural and cognitive markers of AD, which further supports the concept that the
Braak staging system tracks disease progression. An alternative, similar staging system
(MeTeR-scale), which uses a mesial temporal, temporoparietal and neocortical composite
ROIs has been proposed by Villemagne and colleagues (Villemagne et al., 2016).

The transition from normal aging to preclinical AD is characterized by an increase of tau
tangles within and spread out of the medial temporal lobe to limbic areas (Braak stage Il1-
IV; see e.g. Petersen et al., 2006). Consistent with neuropathological data, more than 40% of
MCI patients included in our study were categorized as Braak ROI-based stage I11/1V
(Knopman et al., 2003). Of all cognitively normal controls, 21% exceeded the threshold for
stage H1/1V, which is also congruent with neuropathological findings (Braak and Braak,
1997; Knopman et al., 2003). Notably, the topography of in vivo tau accumulation was
remarkably similar between cognitively normal elderly subjects and impaired subjects
assigned to stage I11/1V, and was characterized by elevated tracer retention in the temporal
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lobe, posterior cingulate/retrosplenial cortex, and parietal cortex/precuneus (Supplementary
Fig. S3). The same regions have been identified by other studies as being vulnerable to tau
accumulation in aging and AD (Brier et al., 2016; Cho et al., 2016a; Delacourte et al., 1999;
Schwarz et al., 2016), and to related functional and structural decline (Dickerson et al.,
2009; Saint-Aubert et al., 2016; Sepulcre et al., 2016; Wang et al., 2016). These findings
indicate that cognitively normal subjects assigned to a stage of 111/IV might be in a transition
phase of evolving AD, where tau pathology has not produced any clinically detectable
cognitive changes yet.

It is also important to note that the peak difference between patients or control subjects
assigned to Braak stage I11/1VV compared to I/11 was located in the anterior temporal lobe,
encompassing early Braak stage regions such as entorhinal cortex, amygdala and anterior
hippocampus. This indicates that tau accumulation is relentlessly progressing in the course
of the disease and confirms neuropathological data by Braak and Braak, who found fresh
neurofibrillary tangles co-occurring with “ghost” tangles across all Braak stages (Braak and
Braak, 1997). This further supports the argument that regions affected early by tau pathology
such as entorhinal cortex should be incorporated into regional tau PET biomarkers (as done
by Jack et al., 2016b). While the Braak staging approach encompasses the hierarchical
pattern of tau spread with decreasing thresholds from late to early Braak ROls, it places less
importance on the amount of tau within each region and does not capture continued
accumulation in early Braak regions. Thus, AD patients with prominent tau deposition
confined to the medial temporal lobe might be classified as stage I/11, similar to controls
with less uptake, which is one limitation of this approach. As a measure that incorporates
both the amount of tau accumulation and its extent, a £sum is a promising tau PET
biomarker. A recent study has shown that average AV-1451 tracer uptake significantly varies
across regions even in young individuals with expected minimal or no neurofibrillary tangles
(Vemuri et al., 2017), which can be accounted for in a t-score relative to young controls. In
our study, the sum of #values across “abnormal” voxels was based on tracer uptake in a very
small control group of young and middle-aged subjects, and future studies with larger
sample sizes need to further test eligibility of such an approach.

To summarize, our study indicates that a number of different approaches to categorize
individuals as positive or negative for tau accumulation produce similar results. The similar
categorization performance of many of the whole brain measures is undoubtedly related to
the finding that all these measures comprise uptake in the key regions vulnerable to tau
accumulation largely included in Braak,_jyy ROIs or the AD-signature ROI proposed by Jack
et al. (2016b) (see also Wang et al., 2016). While this suggests that whole brain approaches
might be similar in the separation of AB™ aging from AD, the regional associations with
memory performance and brain atrophy suggest that smaller groups of ROIs such as the
Braak);v ROls, or even Braak;;;; ROIs might be more sensitive to the very earliest stages
of tau accumulation seen in the transition from A~ to AB* normal aging or MCI.
Alternately, uptake in late neocortical Braak stage regions might be more sensitive to the
transition from MCI to dementia. Thus, the problem of categorization of subjects as tau-
negative or positive seems to support many different potential metrics that have similar test
performance. However, it seems likely that to define the very earliest stages of tau
accumulation, a more fine-grained approach — such as Braak staging or measurement of tau
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accumulation in specific medial temporal lobe ROIs — may be necessary. The ultimate
validation of any of these approaches will require longitudinal observation and
neuropathological correlation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Br%ak ROI-based AV-1451 staging. A. Tau tracer uptake (mean SUVR, PVC, native space)
for each Braak composite region of interest (ROI) by group shown for 2 samples: BACS/
UCSF (left) and ADNI participants (right). Black dots display mean values, error bars
denote SD. An initial subgroup of BACS/UCSF was used to derive Braak ROI thresholds to
classify young controls (YC, N = 5), old controls (OC, N = 33) and AD patients (N = 15).
The 4-stage classification proceeds from late to early Braak ROIs with subjects > SUVR
threshold being assigned to the specific stage (thresholds: Braaky, > 1.87, Braak) ;v >
1.30, Braak;; > 1.13, Braakg < 1.13, see text for non-PVC thresholds). Thresholds for
Braak classification are shown as solid lines. Cut points to discriminate patients from AB*
controls by an individual Braak ROl mean SUVR (Table 3) are shown as dashed lines. B.
Voxel-wise 2-sample t-tests between subjects assigned to different stages (no PVC, MNI
space) reveal a “spread” of tau from medial temporal lobe/hippocampus (stage I/11) to other
temporal regions, posterior cingulate/retrosplenial cortex, parietal &frontal regions (stage
I11/1V), and finally higher neocortical regions (stage V/VI). Samples were merged for t-tests
to reach adequate group sizes. Results are FWE corrected at voxel level (p,gxes < .05, k>
100). MAC = middle-aged controls.
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Fig. 2.

Whole-brain AV-1451 uptake measures by group. Left panel: BACS/UCSF participants.
Right panel: ADNI participants. We examined three global tau PET measures. Cut points
that best discriminate patients from AR controls are displayed as dashed lines. A. Global
mean SUVR (ROI-based, PVC) and sum of t-values across abnormal voxels relative to the
young/middle-aged controls (MNI space, no PVC). Black dots are group means. Error bars
denote SD. B. Percentage of voxels above an SUVR threshold (in MNI space, no PVC). An
explicit mask excluding basal ganglia and thalamus was used. Note that the step-sizes are
larger in the tails of the plotted graph. Error bars denote SEM. A threshold of 1.4 revealed
best performance to discriminate AD/MCI patients from A~ controls. C. Scatterplot of
subject data and frequency map that shows the location of voxels > 1.4 (frequency across all
subjects).
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Fig. 3.
AD-specific tau tracer uptake and regional tau measures. A. To identify and compare AD-

specific regions of high tau tracer retention within the 2 samples, we performed voxel-wise
2-sample t-tests between AD/MCI patients (all AB*) vs. AR~ old controls (OC). Sample 1:
AB* MCIs/ADs (n= 60) patients from UCSF vs. BACS AB" controls (n = 41). Sample 2: AB
* MCIs/ADs (n = 28) vs. Ap™ controls (n = 28) from ADNI. Results are FWE-corrected at
cluster-level (Ocpuster < -05, Pyoxer < -001). Note that sample 1 included a variety of AD
phenotypes. B. The overlap between significant t-test maps was used to create an AD-
vulnerable mask (left). The mean SUVR across voxels in the AD-mask (in MNI space, no
PVC) was calculated for both samples (right). Cut points that best discriminate patients from
AR controls (Table 3) are displayed as dashed lines. C. Regional uptake was also
determined in a composite a priori ROl of AD-signature regions as well as the inferior
temporal gyrus after PVVC. Black dots are group means. Error bars denote SD.
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Fig. 4.
Relationship between tau PET measures and amyloid, cognition and volume. Tile plots show

absolute correlation coefficients (rho) of Spearman rank correlations between tau PET
measures and amyloid PET, Mini-Mental State Examination (MMSE), verbal episodic
memory, bilateral hippocampal volume, entorhinal thickness and the mean correlation across
columns. Correlations were calculated across old controls, MCI and AD patients within each
sample. A. BACS/UCSF subjects. B. ADNI participants. Verbal recall was measured as
percentage of correctly recalled words in the California Verbal Learning Test (CVLT) or Rey
Auditory Verbal Learning Test (RAVLT).
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Factor analysis

r

Lateral

positive factor weights

Fig. 5.

Kgy regions identified by factor analysis. We performed a factor analysis to determine the
regions that mainly contributed to high global tau signal using a sample of elderly controls,
MCI and AD patients from ADNI. Only positive weights for the factor that explained most
of the variance are illustrated.
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Demographics (Mean * SD).

Table 1

Young/middle-aged controls  Old controls MCI AD
Sample 1: BACS/UCSF
n 12 74 12 48
Age (years) 38+ 16 77+6 69+8 63+8
Sex (% female) 8 61 67 60
Education (years) 16 £2 (L N/A) 17+2 18+ 3 (1 N/A) 17+ 3 (4 N/A)
APOE (% of e4 carriers) 33 (3N/A) 32 (3N/A) 50 (3 N/A) 52
MMSE 29 +1 (1 N/A) 29+1 2742 2145 (2 N/A)
CVLT free recall (% correct) 68+ 9 (1 N/A) 58 + 14 67 £15 (1 N/A) 44 +16 (6 N/A)
PiB DVR .96 + .01 (10 N/A) 1.16 £.23 154 +.28 1.67 £.20 (2 N/A)
PiB-positive (n) 0@NIA)* 33 12 47 (ANIA)
Days betw. PiB and AV-1451 0+0 (9 N/A) 54 + 95 0+0 23+ 60 (1 N/A)
Hippocampal volume (cmq) 44+ .4 35+ 4 347 34+5
Sample 2: ADNI
n 0 42 19 9
Age (years) - 74+6 79+7 79+5
Sex (% female) - 50 74 67
Education (years) - 16+2 16+3 15+3
APOE (% of e4 carriers) - 40 (1 N/A) 53 67
MMSE - 29+1 27+2 22+5
RAVLT free recall (% correct) - 63+16 (LN/A) 45+14(1N/A) 32+12
[18 F] Florbetapir SUVR - 112+ .18 1.37+.13 1.45+ .16
Florbetapir-positive (n) - 14 19 9
Days betw. Florbetapir and AV-1451 - 133+ 156 112 £150 324 + 259
Hippocampal volume (cm?®) - 38+.5 34+ 5 29+ .6

Page 30

APOE = carriers of apolipoprotein E (APOE) ¢4 allele; MMSE = Mini-Mental State Examination; Free recall = sum of words across immediate
recall trials; CVLT = California Verbal Learning Test (BACS: trials 1-5, 16 words, UCSF: trials 1-4, 9 words); PiB DVR = Pittsburgh Compound-
B (PiB) retention in neocortical regions of interest;

*
For 1 young subject from BACS only PiB SUVR was available (PiB~), 1 AD patient and 9 middle-aged controls had no PiB scan (see PET);
RAVLT = Rey Auditory Verbal Learning Test (trials 1-5, 15 words).
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Table 2
Braak ROI staging based on AV-1451 uptake.

Stage 0 Stagel/Il Stagell1/1V Stage V/VI

SUVR thresholds (PVC) Braakj,, ROI <1.129  Braak,, ROl > Braak;;;;,y ROI > Braakyn/ ROI >
1.129 1.304 1.873

Original Sample (BACS/UCSF)
n(YC/OC-AB/OC-AB*/AD) Nyga = 5/18/15/15 3/1/3/0 2/15/8/0 0/2/4/1 0/0/0/14
New Sample (BACS/UCSF)
n(MAC/OC-AB/OC-AB*IMCI/AD) Nitar = 4/9/1/0/0 3/13/11/3/1 0/1/6/5/3 0/0/0/4/29
7/23/18/12/33
Original+New (BACS/UCSF)
1 (YC+MAC/OC-AB-/OC-AB*/MCI/AD) Nygia 7/10/4/0/0 5/28/19/3/1 0/3/10/5/4 0/0/0/4/43
=12/41/33/12/48
New Sample (ADNI)
11 (OC-AB/OC-AB*IMCI/AD) Nyry = 28/14/19/9 7/2/3/0 20/5/5/3 1/7/10/5 0/0/1/1
Total (BACS/UCSF+ADNI)
n (YC+MAC/OC-AB/OC-AB*/MCI/AD) Nygty = 7/17/6/3/0 5/48/24/8/4 0/4/17/15/9 0/0/0/5/44
12/69/47/31/57
Percentage of group within stage (YC+MAC/OC- 58/25/13/10/0 42/70/51/26/7 0/6/36/48/16 0/0/0/16/77

AB-/OC-AB*IMCI/AD)

Number of participants within a specific in vivo “Braak” stage. An initial subgroup of BACS/UCSF subjects (“original sample™) was used to derive
Braak ROI thresholds using a regression-based conditional interference tree approach. Thresholds were tested on a new subgroup of BACS/UCSF
subjects as well as on ADNI participants. See also Supplementary Fig. S2. YC=young controls (age range 20-26 yrs), MAC=middle-aged
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