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Abstract

Functionally related brain regions are selectively vulnerable to Alzheimer’s disease
pathophysiology. However, molecular markers of this pathophysiology (i.e., beta-amyloid and tau
aggregates) have discrepant spatial and temporal patterns of progression within these selectively
vulnerable brain regions. Existing reductionist pathophysiologic models cannot account for these
large-scale spatiotemporal inconsistencies. Within the framework of the recently proposed
cascading network failure model of Alzheimer’s disease, however, these large-scale patterns are to
be expected. This model postulates the following: 1) a tau-associated, circumscribed network
disruption occurs in brain regions specific to a given phenotype in clinically normal individuals; 2)
this disruption can trigger phenotype independent, stereotypic, and amyloid-associated
compensatory brain network changes indexed by changes in the default mode network; 3) amyloid
deposition marks a saturation of functional compensation and portends an acceleration of the
inciting phenotype specific, and tau-associated, network failure. With the advent of /n vivo
molecular imaging of tau pathology, combined with amyloid and functional network imaging, it is
now possible to investigate the relationship between functional brain networks, tau, and amyloid
across the disease spectrum within these selectively vulnerable brain regions. In a large cohort (n =
218) spanning the Alzheimer’s disease spectrum from young, amyloid negative, cognitively
normal subjects to Alzheimer’s disease dementia, we found several distinct spatial patterns of tau
deposition, including ‘Braak-like’ and ‘non-Braak-like’, across functionally related brain regions.
Rather than arising focally and spreading sequentially, elevated tau signal seems to occur system-
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wide based on inferences made from multiple cross-sectional analyses we conducted looking at
regional patterns of tau signal. Younger age-of-disease-onset was associated with ‘non-Braak-like’
patterns of tau, suggesting an association with atypical clinical phenotypes. As predicted by the
cascading network failure model of Alzheimer’s disease, we found that amyloid is a partial
mediator of the relationship between functional network failure and tau deposition in functionally
connected brain regions. This study implicates large-scale brain networks in the pathophysiology
of tau deposition and offers support to models incorporating large-scale network physiology into
disease models linking tau and amyloid, such as the cascading network failure model of
Alzheimer’s disease.
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1. Introduction

Alzheimer’s disease is a progressive neurodegenerative disease that targets large-scale brain
networks (Seeley et al., 2009) leading to dementia over a timespan of decades. The cognitive
domains supported by these networks, which decline as a function of targeted Alzheimer’s
disease pathophysiology, include memory, visual-spatial, sensorimotor, language,
behavioral, and executive faculties (Petersen and Graff-Radford, 2016). The extent to which
these cognitive functions are impaired in any individual varies greatly and is dependent on
disease duration. The prototypical late-life onset phenotype, referred to as typical
Alzheimer’s disease dementia, begins with a memory-encoding deficit, before slowly
involving other cognitive faculties in a heterogeneous fashion (Petersen, 2003). Atypical
clinical variants begin with predominant non-memory clinical symptoms before involving
other cognitive functions and commonly have a younger age of disease onset (Warren et al.,
2012).

The molecular hallmarks of this process include beta-amyloid (Ap) plagques and
neurofibrillary tangles (NFT), composed of the tau protein. The NFT burden is more closely
associated with cognitive decline than Ap plaques (Bennett ef a/., 2004, Braak et al., 1996,
Dickson et al., 1992, Duyckaerts et al., 1997). Therefore, the pattern of tau protein
deposition should resemble brain networks that support the cognitive functions that decline
in Alzheimer’s disease dementia (i.e., memory, visual-spatial, sensorimotor, language,
behavioral, and executive systems) (Alladi et al., 2007, Mesulam et al., 2014, Murray et al.,
2011). Prior to this tau-associated cognitive decline, there is a long preclinical disease phase
associated with AP plaques in the absence of significant tau pathology outside of the medial
temporal lobe (Bateman et a/., 2012, Braak et al., 1996, Dickson et al., 1992). It remains
unclear how these molecular hallmarks of Alzheimer’s disease pathophysiology are
mechanistically related across the spectrum of clinical and preclinical disease states. We
have previously proposed a cascading network failure model of Alzheimer’s disease
pathophysiology, which incorporates systems-level pathophysiology into existing molecular
disease models (Jones et al., 2016). This model hypothesizes that synaptic remodeling/
burden, associated with compensatory shifts in large-scale network configurations, is related
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to amyloidosis in hubs of high connectivity during the preclinical disease phase and tau
pathology within specific networks during clinical disease stages. In other words, the model
predicts that large-scale network changes would be related to both Ap and tau. More
specifically, it predicts that the relationship between network changes and tau would be
partially mediated by pathophysiologic changes marked by Ap deposition.

In this investigation, we evaluated these hypotheses by examining the relationship between
biomarkers of network-wide pathophysiology and molecular pathophysiology. The model
that is under investigation in this study is outlined in Figure 1. In the first part of our study,
we used independent component analysis applied to [F-18]-AV-1451, a positron emission
tomography ligand that was designed to detect Alzheimer’s disease-related tau pathology (t-
PET) (Schwarz et al., 2016, Xia et al., 2013), to investigate distinct spatially independent
patterns of tau deposition. This allowed us to isolate and quantify a typical, or ‘Braak-like’
(Braak et al., 2006, Braak and Braak, 1991, Braak and Braak, 1997, Braak ef a/., 2011), tau-
deposition pattern that contains all of the brain regions needed for pathologic staging of
NFT. In contrast to most autopsy studies, where tau deposition across the entire brain is not
quantified in large numbers of subjects, we were able to investigate the emergence of this
pattern across the entire brain and in doing so assess for cross-sectional evidence of system-
wide tau deposition rather than sequential progression. In the second part of this study, we
used data from ©-PET and AB-PET as measures of molecular changes and related this to
functional network changes using task-free functional MRI (fMRI). The combined results of
these analyses strongly implicate large-scale brain systems in the pathophysiology related to
tau protein deposition and in the pathophysiology linking AB and tau, providing support for
the model outlined in Figure 1.

2. Methods

2.1 Subjects

All participants were enrolled in either the Mayo Clinic Study of Aging or the Mayo Clinic
Rochester Alzheimer’s Disease Research Center. The Alzheimer’s Disease Research Center
is a longitudinal cohort study that enrolls subjects from the clinical practice at Mayo Clinic
in Rochester, MN. The Mayo Clinic Study of Aging is a population-based study of cognitive
aging among Olmsted County, MN residents (Roberts et al., 2008). Enrolled participants are
adjudicated to be clinically normal or have mild cognitive impairment by a consensus panel
consisting of study coordinators, neuropsychologists and behavioral neurologists.
Individuals who progress to dementia continue in the study. Methods for defining clinically
normal, mild cognitive impairment and dementia in both of these studies conform to
standards in the field (Albert et a/., 2011, McKhann et al., 2011, Petersen, 2004). All
clinically normal subjects who had high quality structural MRI, task-free fMRI, ©-PET, and
AB-PET were included in this study. Subjects that were clinically impaired in the form of
mild cognitive impairment (n = 11) or dementia (n = 30), were also included if they had
these modalities available at the time of this study and their AB-PET standardized uptake
value ratio (SUVR) exceeded 1.5, in order to increase the probability that Alzheimer’s
disease pathophysiology was contributing to their clinical impairment (Jack et al., 2012). It
should be noted that this higher threshold for AB-PET positivity was used to increase the

Cortex. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al. Page 4

specificity for Alzheimer’s disease pathophysiology in clinically impaired subjects, and no
threshold was used in clinically normal subjects where a lower, more sensitive threshold is
typically desired. See Table 1 for details regarding the cohort.

2.2 Standard protocol approvals, registrations, and patient consents

These studies were approved by the Mayo Clinic and Olmsted Medical Center Institutional
Review Boards and written informed consent was obtained from all participants and/or their
qualified representative.

2.3 Structural Magnetic Resonance Imaging

MRI was performed on one of three compatible 3T systems from the same vendor (General
Electric, Waukesha, WI, USA). A 3D magnetization prepared rapid acquisition gradient
echo (MPRAGE) structural imaging sequence developed for the Alzheimer's Disease
Neuroimaging Initiative (ADNI) study was acquired (Jack ef af., 2008). All images were
acquired using an 8-channel phased array head coil. Post-processing to correct for gradient
distortion correction and processing has been validated in multiple studies, shown to give
consistent stable results in ADNI data, and geometric fidelity after correction is independent
of scanner (Gunter et al.,, 2009, Vemuri et al., 2015). Parameters were: TR/TE/T1,
2300/3/900 msec; flip angle 8 degrees, 26 cm field of view (FOV); 256 x 256 in-plane
matrix with a phase FOV of .94, and slice thickness of 1.2 mm. These MPRAGE parameters
have been held invariant since approximately 2008. This structural MRI was used for
preprocessing PET and fMRI data. Spatially normalized and modulated gray matter
intensities, derived from the SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/)
unified segmentation and normalization algorithm, were also used to control for atrophy in
some ROI and voxel-wise analyses described below.

2.4 PET Acquisition

The AB-PET imaging was performed with Pittsburgh Compound B (Klunk et a/., 2004) and
©-PET with AV-1451 (Schwarz et al., 2016, Xia et al., 2013). PET images were acquired
using 1 of 2 PET/CT scanners (DRX; GE Healthcare) operating in 3-dimensional mode
(septa removed). A computed tomography scan was obtained for attenuation correction. Ap-
PET images were acquired from 40-60 minutes after injection of 628 MBq (range 385 to
723 MBq) and ©-PET from 80-100 minutes after injection of 370 MBq (range 333-407).
PET sinograms were iteratively reconstructed into a 256 mm FOV. The pixel size was 1.0
mm and the slice thickness 3.3 mm. Standard corrections were applied.

2.5 AB-PET Analysis

Amyloid PET images were analyzed with our in-house, fully automated image processing
pipeline (Senjem et al., 2005) wherein image voxel values are extracted from automatically
labeled regions of interest (ROIs) propagated from an MRI template. A global AB-PET
SUVR was calculated as the median uptake in the prefrontal, orbitofrontal, parietal,
temporal, anterior and posterior cingulate and precuneus ROIs normalized to the cerebellar
gray median. However, voxels whose probability of being CSF was greater than the
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probability of being grey matter or white matter, based on co-registered segmented MRI,
were not included in the calculation.

2.6 Spatial Patterns of =-PET Deposition: Independent Component Analysis

In order to identify and quantify unique spatial patterns of tau deposition across the entire
cohort we used spatial independent component analyses (ICA), a blind source separation
technique, to explore the t-PET data in an unbiased and model free fashion. Each subjects’
©-PET scan was spatially normalized to the Mayo Clinic Study of Aging template space
(https://www.nitrc.org/projects/mcalt) using the structural image based unified segmentation
and normalization procedure in SPM12, intensity normalized using the cerebellar crus gray
matter as reference, and smoothed with an 8 mm full-width half maximum Gaussian kernel.
These images were then entered into a spatial ICA using the infomax method implemented
in Group ICA Toolbox (http://mialab.mrn.org/software/#gica), with the dimensionality of 33
being determined using minimum description length (MDL) criterion. Rerunning the ICA
procedure with bootstrap sampling repeated 100 times revealed highly-stable components.
We also repeated this analysis at a higher dimensionality (i.e. 70). The high-dimensional
ICA produced less stable components, but our main component of interest (discussed in
detail in the results section) was nearly identical at the higher-dimensional ICA level (data
not shown). Therefore we report the results of the ICA analysis performed at the
dimensionality determined by the MDL criteria (i.e., 33). The preprocessed T-PET scans for
all subjects (n = 218) were included in the ICA to identify group-level, voxel-wise, spatially
independent patterns of T-PET signal and subject-level /foadings, or subject component
scores, for each pattern. Five of the 33 independent components (ICs) were related to the
relevant Alzheimer’s disease neurobiology in that they showed a strong AB-PET relationship
(i.e., significantly higher component scores in subjects with AB-PET SUVR > 1.5 than
subjects with SUVR < 1.5, Bonferroni corrected P < 0.001). The remaining components
were related to non-specific signal or brain structure (e.g., ventricles, white matter, etc.). Key
regions of off-target binding (Lowe et a/., 2016), which typically confound ROI-based
assessment, separated into distinct 1Cs with no association to AB-PET. For example, signal
in the choroid plexus IC was not related to AB-PET or cortical thickness (P = 0.13) but was
related to advancing age (B = 0.21, P = 0.002) (see Supplementary Figure 1). This is in
contrast to the five ICs related to Alzheimer’s disease pathophysiology described in the
results section.

We created 5 IC based ROIs by binarizing each IC with a hard threshold of a z-score of 5. In
order to evaluate the correspondence between ROI tau-PET SUVR and subject component
scores we used a multiple regression model associating subject component scores with t-
PET SUVR while controlling for gray matter density in these same ROIs. A similar analysis
was performed at the voxel-level.

2.7 Spatial Patterns of ©-PET Deposition: Voxel-Wise Frequency

All of the Braak NFT regions necessary for staging AD under the Braak NFT schema were
in the same spatial independent component (Supplementary Figure N2). This was true for
both the low-dimensional and high-dimensional ICA. The lack of spatial independence
between ©-PET signal in these brain regions implies that they would therefore have the same
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frequency of involvement in AD. This was surprising and inconsistent with what is found
pathologically, where the entorhinal cortex is more frequently found to have tau pathology
relative to other brain regions. Therefore, we next attempted to visualize how frequently
brain regions had abnormally elevated signal across this cohort on a voxel-level. We created
a frequency map of voxels with high tau levels defined as greater than 3 standard deviations
above the uptake in cognitively normal, AB-negative individuals with the least evidence of
these tau patterns being present (i.e., the 50 subjects with most negative subject component
scores).

We also report the results from these voxel-wise frequency maps using predefined “Braak
ROIs” in order to report results using Braak regions. The Braak ROIs were constructed as
previously described (Scholl et al., 2016). We then calculated the voxel-wise frequency of
elevated ©-PET signal per Braak ROI and report the peak frequencies with the Braak ROIs at
three thresholds for defining elevated PET signal (z=1,z =2, and z = 3).

2.8 Spatial Patterns of =-PET Deposition: Mixed-Effects Modeling of the Relationship
between t-PET and AB-PET by Brain Region

In order to investigate the regional variation in ©-PET signal free from any potential bias
related to arbitrary thresholds present in the voxel-wise frequency analyses, we extracted the
©-PET signal from the three brain regions identified as most frequently having abnormally
elevated levels of tau (i.e., entorhinal, inferior temporal, and dorsal precuneus) and modeled
those values against global AB-PET. Regions with a higher frequency of abnormal <-PET
signal might be expected to show signal elevation sooner (i.e., at lower AB-PET SUVR
levels) than lower frequency brain regions, which would manifest as a steeper slope in the
cross-sectional analyses of ©-PET vs. Ap-PET. Therefore, we used linear mixed-effects
modeling with random slopes and intercepts for subjects to investigate the effect of brain
region (i.e., entorhinal, inferior temporal, and dorsal precuneus) on the relationship between
t-PET and AB-PET.

2.9 Spatial Patterns of =-PET Deposition: Average t-PET Maps Across the Disease

Spectrum

To further investigate the emergence of the typical spatial pattern of t-PET signal across the
Alzheimer’s disease spectrum, we divided the subjects into groups using breaks along
subject component scores for the typical =-PET pattern and created voxel-wise group
average T-PET maps. The breaks were defined in order to capture various portions of the
sigmoidal relationship between t-PET and AB-PET. All of the subjects with negative
loadings, occupying the initial slowly rising phase of the sigmoid, were placed into a single
group. The initial emergence of the pattern (i.e., IC-5 subject scores > 0) was divided into
more fine grained groups, capturing the earliest changes in the T=-PET pattern and allowing
for more frequent sampling along various points of the sigmoidal relationship between A
and the typical T=-PET pattern. The plateau portion of the sigmoid was combined into one
group. These breakpoints are highlighted in Supplementary Figure 3. Patient characteristic
(e.g. age, clinical status, AB-PET SUVR, t-PET SUVR, and fMRI) were also compared
across these groupings.
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2.10 Task-Free fMRI Preprocessing and Network Measures

Task-free fMRI data were acquired using an 8 channel head coil, gradient echo planar
imaging, TR = 3000 ms, TE = 30 ms, 90° flip angle, 21 cm field of view, 64x64 in-plane
matrix, slice thickness 3.3 mm without gap, and 103 volumes were obtained. Subjects were
instructed to keep their eyes open during scanning. All task-free fMRI data sets with greater
than 3 mm of translational movement, 3° of rotational movement, or that failed visual
inspection for obvious artifacts were excluded from analysis.

The methods recently developed for analyzing task-free fMRI data in the Alzheimer’s
disease Neuroimaging Initiative were adapted for the task-free fMRI portion of this study.
After preprocessing, as previously described (Jones et al., 2016), a spatial-temporal
regression was performed within a multivariate framework incorporating all four default
mode network (DMN) subsystems of interest using functions from the GICA of functional
MRI Toolbox (GIFT v2.0e) software package (Calhoun et a/.,, 2001). The four DMN
subsystem measures that we had previously shown to change linearly (both increases and
decreases) in the ADNI cohort across the disease spectrum, as part of the cascading network
failure (i.e., the posterior DMN, ventral DMN, posterior-to-ventral DMN, and posterior-to-
anterior dorsal DMN connectivity), were used to create a recently described (Wiepert ef al.,
2017) single summary metric of network failure termed the Network Failure Quotient

(NFQ).

_ pDMN_ to_ vDMN+pDMN_ to_ adDMN

NFQ
pDMN+vDMN

This summary biomarker of the cascading network failure was used in a mediation analyses
to test our model predictions (Figure 1) regarding the relationship between tau, networks,
and amyloid. With the results of the mediation analysis in hand, we performed nested post-
hoc voxel-wise analyses to more fully explore that nature of the association between tau,
large scale brain network changes, and amyloid. First, in order to see if there was any
difference in the local tau deposition patterns associated independently with global Ap and
NFQ, we created spatial maps of the t-scores of the Ap and NFQ terms in a linear model
predicting t-PET signal on a voxel level while controlling for age. The independent patterns
associated with Ap and NFQ were qualitatively similar to two of the patterns captured by the
spatial ICA (IC-5 and IC-4, respectively). Next, we conducted another exploratory analysis
to determine if there were two distinct posterior DMN functional connectivity patterns
associated with the tau pattern captured by IC-5 and I1C-4, as our model would predict. This
was done by creating spatial maps of the t-scores of the 1C-5 and 1C-4 terms in a linear
model predicting posterior DMN functional connectivity on a voxel level while controlling
for age.

2.11 Statistical Procedures

A combination of MATLAB-based (Mathworks Inc., Natick, MA, USA) and R-based
(http://www.R-project.org) software packages were used to perform all statistical analysis.
We used linear mixed-effects modeling with random slopes and intercept for subjects to
investigate the effect of brain region (i.e. entorhinal, inferior temporal, and dorsal precuneus)
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on the relationship between T-PET and AB-PET using functions from the R—package Ime4
(Bates et al., 2015). We investigated non-linearity between t-PET and AB-PET within
general additive models using penalized regression splines (Wood, 2006). The R-package
‘mediation” was used to perform the mediation analysis (Tingley et al.,, 2014). A
bootstrapping procedure was used to derive 95% Cls for each of these models where
indicated. Kruskal-Wallis one-way ANOVA was used for continuous variables, with post-
hoc Mann-Whitney U-tests for pair-wise differences. Chi-squared tests were used for
categorical variables.

3.1 Tau-PET covaries spatially within several distinct brain systems and is associated with
age of disease onset

Each of the five T-PET IC patterns which were associated with AB-PET status involved
brain regions that are functionally related (Figure 2). All of these ICs will be made available
via individual requests sent to the corresponding author and the peak coordinates are
summarized in Supplementary Table 1. The visual network pattern captured in 1C-1
symmetrically involved visual association cortices and had spatial overlap (Dice coefficient
of similarity = 0.64) with the ventral visual stream resting state network in the Mayo Clinic
Study of Aging Functional Connectivity Atlas (Jones et al., 2012). The visual/executive
pattern captured in 1C-2 spanned right lateralized brain regions across visual association,
parietal, and frontal brain regions and did not overlap with a particular resting state network
from our atlas to produce a Dice coefficient greater then 0.20, but did overlap with portions
of several visual and executive networks. The pattern captured in IC-3 involved left
lateralized fronto-parietal brain regions that strikingly mirror the left working-memory
resting state network (Dice coefficient of similarity = 0.49, see Supplementary Figure 4).
The pattern captured in 1C-4 mainly involved the precuneus and overlapped with the
posterior DMN from our atlas (Dice coefficient of similarity = 0.57). The pattern captured in
IC-5 did not follow a single resting state network, but did closely follow regions sampled in
the Braak NFT pathologic-staging schema (Supplementary Figure 2). Given the intense
involvement of the temporal lobe in IC-5, in addition to selected extra-temporal regions, no
network showed a strong resemblance to this component. However, the extra-temporal
portions of IC-5 do closely follow all of the key regions of the ventral DMN (data not
presented). This is an interesting observation that may relate to the selective involvement of
the ventral DMN in typical clinical presentation of AD dementia in contrast to atypical
presentations (Whitwell et al., 2015), but this will require a dedicated analysis beyond the
scope of the current investigation.

We observed that the regions captured by 1C-5 included all of the regions that are commonly
sampled in pathologic studies of Braak NFT staging (see Supplemental Figure 2). We found
this to be a striking data driven way of defining these regions, with the weighting (i.e.,
subject component score) of the 1C-5 component simultaneously scoring all of the routinely
sampled brain regions for Braak-staging (Alafuzoff et a/,, 2008). Not only were all of these
regions simultaneously included in IC-5, but the gradient evident in the spatial map of IC-5
also followed the expected Braak-gradient in terms of hypothesized temporal sequence of
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involvement of brain regions (i.e., an implied temporal sequence of tau in cross-sectionally
sampled regional magnitude, or frequency of involvement, with lower Braak stage regions
like the entorhinal cortex exceeding higher Braak stage regions like the visual cortex). This
gradient is clearly evident in the voxel-wise maps, and particularly evident when adjusting
for biological signal-to-noise (SNR) which is described in more detail below in the section
3.2 (Elevated ©-PET signal distributed similarly across Braak NFT Regions). Further, we
quantitatively verified that the expected Braak-gradient was indeed present by using pre-
defined “Braak ROIs” as previously described (Scholl et al., 2016). These Braak ROls
collapse the Braak NFT stages into three regions with the expected Braak-gradient being BR
I/11 > BR II/IV > BR V/VI. We calculated the median z-score in each Braak ROI for each of
the 5 spatial ICA maps. We found that only IC-5 followed the expected Braak-gradient and
that this was most evident after adjusting by biological SNR (Supplementary Figure 5). We
therefore refer to IC-5 as the typical, or ‘Braak-like,” tau pattern because all off the brain
regions needed for Braak staging were included in one component and the Braak-gradient is
evident in the weighting of that spatial pattern, allowing for a Braak-like stage to be
summarized in one number (i.e. the subject component score for 1C-5) rather than using
three separate numbers for each Braak ROI. This observation may explain why Braak ROIs
do not outperform global measures of T-PET (Maass ef a/., 2017). The other components do
not meet these criteria and are referred to as atypical, or ‘non-Braak-like’ patterns. This
designation was also supported by our analyses of subject component scores versus age of
disease onset (see next paragraph). This is because atypical clinical (Warren et a/., 2012) and
pathologic phenotypes (Murray et al., 2011) are associated with younger-age of disease
onset.

We investigated the association of each of these t-PET patterns with age of disease onset in
32 of the impaired subjects for whom this information was known (Figure 2 inset plots). The
four atypical tau deposition patterns were more common in subjects with a younger age of
onset, but this relationship was only significant for IC-3 (P < 0.01) and IC-2 (P = 0.01). The
Braak-like pattern of tau deposition was not associated with age of disease onset (P = 0.39).

The five ROIs used to extract T-PET SUVR values to compare to subject component scores
are displayed in Figure 3. Given the nature of the spatial ICA, there is little spatial overlap in
the ROIs; however areas of overlap are highlighted in Figure 3. The average t-PET SUVR
magnitude from these ROIs was strongly associated with each of the subject component
scores (correlations ranging from 0.81 — 0.91) confirming that the I1Cs are capturing the t-
PET signal of interest, as the ICs of non-interest are not correlated with ©T-PET SUVR. A
Braak-like T-PET pattern subject component score of zero corresponds to a T-PET SUVR of
~1.36 in those brain regions. Given that we recently reported a conservative T-PET SUVR
cut point of 1.33 (Jack et al., 2017), in the current study we consider a positive (greater than
zero) subject component score as indicating elevated tau-PET signal. These correlations
persist even after controlling for gray matter density and are linear through the entire cohort
free from outlier bias (Supplementary Figure 6). In a post-hoc voxel-wise analyses
controlling for gray matter density at each voxel, these subject component scores were
strongly predictive of T-PET SUVR in a spatially unique way for each IC (Supplementary
Figure 7). These analyses support the conclusion that the originally identified ICs capture 5
distinct spatial patterns of elevated tau deposition. We also compared our ICA approach to a
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more traditional reporter ROl SUVR method by correlating the subject component scores for
each ROI with the SUVR from an entorhinal cortex ROI. We find a high correlation between
our ICA approach and the SUVR based reporter ROl approach with correlations ranging
from 0.56 to 0.79. The typical Braak-like pattern (1C-5) had the strongest correlation with
the entorhinal cortex reporter ROI, which also supports using IC-5 as the representative t-
PET subject component score. The advantage of using the ICA based method, rather than
the reporter ROI SUVR value, is that the ICA method is data driven and incorporates
biologically relevant information in the PET images outside the reporter ROI and is not
contaminated by atrophy effects or off target binding that separates out into separate
independent components of t-PET signal. The ICA approach also allows for separating out
distinct patterns of tau deposition rather than forcing all potential patterns into a signal a
priori defined ROI-based schema.

There was a large amount of between-subject heterogeneity in the expression of these 5 <-
PET patterns (Supplementary Figures 8-12), including subjects with typical Alzheimer’s
disease dementia. Intriguingly, a posterior cortical atrophy subject showed relatively greater
loadings in IC-1 and 2 (visual and visual/executive respectively) compared to the typical
Braak-like pattern (IC-5). Additionally, one subject with a corticobasal syndrome phenotype
and autopsy proven pathologic AD, showed negative loadings in the typical Braak-like
pattern and high loadings on every other component despite there being ©-PET signal in the
temporal lobe (Supplementary Figure 9). Subjects with amnestic mild cognitive impairment
(n = 8) all had positive loadings for the typical Braak-like pattern (IC-5) which is in contrast
to non-amnestic (h = 3) and dementia with Lewy bodies subjects (n = 3) who had negative or
near zero loadings on 1C-5 (Supplementary Figure 10). Marginally elevated levels of the
Braak-like and non-Braak-like patterns were present in a subset of both amyloid positive
(dark gray plots in Supplementary Figure 11) and amyloid negative subjects (light gray plots
in Supplementary Figure 11, and see Supplementary Figure 12 for a case example).

3.2 Elevated =-PET signal distributed similarly across Braak NFT regions

The frequency map of voxels with high tau levels largely recapitulated the typical tau pattern
(Figure 4). Surprisingly, however, the tau deposition frequency in the dorsal precuneus and
posterior inferior temporal lobe was nearly the same as the frequency in entorhinal regions.
The spatial pattern of the result was not altered by lowering the threshold for determining a
positive voxel or by changing the group used to define the z-score. While this phenomenon
is apparent in the voxel-wise map presented in Figure 4, we also verified this fact using
predefined Braak ROIs (Scholl et al., 2016). We determined the most frequently abnormal
voxel at three thresholds (z-score of 1, 2, or 3) within each Braak ROI and plotted that as the
percentage of subjects that had a T-PET scan with elevated signal in that voxel. This analysis
was in agreement with the voxel-wise analysis presented in Figure 4 in that no Braak-
gradient was evident at any threshold (Supplementary Figure 13).

In order to investigate the T-PET signal in these regions free from any potential bias related
to arbitrary threshold levels, the group chosen to anchor the threshold, or assumptions made
in the independent component analysis, we extracted the t-PET signal from these three brain
regions and plotted those against AB-PET (Figure 5). We found that there was a significant
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effect of brain region on the relationship between t-PET and AB-PET (t = 4.41, p < 0.001),
with post-hoc pair-wise comparison being significant for all pairs of brain regions. However,
the pattern was unexpected in that the slope was greatest in the inferior temporal regions and
lowest in the entorhinal region (Figure 5A).

Inspection of the plot reveals that this result is biased by the biological signal-to-noise
(SNR) across the Alzheimer’s disease spectrum. For example, the entorhinal region did not
have the same magnitude of T-PET signal change in Alzheimer’s disease dementia subjects
as other regions, and this lead to the observed difference in slope. However, the entorhinal
cortex did have markedly reduced variability compared to other brain regions. Once the
values in each of the three brain regions were standardized by the average magnitude and
variance across the disease spectrum, another pattern emerged (Figure 5B). The significant
effect of brain region on the relationship between t-PET and AB-PET (t = —5.64, p < 0.001)
remains, but without any difference between the inferior temporal and entorhinal regions (t =
1.57, p = 0.12). The fact that signal differences between the entorhinal and inferior temporal
regions disappeared after standardization is compatible with the fact that they were included
in the same independent component with a greater weighting in inferior temporal regions
(Figure 2E, and Supplementary Figure 14A). In other words, our threshold-free ROI-based
analyses are well in line with our frequency plot and our original ICA analysis in which all
Braak-regions remained in the same IC. Intriguingly, once we adjusted the ‘Braak-like’ IC
pattern (Supplementary Figure 14A) by the voxel-wise biological SNR (Supplementary
Figure 14B), the Braak NFT pathologic-staging schema was very closely approximated
(Supplementary Figure 14C). The biological SNR adjusted IC-5 map also had the most
evident Braak-gradient (Supplementary Figure 5F). This demonstrates that =-PET signal
does indeed measure all regions in the Braak NFT schema in a manner that would be
predicted by the pathologic literature, but statistical properties and off target signal
contamination need to be accounted for in order to observe these changes. A recent ROI-
based analysis (Johnson et a/., 2016) was not able to demonstrate significant hippocampal
signal change given that this approach has more difficulty in dealing with regional variation
in disease-related tau-signal increases and contamination with “off target’ binding in
adjacent structures.

The voxel-wise average t-PET maps created across the AD spectrum suggest a similar
system-wide increase in T-PET signal, rather than a sequential spread (Figure 6). There was
little evidence of elevated average T-PET signal in subjects with negative loadings (IC score
< 0), but component scores in these subjects still displayed age-associated increases (p =
0.58, P < 0.001) consistent with recent reports (Scholl et a/., 2016) and with existing
pathologic literature (Crary et al., 2014). Elevated average levels of tau-PET become
visually apparent in subjects with positive loadings, and signal was present simultaneously
throughout the regions identified by the typical =-PET pattern. However, between IC score
levels of 0.5 — 1.0, there was a large increase in the magnitude of the signal throughout the
system. Around this same point, there was a significant increase in the proportion of Ap
positive subjects (bottom half of Figure 6), and there was a greater degree of network failure
present as measured by NFQ. The other molecular, clinical, and network measures are
compared and presented for each IC group in the inset of Figure 6. A video combining
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Figures 6 and Supplementary Figure 3 is available as a supplement (Supplementary Video
1).

3.3 Beta amyloid partially mediates the relationship between functional network failure and
tau deposition

In order to more directly investigate how these network-based patterns of tau deposition
relate to measures of functional connectivity in large-scale brain networks, we studied the
relationship between ©-PET and a task-free fMRI based biomarker of network failure (i.e.,
the NFQ). All three measures were associated with age across the disease spectrum and in
clinical normal subjects; therefore all models include age as a covariate. Importantly, we
recently reported that among clinically normal subjects, T-PET is not associated with NFQ
when age is included in a multivariate model suggesting that age-related factors other than
entorhinal cortex tau can drive NFQ prior to amyloid accumulation and cognitive
impairment (Wiepert et al., 2017).

Network failure was associated both with AB-PET (B = 0.34, P < 0.001) and the typical tau
pattern (f = 0.31, P < 0.001 and see group comparison in Figure 6). Therefore, we
performed a mediation analysis to test whether the relationship between network failure and
tau was mediated fully, partially, or at all by Ap. As an important prerequisite to performing
the mediation analysis, we had previously observed the association between AB-PET and the
typical tau pattern. The mediation analysis was consistent with one third of the relationship
between network failure and tau being direct (direct effect 0.26, 95% CI [0.02, 0.46]) and
the remaining 67% (95% CI [45%, 97%]) being mediated by amyloid (mediation effect 0.52,
95% CI [0.30, 0.79] with a total effect of 0.78, 95% CI [0.45, 1.11]) (Figure 7A). Given the
potential circularity confound regarding IC selection and amyloid, we repeated this
mediation analysis substituting the reporter ROl SUVR-based approach for IC-5 component
scores and found the same results. In order to see if there was any difference in the local tau
deposition pattern associated independently with global AR and NFQ, we created spatial
maps of the t-scores of the A and NFQ terms in a linear model predicting t-PET signal on
a voxel level while controlling for age (equation in Figure 7A). This demonstrated that
global Ap was relatively more associated with medial and lateral temporal tau deposition
than the precuneus in a pattern recapitulating 1C-5 (Figure 7B). This was in contrast to the
pattern observed for NFQ, which had a relatively greater association with tau in the
precuneus compared to the medial and lateral temporal regions in a pattern recapitulating
IC-4 (Figure 7C). These results are in line with a recent regional analysis of tau, amyloid,
and gray matter (Sepulcre et al., 2016).

3.4 Posterior DMN connectivity patterns associated with tau-PET are distinct for tau in the
temporal lobe versus the precuneus

This result then lead to our analyses of 1C-5 and 1C-4 as a predictor for posterior DMN
connectivity (see the equation at the bottom of Figure 7). This was in-line with the model
presented in Figure 1. IC-5 was associated with hyper-connectivity within the posterior
DMN (e.g., the precuneus) and increased connectivity to a variety of other brain regions as
would be predicted in step 2 outlined in Figure 1 (Figure 7D). IC-4, or the precuneus/
posterior DMN specific tau deposition, was associated with declining posterior DMN
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connectivity in the precuneus and increased frontal lobe connectivity (Figure 7E). This
explains why the NFQ is associated with the IC-4 pattern of tau deposition, and is consistent
with step 3 outlined in Figure 1. However, none of the results in Figure 7 D and E survived
correction for multiple comparisons and should be considered post-hoc and exploratory, but
well-grounded in the results leading to this analyses.

4 Discussion

Our major findings were: (1) Spatial patterns of tau deposition follow functionally related
brain systems, beyond those sampled neuropathologically for Braak staging, in a
heterogeneous manner; (2) These atypical, ‘non-Braak-like’ tau-deposition patterns were
associated with younger age-of-onset while the typical, ‘Braak-like’ pattern was not related
to age-of-onset; (3) Elevated ©-PET signal is detected network-wide rather than focally and
sequentially throughout Braak regions as demonstrated by ICA (Figure 2E and
Supplementary Figures 2,5, and 14), frequency count (Figure 4 and Supplementary Figure
13), the effect of brain region on the relationship between tau and Ap (Figure 5), average t-
PET images across IC-5 loading groups (Figure 6), and the presence of network wide
patterns in clinically normal subjects (Supplementary Figures 11 and 12 and recently
reported in (Mishra et al., 2017)); (4) The typical, ‘Braak-like’ =T-PET deposition pattern is
related to large-scale functional network failure, with this relationship being partially
mediated by AR (Figure 7). These results implicate large-scale brain networks in the
pathophysiology of tau and in the pathophysiology that links A to tau as hypothesized by
our model outlined in Figure 1.

The cascading network failure model is consistent with these cross-sectional observations,
but it is not the only potential interpretation (see more detailed discussion below). This is
certainly true regarding hypotheses relating to temporal sequences of events. Longitudinal
analyses across the AD-spectrum will be required to truly examine temporal predictions
made by our model and alternative models. All prior studies of the temporal progression of
tau have been forced to make inferences from cross-sectional pathologic data, but with the
advent of ©-PET, true longitudinal studies are now possible. However, reports of cross-
sectional observations necessarily precede detailed longitudinal studies and these
observations can be interpreted in light of prior cross-sectional pathologic studies.

4.1 Elevated levels of ©=-PET signal appear across large-scale brain networks

This study demonstrates that the spatial patterns of tau deposition can follow functionally
related brain regions beyond those usually sampled neuropathologically for Braak staging
(Figure 2), which has been the focus of several =-PET investigations (Cho et al., 2016,
Johnson et al., 2016, Scholl et al., 2016, Schwarz et al., 2016). This is consistent with recent
reports of differences in ©-PET uptake between specific clinical phenotypic variants of
Alzheimer’s disease (Ossenkoppele et al., 2016). Further support for the notion that =-PET
patterns more closely capture network-related variability, which manifests as different
clinical phenotypes, comes from the striking correspondence of t-PET patterns and three
resting state networks (ventral visual stream, posterior DMN, and the left working memory
network [Supplementary Figure 4]). In further support of this association with phenotypic
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heterogeneity, the left working-memory network is a system thought to underlie the
phonologic loop (Baddeley and Hitch, 1974), which we have recently shown to be more
affected in language presentations of Alzheimer’s disease (Whitwell ef a/., 2015). However,
as is apparent to clinicians and caregivers, there remains a large amount phenotypic
heterogeneity even in so-called ‘typical’ presentations of Alzheimer’s disease
(Supplementary Figure 8). As such, the different patterns of tau deposition identified in our
study are relevant to studies of all phenotypic presentations of Alzheimer’s disease, as well
as all clinical stages, extending across preclinical, mild cognitive impairment, and dementia
(Supplementary Figures 8-12). In fact, isolating the extent to which these tau deposition
patterns are present has great potential to serve as a new phenotypic tool that may be more
precise than recapitulating the Braak staging schema using Braak ROls (Scholl et al., 2016).
Cognitive domain and phenotype-specific correlations with t-PET patterns were not the
focus of this current study, but future studies into these associations are needed.

It was surprising that Braak NFT staging regions were all present within the same =-PET IC
pattern (Figure 2E and Supplementary Figures 2,5, and 14). This is an unexpected result
because early Braak regions, such as the entorhinal cortex, should have elevated tau-PET
signal that occurs independently and with greater frequency than later Braak regions (e.g.
the inferior temporal cortex) and therefore result in an independent component that is
composed only of early Braak regions. However, this did not occur in either the low-
dimensional (i.e., 33) or the high dimensional (i.e. 70) spatial ICA analysis. This result
raises the possibility that ©-PET signal in Braak NFT regions may not be independent -
although, the cross-sectional ICA analysis may be biased. Our result from mapping elevated
©-PET signal by the frequency of involvement of each brain voxel also indicates that several
regions across the brain have detectable increased tau-PET signal simultaneously (Figure 4).
This can also be observed in clinically normal subjects without evidence of elevated AR
(Supplementary Figure 11 and 12). In addition to the entorhinal regions, the posterior
inferior temporal cortex and dorsal precuneus were abnormal in a large proportion of
subjects (Figure 4 and Supplementary Figure 13). While this may not necessarily indicate
that the signal simultaneously becomes abnormal in all of these regions, it does argue
against a sequential involvement of Braak regions with limbic structures becoming involved
before neocortical regions, as one would expect from a seed-based templating mechanism
following the Braak staging gradient. Sequential spreading not fully detected by =-PET until
later stages could also produce these observations, but using Braak-staging ROIs, or any
other regional approach, would not confer any particular advantage over global measures in
such a case (Maass et al., 2017). The lack of utility in using Braak-staging ROIs is also
highlighted by the fact that the ©-PET signal in preclinical AD is more widespread than
predicted by pathologic staging as was recently shown by others (Mishra et a/., 2017) and
also observed in this study (see Figure 6 and Supplementary Figures 11-13). Another
alternative explanation for the observed widespread signal is that tau-PET is sensitive to
abnormalities in vulnerable brain systems even in the absence of NFTs, perhaps manifesting
as marginally elevated tau-PET signal. All three of these possibilities would appear as
synchronously elevated T-PET signal rather than recapitulating the sequential involvement
that has been inferred from cross-sectional pathologic studies.
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It is uncertain if there is a neuropathological correlate for the T-PET signal in these brain
regions at early Braak NFT stages, as they are not all routinely sampled as part of the Braak
NFT-staging schema and the probability of observing tau in these regions likely varies. It
appears that the major difference between these brain regions is the biological SNR (Figures
5 and Supplementary Figure 14) rather than the frequency of involvement per se (Figure 4
and Supplemental Figure 13). The fact the differences between these regions is largely
related to SNR is also consistent with statistical differences observed between these brain
regions and their correlation with clinical variables (Maass et al., 2017). Even when we
separated out subjects by typical Braak-pattern loadings (Figure 6 and Supplementary Video
S1), we did not appreciate a pattern of sequential involvement in these brain regions, but
more of a ‘blooming” of the <-PET signal throughout Braak regions with progressive
increase in the intensity of the signal. We also observed the presence of these IC patterns
(indicating signal throughout the system) in clinical normal subjects without elevated Af
levels (Supplementary Figures 11 and 12). Longitudinal T=-PET studies spanning the
Alzheimer’s disease spectrum will be needed to investigate this apparent emergence of <-
PET signal diffusely within functional systems.

4.2 The relationship between AB-PET and <-PET

The majority of the variability in T-PET can be explained by AB-PET, with similar
percentages found using generalized additive models (Supplementary Figure 2, 65.8% of the
deviance, p < 0.001) and in the mediation analyses with network failure (67%, 95% CI
[45%, 97%]). However, the relationship is non-linear and appears more sigmoidal
(Supplementary Figure 3), consistent with proposed biomarker models (Jack et al., 2013,
Villemagne et al.,, 2013). The change in AB-PET plateaus, as has been reported previously
(Jack et al., 2013); however, T-PET continues to increase as the proportion of clinically
impaired subjects increases (Figure 6), suggesting that <-PET is a better marker of
progression in the clinical disease phase (Brier et al., 2016), while Ap-PET is a better
marker of preclinical disease stages. Given that ©-PET appears to continue to increase after
amyloid saturation, this may drive the partial independent association between NFQ and tau
from AB (Figure 7). In this context, it is interesting to note that the global A is more
associated with the spatial pattern captured in 1C-5 (typical Braak pattern, Figure 7B) and
NFQ is more associated with the pattern captured by 1C-4, which resembles the posterior
DMN (Dice coefficient of similarity = 0.57) centered in the precuneus (Figure 7C). In
addition, the posterior DMN connectivity patterns associated with tau-PET are distinct for
tau in the temporal lobe (Figure 7D) versus the precuneus (Figure 7E). This pattern and the
apparent temporal sequence are largely in keeping with the cascading network failure model
discussed in more detail below and outlined in Figure 1.

It is still unclear why there is an apparent temporal lag between markers of Ap increase and
markers of tau increase. In addition, A deposition occurs throughout all major hubs of
connectivity in the brain (Buckner et al,, 2009), while tau deposition occurs within specific
functional networks (Figure 2) and not in major hubs in general. Existing models have
struggled to account for these spatiotemporal gaps between the two major molecular
hallmarks of the disease. Invoking pathophysiologic mechanisms that incorporate large-scale
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brain systems may shed light on this long-standing apparent spatiotemporal paradox
between AB and tau (Jones et a/., 2016, Stam, 2014).

4.3 Large-scale brain networks and protein deposits

There are many open questions regarding the mechanistic link between large-scale brain
networks and neurodegenerative diseases, despite the long-known fact that connected
systems are important aspects of neurodegenerative pathophysiology. Over the years, several
monikers have been proposed to capture this relationship, such as systems degenerations
(Saper et al., 1987), network-based neurodegeneration (Greicius and Kimmel, 2012), and
molecular nexopathies (Warren et al,, 2013). Seed-based polymerization of various proteins
spreading along structural brain connections is currently the most widely accepted
hypothesis for the observed associations between neurodegenerative patterns and network
properties (Raj et al., 2012, Zhou et al., 2012). However, questions remain regarding the
explanatory ability of these models (Walsh and Selkoe, 2016), and they have not accounted
for the spatiotemporal gap between the two major molecular hallmarks of Alzheimer’s
disease. In fact, recent tests of the seed-based polymerization model failed to achieve as
strong of evidence for Alzheimer’s disease as for other neurodegenerative diseases studied
(Zhou et al.,, 2012). The authors speculate that it may be the dual-protein nature of
Alzheimer’s disease that led to this discrepancy. Therefore, while seed-based polymerization
may explain portions of tau pathophysiology in Alzheimer’s disease, it does not explain Ap
pathophysiology or the stereotypical spatiotemporal gaps between tau and Ap. In addition,
©-PET signal seems to be detectable in multiple brain regions across functional networks
simultaneously rather than in a step-wise manner, which is more supportive of selectively
vulnerable brain systems being the etiology as opposed to seed-based templating, although,
both mechanisms may occur simultaneously (Walsh and Selkoe, 2016). In this context, it
should be noted that functionally connected brain systems, centered in the parietal and
posterior cingulate regions, have been found to be abnormal in mouse models of age-related
memory impairment, and that this functional stress is alleviated with therapies targeting
brain circuits (Haberman et al., 2017).

The cascading network failure model may be better able to account for these discrepancies
by reconciling distributed network level pathophysiology with proposed molecular
pathophysiological mechanisms (Figure 1). It is clear that synaptic activity and plasticity are
related to the (patho)physiology of Ap (Palop and Mucke, 2010), with converging evidence
from various perspectives including theoretical (Mesulam, 1999), molecular (Spires-Jones
and Hyman, 2014), animal model based (Bero et a/., 2011), and /n vivo microdialysis and
electrophysiological studies (Cirrito ef al., 2005). Three key facts regarding amyloid
precursor protein (APP) processing are important to consider in this regard: processing of
APP is influenced by (1) synaptic activity (Cirrito et al., 2005) and plays an influential role
in both (2) long-term potentiation, and (3) long-term depression (Palop and Mucke, 2010).
From a signal-processing perspective within a system connected via synapses, these three
factors ideally position APP processing to serve a ‘gain’ function (i.e., adjusting signal-to-
noise properties depending on the context of the signals that are being passed along synapses
over time). Viewed from this perspective, a natural link becomes apparent between system/
network wide signal processing in the brain and APP processing at the synapse. The
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cascading network failure model of Alzheimer’s disease (Jones et a/., 2016) postulates that
large-scale compensatory shifts in brain connectivity, which initially appear as increased
levels of functional connectivity, leads to network-wide changes in signal processing that
have a large impact on APP processing and the likelihood of observing Ap pathology in
hubs of high connectivity.

It may be the case that local, within-network tau-associated disruptions trigger large-scale
brain wide compensatory rearrangements which have been associated with amyloidosis in
previous studies (Jones et al., 2016). The observed plateauing of amyloidosis in this and
other studies may mark a saturation of brain-wide compensatory changes for the original
local network failure — with this original network containing only a subset of hubs. With an
exhausted compensatory reserve, wide spread taurelated neurodegeneration proceeds within
the inciting local network (Figure 1). This scenario, predicted by our model of a cascading
network failure, would result in the characteristic spatiotemporal gaps observed for A and
tau. The observation that the relationship between network failure and ©-PET is partially, but
not fully, mediate by AB-PET lends support to this model of network failure being causally
related both to A and tau (Figure 1 and 7). Our exploratory analyses supported the
conclusion that there are two distinct patterns of posterior DMN connectivity associated with
distinct tau-PET patterns as our model would predict (Figure 7D and 7E), with one pattern
relating to Ap (Figure 7B) and the other to NFQ (Figure 7C). Whilst alternate but currently
unknown mechanisms may lead to the acceleration of molecular tau pathology by Ap
pathology, it seems likely that any such mechanism will need to include distributed brain
network changes in order to incorporate all of the existing knowledge of Alzheimer’s disease
pathophysiology.

4.4 Limitations

The major limitation of this study is its cross-sectional nature, which has been a limitation in
all previous studies of tau spatial patterns across the disease spectrum. That being said, we
utilized several different methods of evaluating tau spatial patterns, each with unique biases,
which yielded similar results regarding system-wide tau deposition. Moving forward, /n vivo
tau imaging will allow for longitudinal studies of tau spatial patterns to assess the sequential
character of tau deposition. A potential important limitation of -PET is the off target
binding to substrates unrelated to Alzheimer’s disease tau pathology. However, our ICA-
based analysis was able to isolate off-target signal (e.g., form the choroid plexus) and
separate that from on-target signal in Braak staging regions. While it is still unclear what the
pathologic correlates of age-associated marginally elevated levels of T-PET signal in
clinically normal subjects are, they do appear to be associated with worse cognition (Scholl
et al.,, 2016). Studies correlating /n vivo t-PET with histopathology in preclinical
Alzheimer’s disease are needed to better understand this phenomenon.

4.5 Conclusions

Our study is largely consistent with recent reports that the spatial distribution of ©-PET can
appear both in ‘Braak-like’ and atypical distributions in an age associated manner involving
functionally connected brain networks. However, it appears that =-PET signal elevation
within these systems may emerge throughout the affected network rather than sequentially,
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as has been widely inferred from cross-sectional regional sampling of post-mortem tissue. In
addition, we observed that tau is related to measures of network failure, and that this
relationship is partially mediated by AB. This study strongly implicates large-scale brain
networks in the pathophysiology of tau, offers support for a cascading network failure model
of Alzheimer’s disease, and encourages further testing of theories that incorporate large-
scale network physiology into disease models linking tau and amyloid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ap beta-amyloid

AD NI Alzheimer’s Disease Neuroimaging Initiative
APP amyloid precursor protein

DMN default mode network

FDG flurodeoxyglucose

fMRI functional MRI

IC independent component

ICA independent component analysis
NFQ Network Failure Quotient

NFT neurofibrillary tangles

ROI region of interest

SNR signal-to-noise ratio

SUVR standardized uptake value ratio

-PET [F-18]-AV-1451
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Figure 1. Cascading Network Failure, Amyloid, and Tau
This figure is a schematic of the hypothetical model relating large-scale brain networks,

beta-amyloid, and tau across the Alzheimer's disease spectrum and serves as an outline of
the current study. 1) A brain surface rendering with 5 key regions of spatially independent
tau deposition patterns (see Figures 2 and 3). In this schematic, these regions mark the
potential combinations of brain regions that support functional brain networks that may
experience high information processing load, or stress, which may predispose to a tau-
related degenerative process. 2) In order to avert system failure and hence clinical
impairment, the brain regions involved in these functional networks may shift their
processing load to the posterior DMN which serves as the core processing hub in the brain
(represented by the blue and yellow brain rendering). Any uncompensated load may lead to
early low levels of tau accumulation in the stressed system during the preclinical disease
phase and is represented by the small red arrow in the schematic. Whether this process
occurs focally and sequentially throughout connected brain regions, or emerges
simultaneously across the system, as this model may predict, is explored in another set of
analyses (Figures 4-6). 3) The posterior DMN becomes overloaded and begins to shift its
processing load to other connectivity hubs (represented by the ball-and-stick brain
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rendering). This posterior DMN decline, accompanied by increased connectivity between
the posterior DMN and other brain systems, is quantified in the recently developed
biomarker termed the Network Failure Quotient (NFQ), see (Wiepert et al., 2017) for details.
4) This increased load leads to noisier synaptic activity, and alterations in APP processing
occur in an effort to compensate. The altered APP processing eventually leads to amyloid
plaque formation (represented by a single subject’s amyloid PET scan at the bottom of the
figure) and a saturation of synaptic compensation, and therefore functional compensation. 5)
With an inability to shift additional processing load, the uncompensated stress in the original
system now leads to a rapid acceleration of the previously indolent tau-associated
neurodegenerative process (large red arrow). This proposed relationship between NFQ, beta-
amyloid and tau are explored in a mediation analyses (Figure 7).
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Figure 2. Spatial Patterns of Tau Deposition
The spatial extent of the five biologically relevant ©-PET independent components are
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onset age

1duosnuen Joyiny

1duosnuep Joyiny

overlaid on orthogonal slices of a template brain (color bar encodes z-score from -5 to 5).
Inset, the subject component scores are plotted vs. age-of-onset for the dementia cases. Note
that there are trends towards higher loadings in younger onset subjects in atypical ‘non-
Braak-like” patterns (A-D), but not in the typical ‘Braak-like’ pattern (E).
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Figure 3. Regions of Interest derived from the Five Tau Deposition Patterns
Each of the five tau deposition patterns was used to derive a ROI by binarizing the IC maps

using a hard threshold of a z-score of five. The spatial extents of these ROIs are overlaid on
a surface rendering in this figure, with each 1C color coded (see the legend at the bottom of
the figure). The orange areas in the figure demarcate regions of overlap between two ROIs.
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Figure 4. Voxel-Wise Frequency Map of Elevated ©-PET Signal across the Alzheimer’s Spectrum
The frequency with which a voxel has abnormally elevated t-PET signal (z-score greater

than 3) across the entire sample, excluding the subjects used to anchor the threshold (n =
168), is color coded from least (zero subjects) to maximum (53 subjects). The same
frequency map is overlaid on orthogonal slices chosen to highlight peak regions in the A)
entorhinal, B) posterior inferior temporal, and the C) dorsal precuneus. Lowering the
threshold to determine positivity increases the frequency count, but the spatial pattern of

abnormal regions does not change (see the main text for details).
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Figure 5. Brain Region Effect on the relationship between t-PET and AB-PET
A) The log transformed ©-PET signal from each of three brain regions (entorhinal [green],

inferior temporal [red], and dorsal precuneus [cyan] from Figure 4) is plotted vs Ap-PET
SUVR. Surprisingly, the entorhinal cortex shows the lowest magnitude increase and does not
have a steeper slope than the other brain regions. B) However, once the values in each region
are standardized with respect to the biological signal-to-noise properties in each region,
there is no difference between the entorhinal and inferior temporal brain regions, but the
precuneus has a smaller slope than both of these regions.
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Figure 6. The Emergence of System-Wide Tau Signal, Amyloidosis, Network Failure, and
Cognitive Impairment with Advancing Subject Component Score

The =-PET scans were averaged within subjects grouped by the Braak-like independent
component (IC 5) z-scores. The groupings are illustrated with colored boxes in
Supplementary Figure 2. These average values are displayed in orthogonal slices, with the
color-bar encoding the median t-PET SUVR, highlighting the emergence of elevated signal
throughout brain regions rather than step-wise as might be expected. Inset, are average
variables (median and 15t and 3" quartiles for age, T-PET SUVR within the IC 5 ROI, and
network failure quotient) and counts (number of subjects with AB-PET SUVR greater than
1.5 and number of subjects that are clinically impaired [either mild cognitive impairment or
dementia]). Variables that are significantly different relative to the first IC group (IC score <
0) are italicized in yellow font and marked with an asterisk. Kruskal-Wallis one-way
ANOVA was used for continuous variables, with post hoc Mann-Whitney U-tests for pair-
wise differences. Chi-squared tests were used for categorical variables.
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Figure 7. Amyloid Partially Mediates the Relationship between Network Failure and Tau
A) A schematic of the mediation analyses, across all subjects (n = 218), testing predictions

made by the cascading network failure model of Alzheimer’s disease, that the majority of
the association between network failure (NFQ) and tau would be mediated by the amyloid
phase of the disease process. This schematic shows that NFQ is related both to Ap and tau,
but ~67% of the association between NFQ and tau is mediated by Ap. The spatial pattern of
these effects is investigated voxel-wise within the linear model expressed at the bottom of
the mediation analyses schematic. B) A map of the t-score (ranging from 0 to 15) for the Ap
term in the model at each voxel is displayed on a surface rendering. C) A map of the t-score
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(ranging from 0 to 5) for the NFQ term in the model at each voxel is displayed on a surface
rendering. The voxel-wise FWE rate of 0.05 is indicated by the white arrow above each
color bar in B and C. D) A map of the t-score (ranging from =3 to 3) for the IC-5 term in the
model predicting posterior DMN functional connectivity at each voxel is displayed on a
surface rendering. E) A map of the t-score (ranging from —3 to 3) for the 1C-4 term in the
model predicting posterior DMN functional connectivity at each voxel is displayed on a
surface rendering. None of the results in D and E were greater that the voxel-wise FWE
significance level.
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Table 1
Patient Characteristics
Characteristic All Clinically Normal Impaired
(n=218) (n=177) (n=41)
Age, years
Median (IQR) 68 (59,74) 67 (58,73) 68(63,75)
Min, Max 31,90 31,90 55,83
Male gender, no. (%) 126 (58%) 102 (58%) 24 (59%)
Education, years
Median (IQR) 16 (13,18) 16 (14,17) 16 (13,18)
Min, Max 12,20 12,20 12,20
MMSE
Median (IQR) 29 (28,29) 29 (28,29) 22 (17,26)
Min, Max 6,30 23,30 6,30
PIB PET, SUVR
Median (IQR) 1.35(1.27,1.69)  1.32(1.26,1.40)  2.47 (2.15,2.69)
Min, Max 1.12,3.02 1.12,2.73 1.51,3.02
>1.4, no. (%) 89 (41%) 48 (27%) 41 (100%)
>1.5, no. (%) 66 (30%) 25 (14%) 41 (100%)
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