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Abstract
Purpose Tau pathology progression in Alzheimer’s disease (AD) is explained through the network degeneration hypothesis and
the neuropathological Braak stages; however, the compatibility of these models remains unclear.
Methods We utilized [18F]AV-1451 tau-PET scans of 39 subjects with AD and 39 sex-matched amyloid-negative healthy
controls (HC) in the ADNI (Alzheimer’s Disease Neuroimaging Initiative) dataset. The peak cluster of tau-tracer uptake was
identified in each Braak stage of neuropathological tau deposition and used to create a seed-based functional connectivity
network (FCN) using 198 HC subjects, to identify healthy networks unaffected by neurodegeneration.
Results Voxel-wise tau deposition was both significantly higher inside relative to outside FCNs and correlated significantly and
positively with levels of healthy functional connectivity. Within many isolated Braak stages and regions, the correlation between
tau and intrinsic functional connectivity was significantly stronger than it was across the whole brain. In this way, each peak
cluster of tau was related to multiple Braak stages traditionally associated with both earlier and later stages of disease.
Conclusion We show specificity of healthy FCN topography for AD-pathological tau as well as positive voxel-by-voxel corre-
lations between pathological tau and healthy functional connectivity. We propose a model of “up- and downstream” functional
tau progression, suggesting that tau pathology evolves along functional connectivity networks not only “downstream” (i.e., along
the expected sequence of the established Braak stages) but also in part “upstream” or “retrograde” (i.e., against the expected
sequence of the established Braak stages), with pathology in earlier Braak stages intensified by its functional relationship to later
disease stages.
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Introduction

Misfolded proteins have been found to aggregate within spe-
cific vulnerable brain regions [1] and progress to other brain
regions that are often anatomically connected [2]. The net-
work degeneration hypothesis (NDH) proposes that neurode-
generative diseases, including Alzheimer’s disease (AD), tar-
get large-scale brain networks [3] and their pathology follows
functional connectivity (FC) patterns [4–7].

The topographical distribution of tau corresponds with sev-
eral higher order cognitive networks [8], suggesting that tau
progresses from more than one pathologic epicenter [9, 10]
and progresses system-wide rather than focally [11], and that
ROI-based intrinsic functional connectivity (iFC) covaries
with tau [4]. The sentinel stagewise neuropathological tau
progression model suggested by Braak and Braak suggests
that tau aggregation begins in the entorhinal cortex and locus
coeruleus [12], with subsequent accumulation of tau in the
mesocortex, allocortex, and then neocortex. The extent of
stagewise tau pathology implies a progression of protein from
earlier to later stages (“anterograde progression”). However,
multiple in vitro studies [13] and in vivo studies [14, 15] have
suggested that tau could, at least in part, propagate in reverse
(“retrograde progression”). The mis-sorting hypothesis,
contending that tau is not sorted into axons but rather accu-
mulates in the somatodendritic compartment of neurons [16],
could help to account for retrograde progression. Furthermore,
progression of tau pathology has been related to synaptic con-
nectivity rather than spatial proximity, both along efferent and
afferent connections [14], and this finding has been replicated
in vivo by tau-PET imaging studies [17–19]. The compatibil-
ity of the stagewise progression of tau according to Braak and
Braak with the NDH, especially with the possibility of both
anterograde and retrograde progressions of tau, has not been
sufficiently explored. Although the sentinel stagewise neuro-
pathological tau progression model suggested by Braak and
Braak [12] has been replicated in vivo by tau-PET imaging
studies [17–19], its relationship with the NDH has not been
well explored.

We hypothesized that tau pathology advances progressive-
ly based on the iFC of already affected regions, consistent
with the multiple resting state functional connectivity net-
works (rs-FCNs) related with tau pathology found in other
studies [8, 10]. As each new hub, or peak region of tau-
tracer retention (tau-peak), is afflicted with tau, it contributes
uniquely to tau’s future progression within other unique brain
regions.

We employed a novel approach to study the relationship
between the NDH and Braak stages, using [18F]AV-1451 tau-
PET imaging and resting state fMRI (rs-fMRI). We identified
tau-peaks, which we hypothesized to represent major epicen-
ters of functionally related tau progression across the brain.
Each tau-peak was used as a seed to generate a corresponding

healthy FCN using healthy control (HC) subjects. We exam-
ined the relationship between pathological tau deposition
levels (AD > HC) and functional connectivity (in HC) within
the respective seed-based FCNs, both within all areas of sig-
nificant tau deposition and, then again, restricted to individual
Braak stage-maps and their component AAL ROIs. Our anal-
ysis uniquely comments on the relationship between tau and
functional connectivity levels within individual Braak stages.
With this data, we suggest that the extent of AD-pathological
tau is consistent with the Braak stages and the network degen-
eration hypothesis.

Materials and methods

Data

Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) da-
tabase (adni.loni.usc.edu). The ADNI was launched in 2003
as a public-private partnership, led by Principal Investigator
MichaelW.Weiner, MD. The primary goal of ADNI has been
to test whether serial magnetic resonance imaging (MRI), pos-
itron emission tomography (PET), other biological markers,
and clinical and neuropsychological assessment can be com-
bined to measure the progression of mild cognitive impair-
ment (MCI) and early Alzheimer’s disease (AD). For up-to-
date information, see www.adni-info.org.

Subjects

This study included all available subjects with a clinical, non-
biomarker-defined diagnosis of AD and with available AV-
1451 PET and T1-weighted MRI imaging at the time of pro-
ject initiation (November 2019); a matching number of ran-
domly selected amyloid-negative HC subjects were included
and were sex-matched to the AD subjects. Amyloid negativity
was defined, as described on the ADNI website, as having a
standardized uptake value ratio (SUVr) of less than 1.11 using
the Florbetapir tracer or less than 1.08 using the Florbetaben
tracer. In total, 39 subjects with AD and 39 subjects with HC
were included in the study. A summary of demographic char-
acteristics is reported in Table 1.

MRI acquisition

T1-weighted MR scans were used in this study which were
generated according to the ADNI acquisition protocol [20].
Baseline images of subjects were used in this study, and the
screening image was used if the baseline was unavailable.
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PET acquisition

AV1451 imaging was performed according to ADNI acquisi-
tion protocol. Images were taken over 30 min, in six 5-min
frames, starting 75 min after 10 mCi of F-AV-1451 injection.
Images taken from ADNI were already coregistered and
averaged.

Voxel-wise data processing

Using Statistical Parametric Mapping (SPM) version 12
(Wellcome Trust Centre for Neuroimaging, Institute of
Neurology, University College London), each subject’s PET
scan was coregistered to its corresponding T1 MRI scan.
Coregistered MRI images were segmented and normalized
to Montreal Neurological Institute (MNI) space. Partial vol-
ume correction was performed using PETPVE12 toolbox
[21]. SUVR images were calculated using the inferior cere-
bellar grey matter as a reference. Inferior cerebellar grey mat-
ter was obtained from the SUIT template [22] and transformed
into each subject’s native space, similar to published methods
[23]. Finally, the normalization deformation of the MRI into
MNI space was also applied to the corresponding PET image
and images were smoothed to 10 × 10 × 10 mm.

Braak stages

Maps of Braak stages 1–6 (Braak stage-maps, or BR1–6) were
established as indicated in Table 2. BR1–2 consisted of the
entorhinal cortex as defined in the Juelich histological atlas

[24]. Specific ROIs from the automated anatomical labeling
(AAL) atlas (Table 2) were used to create BR3–6, similar to a
previously described ROI-based Braak staging approach [10,
19, 25].

Voxel-wise PET data analysis

A voxel-wise group comparison of tau-PET images was per-
formed between AD and HC subjects (p < 0.05, without FWE
correction), controlling for age as a covariate. This spatial
distribution map was z-score-transformed and mean values
were taken within each Braak stage-map (Table 2). Next, the
voxel with the highest t score (tau-peak, p < 0.05) was iden-
tified within each individual Braak stage. Tau-peaks were
subsequently employed in a seed-based functional connectiv-
ity analysis.

FMRI data acquisition and preprocessing

rs-fMRI analyses were performed using publicly available
imaging data from the 1000 Functional Connectomes
Project (FCP) [26]. One hundred ninety-eight rs-fMRI images
from the Cambridge-Buckner dataset of the FCP aged 18–30
were used (Table 1). FC analysis was performed using SPM
and the Data Processing Assistant for Resting-State fMRI
(DPARSF) version 4.0, a pipeline analysis toolbox.

Preprocessing steps followed the standard protocol [27].
For acquisition of rs-fMRI data, participants in this dataset
were instructed to rest while remaining awake with eyes open
in a 3-T scanner. rs-fMRI data was acquired using an echo-

Table 1 Demographic
information about the datasets
used

Group Age Education MMSE CDR-
SB

Males Females

AD patient (N = 39) 73.9 ± 8.7 15.9 ± 2.4 22.8 ± 2.7 4.4 ± 1.6 26 13

HC(N = 39) 69.6 ± 5.2 16.9 ± 2.1 29.2 ± 1.0 0.1 ± 0.1 26 13

HC (fMRI only)* (N = 198) 21.0 ± 2.3 75 123

*From the functional connectome project

CDR-SB, clinical dementia rating–sum of boxes; MMSE, mini-mental state examination

Table 2 Braak stage components
and mean pathological tau. For
each Braak stage in the first
column, its respective definition
based on automated anatomical
labeling (AAL) regions of inter-
est, as well as the mean voxel-
wise Z-score (AD > HC, p < 0.05
without FWE correction)

Braak
stage

ROIs Mean Z-score in
AD > HC

I/II Entorhinal cortex (in Jülich Histological Atlas) 2.36

III AAL ROIs: parahippocampal gyrus, fusiform gyrus, lingual gyrus, amygdala 2.81

IV AAL ROIs: inferior temporal cortex, middle temporal cortex, temporal pole,
thalamus, posterior cingulate, insula

3.35

V AAL ROIs: frontal cortex, parietal cortex, occipital cortex, superior temporal
cortex, precuneus, caudate nucleus, putamen

3.01

VI AAL ROIs: precentral gyrus, postcentral gyrus, paracentral gyrus, cuneus 2.67
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planar imaging (EPI) sequence, with a repeat time (TR) = 2 s,
echo time (TE) = 30 ms, time points = 119, slice number = 47,
voxel size = 3 × 3 × 3 mm3, and field of view = 216 × 216. A
high-resolution T1-weighted magnetization-prepared gradient
echo (MPRAGE) image was also obtained for each subject in
order to spatially normalize the rs-fMRI scans.

To avoid transient changes before reaching a steady state,
the first ten time points of each subject were discarded, and
then, scans were processed with slice timing. Nuisance vari-
ables were regressed from the fMRI signal including white
matter and CSF signal. Global signal regression was also per-
formed, which has been shown to be very effective at remov-
ing artifact [28] despite debate [29–31] and physiological
noise, including respiratory and cardiac-based signals. Next,
head motion was corrected using the Friston 24 parameter
model [32], as higher parameter confound regression models
are suggested to be beneficial in removing motion [28]. Then,
a T1-weighted normalization of the fMRI scans was per-
formed into MNI space, followed with band-pass filtering
(0.01–0.1 Hz), and smoothed with a 4 mm × 4 mm × 4-mm
Gaussian kernel to reduce spatial noise.

Rs-fMRI analysis

Separately, at each tau-peak, a seed in the form of a sphere of
4-mm radius was positioned. Seed-based FC analyses for each
respective tau-peak were performed on the 198 rs-fMRI HC
subjects, controlling for age and sex to identify characteristic
intrinsic networks (p < 0.05, without FWE correction).

t test and GOF comparison of tau and iFC

A goodness of fit (GOF) analysis compared the average t
scores, and a t test assessed for significance between tau
(AD > HC, p < 0.05, without FWE correction) inside versus
outside of each FCN (HC, p < 0.05, without FWE correction).
GOF scores were calculated as average tau t scores inside the
FCN divided by that outside of the FCN.

Correlation between tau and iFC

Voxel-wise spearman correlation analyses were performed
between the t score map of the tau-tracer retention pattern
(AD > HC, p < 0.05, without FWE correction) and the t score
maps of the generated tau-peak FCNs (p < 0.05, without FWE
correction), respectively. t scores of the tau-peak FCNs repre-
sent the iFC to the respective tau-peak. A sphere of 10-mm
radius surrounding each tau-peak was removed from the cor-
relation analysis in order to eliminate interference from voxels
near the tau-peak tending to have a higher level of functional
connectivity. All t tests and correlations were performed both
across all significant tau voxels and, again, restricted to

significant voxels in each Braak stage-map and again in each
individual Braak stage-map AAL region.

All p values were corrected for multiple comparisons using
FDR-correction in MATLAB, correcting for all permutations
(125) of FCNs with Braak stages and Braak stage-maps. The
strength of the correlation between tau and iFC in each Braak
stage was compared to the correlation strength in its stage-
map AAL regions using the Fisher Z-test from the Cocor
package [33]. In each ROI, if an FCN had a significantly
greater burden of tau inside relative to outside the FCN, and
the correlation between tau and iFC in that FCN was signifi-
cantly stronger than across the whole brain, then that FCNwas
thought to be implicated in the progression of tau within that
ROI.

Results

Patterns of tau-tracer retention

The group-level comparison t test between the tau-tracer re-
tention of AD and HC groups revealed a pattern of increased
tau-tracer retention in AD as compared to HC, including the
posterior cingulate cortex, precuneus, inferior temporal, oc-
cipital, and frontal cortical region. The mean z-score in AD
> HC subjects (Table 2, p < 0.05, without FWE correction)
within each Braak stage (Fig. 1) showed the highest AD-
pathological tau in BR4withmean levels subsequently declin-
ing in stages BR5–6.

Locations of tau-peaks

Five tau-peaks were determined, one for each Braak stage, and
were named after their corresponding stage (i.e., tau-peak 3
was the peak of Braak stage 3). Tau-peak 1–2 was in the right
entorhinal cortex, tau-peak 3 in the left fusiform gyrus, tau-
peak 4 in the left middle temporal lobe, tau-peak 5 in the left
parietooccipital junction, and tau-peak 6 in the left cuneus.
Visualizations of tau-peaks (Fig. 1) and FCNs (Figs. 1 and
2) are provided.

FCNs correspond to greater burden of tau pathology

There was significantly more tau pathology falling within rel-
ative to outside of FCNs. GOF ratios, comparing average tau
deposition (AD > HC, p < 0.05) inside of an FCN (HC, p <
0.05) relative to that outside of an FCN. This relationship was
preserved and often stronger within specific Braak stages or
AAL regions of the Braak stages. For example, GOF ratios
ranged from 1.06 to 1.17 across the whole brain, and as high
as 1.41 in the cingulum, inside compared to outside of FCN 6
(Table 3).
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Voxel-wise tau deposition correlates with iFC to each
tau-peak

t scores of voxel-wise pathological tau deposition (AD > HC,
p < 0.05) correlated positively with each voxel’s respective
iFC t score (HC, p < 0.05) within the FCN of tau-peaks 1–5
(Table 3). The relationship between iFC and tau was re-
analyzed within each individual Braak stage, as well as within
each individual AAL region of every Braak stage. In many
cases, these relationships between pathological tau deposition
and iFC were significantly stronger (p < 0.05, Table 3) within
whole Braak stage-maps, or within AAL regions of the Braak
stages, than they were across the whole brain.

Significant correlations (p < 0.01) were observed between
iFC levels of voxels to a tau-peak and levels of tau deposition,
in those same voxels, both within earlier Braak stages (“back-
ward/upstream” relationships) and more advanced Braak
stages (“forward/downstream” relationships), as shown in

Fig 3. For example, tau-peak 4 had iFC that correlated signif-
icantly with tau depositionwithin BR3 (“upstream”) and with-
in BR5 (“downstream”).

Discussion

Summary

This study is the first to assess the tau-iFC relationship both
regarding the voxel-wise topographical overlap of iFC with
tau and with a voxel-wise correlation between iFC and tau.
Furthermore, the tau-iFC relationship is significantly stronger
in specific Braak stage-maps both more and less advanced
than the respective tau-peak. We found that the peak clusters
of tau deposition (tau-peaks) have patterns of iFC (in HC
subjects) with a topography that is specific for tau in specific
regions, represented in high goodness of fit ratios and

Fig. 1 Tau-peaks and their associated FCNs. Tau-peaks 1–6 (pink) are
visualized as 1.0-cm spheres with their respective FCN (blue). The extent
of significant tau (AD > HC, p < 0.05, without FWE correction) in each

Braak stage is shown in red. Each tau-peak is named after the Braak stage
of which it is the peak value (i.e., tau-peak 1–2 is the peak of Braak stage
1–2). FCN (functional connectivity network)
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consistent with t tests. Furthermore, iFC correlates positively
with levels of tau-tracer deposition (AD > HC) in the same
respective voxels, and significantly moreso in specific regions
of the brain. These relationships support our proposal of an
anterograde and retrograde, or downstream and upstream, pat-
tern of tau pathology progression.

Tau deposition pattern

We observed a pattern of significant tau-tracer retention in
patients with AD compared to HC subjects in the posterior
cingulate cortex, precuneus, inferior temporal, occipital, and
frontal regions. This pattern complies with the expected pat-
tern of neurofibrillary tangle pathology as known from neuro-
pathological studies [12] and studies using in vivo tau-PET
imaging in AD [17, 18, 34].

Levels of tau deposition

The extent of pathological tau deposition, lowest in stage
BR1–2, might initially appear contradictory to studies postu-
lating the onset of tau aggregation to be in the mesial temporal
lobes [12]. However, significant tau-tracer retention can be
observed in the hippocampus and entorhinal cortex of the
non-demented elderly [35–37], thus reducing the relative dif-
ference of tracer uptake in these regions in AD versus HC.

Regional tau deposition represents disease
chronology

We hypothesized that regional tau-tracer retention would in-
directly reflect the chronological order of disease expansion,
assuming that regions affected early in the disease accumulat-
ed a relatively higher pathological tau burden as compared to

Fig. 2 FCN surface projections.
FCNs 1–6 (red) visualized as
surface projections. The tau-peak
from which each respective FCN
was derived is listed in parenthe-
sis, and its number refers to the
tau-peak’s corresponding Braak
stage. The right hemisphere was
chosen for illustration purposes
given the bilateral activation of
FCNs. FCN (functional connec-
tivity network)
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regions affected later in time, similar to hypotheses for amy-
loid [38]. We found that AD-pathological tau was greater in
Braak stage 3–4 than in stage 5–6, reflected by average t
scores (AD > HC, Table 2) of 3.08 across stages 3–4 and
2.84 across stages 5–6 This supports increased AD-related
tau pathology present in lower Braak stages.

We suggest that AD-type tau pathology could initiate from
tau-peak 1–2, in the entorhinal cortex, with further disease
pathology concentrated in functionally connected regions, in
both anterograde and retrograde directions.

Mechanisms of tau progression

The mechanism of tau progression has been explained by the
hypotheses of (1) trans-neuronal, prion-like spread, and by (2)
deposition in areas of selective vulnerability. The prion-like
spreading hypothesis [39, 40] contends that tau is passed from
highly connected regions or seeds [41], thus more closely
matching patterns of functional activity [8, 42], but indepen-
dently of any large-scale functional network [9].
Alternatively, it has been proposed that tau can accumulate
in regions that are selectively vulnerable due to higher local

Table 3 Comparison of tau
depositionwith FCNs. Two-tailed
t tests and goodness of fit ratios
were used to compare the level of
tau deposition (AD > HC, p <
0.05) within each FCN to that
outside of each FCN (HC, un-
paired t test, p < 0.05), within
each ROI. Voxel-wise spearman
correlations were computed be-
tween tau deposition (AD >HC, p
< 0.05) and iFC (HC, unpaired t
test, p < 0.05). All listed Braak
stage-maps and AAL regions met
both criteria of having (1) signifi-
cantly more (p < 0.05) tau inside
relative to outside the FCN and
(2) a Spearman correlation be-
tween tau and iFC that is signifi-
cantly stronger (p < 0.05) than
across all tau deposition. The
component AAL region with the
strongest correlation is listed in
brackets if meeting the criteria
and if having a correlation stron-
ger than the full Braak stage. If a
full Braak stage-map did not meet
the criteria, then a component
AAL region is listed if meeting
criteria. All p values are FDR-
corrected for multiple
comparisons.

t test Spearman correlation

Braak stage/substage GOF ratio iFC and tau

ROI1–2 iFC All tau 1.06 0.05; p < 0.01

BR1–2 1.22 0.65; p < 0.01

BR3 1.22 0.38; p < 0.01

Cingulum (BR4) 1.32 0.49; p < 0.01

BR5 (occipital cortex) 1.07 [1.19] 0.13; p < 0.01 [0.29; p < 0.01]

BR6 (postcentral gyrus) 1.01 [1.05] 0.33; p < 0.01 [0.42; p < 0.01]

ROI3 iFC All tau 1.08 0.29; p < 0.01

BR1–2 1.12 0.51; p < 0.01

BR3 1.22 0.50; p < 0.01

BR5 (occipital cortex) 1.10 [1.21] 0.34; p < 0.01 [0.53; p < 0.01]

BR6 (postcentral gyrus) 1.05 [1.15] 0.34; p < 0.01 [0.45; p < 0.01]

ROI4 iFC All tau 1.17 0.38; p < 0.01

BR4 1.27 0.41; p < 0.01

Superior temporal cortex (BR5) 1.12 0.44; p < 0.01

BR6 (precentral gyrus) 1.08 [1.19] 0.50; p < 0.01 [0.58; p < 0.01]

ROI5 iFC All tau 1.09 0.32; p < 0.01

BR3 1.20 0.61; p < 0.01

BR5 (occipital cortex) 1.13 [1.26] 0.33; p < 0.01 [0.57; p < 0.01]

BR6 (postcentral gyrus) 1.07 [1.16] 0.35; p < 0.01 [0.63; p < 0.01]

ROI6 iFC All tau 1.06 0.22; p < 0.01

Cingulum (BR4) 1.41 0.66; p < 0.01

Superior temporal cortex (BR5) 1.16 0.50; p < 0.01

BR6 (cuneus) 1.11 [1.17] 0.43; p < 0.01 [0.80; p < 0.01]

Fig. 3 Upstream and downstream patterns of Braak stagewise tau
progression based on correlations between tau-peak iFC and tau deposi-
tion. Arrows originating from each tau-peak and terminating in the Braak
stage in which that respective tau-peak iFC significantly correlates with
tau deposition, and this relationship is significantly more positive (p <
0.05) within the specific Braak stage than in the entire distribution of
significant tau (refer to measures of relationship strength in Table 3)
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metabolic demand [43, 44] or lack of local neurotrophic hor-
mones [45].

Prion-like tau spreading was supported by transgenic
mouse models, in which synthetic tau fibrils induced tau ag-
gregations and initiated tau spreading [46], spreading by syn-
aptic connectivity rather than just spatial proximity [14]. In
human models, prion-like tau spreading was found to affect
intrinsic functional networks with associated behavioral dys-
function in cognitive tasks such as object recognition [47].
Together, these findings have fueled the idea that tau pathol-
ogy is transmitted in a “prion-like” fashion from cell-to-cell
[39], which suggests that tau may progress along actively
communicating brain regions.

Structural and functional progression of tau
pathology

The results of this study are compatible with both the prion-
like and selective vulnerability theories of tau spreading.
Genetic susceptibility for neurodegeneration could explain
the specific vulnerability of tau-peaks, and their functionally
connected regions, to tau deposition. The mis-sorting hypoth-
esis, contending that tau accumulates in the somatodendritic
compartment of neurons rather than being sorted to axons
[16], could support retrograde progression of tau pathology
within our study’s proposal of bidirectional tau progression
through the reversal of tau’s flow.

We found that stronger regional functional connectivity to
each identified tau-peak is associated with higher tau burden,
on a voxel-wise basis. Regions of the brain that had a signif-
icantly stronger correlation between tau and iFC than across
the whole brain also re-demonstrated topographical specificity
for tau, as represented in the GOF. These results are consistent
with studies suggesting that functional hubs are particularly
susceptible to tau based on their weighted degree or connec-
tivity [9, 48], and that higher functional connectivity between
two ROIs is associated with greater covariance of tau levels
between those two ROIs [4].

Patterns of tau accumulation

Despite most cases of AD conforming to the typical Braak
staging pattern [17–19, 49], there are many noted cases of
interindividual heterogeneity [50–53], including different
clinical profiles such as logopenic primary progressive apha-
sia and posterior cortical atrophy. While our study does not
account for multiple distinct phenotypes of tau progression, a
recent preprint that identified four specific patterns of tau pro-
gression also noted overlap of the phenotypes in early stages
of dementia [54]. With a mean MMSE of 22.8 and CDR-SB
of 4.4, our AD population had a milder clinical level of de-
mentia, which could lessen the extent of phenotypic differ-
ences in tau pathology patterns through our subjects.

Interindividual differences were accounted for in a recent
study [48] that identified epicenters of tau within each indi-
vidual’s tau-PET scans. Cross-sectionally, tau deposition was
related to iFC strength to the tau epicenters, and longitudinal-
ly, tau accumulated in regions most strongly connected to the
tau epicenter. In contrast, our study found epicenters on a
group-wise basis and correlations on a voxel-wise basis, find-
ing a similar cross-sectional relationship between iFC and tau;
additionally, our analysis quantifies the topographical similar-
ity of tau and iFC using goodness of fit.

Our study looked at overall AD-pathological tau without
specificity for multiple subtypes or interindividual differences.
Our conclusion is in support of the link between longitudinal
tau accumulation and iFC to tau epicenters [48]. Moreover,
our study builds upon these studies by looking on a voxel-by-
voxel basis at both topographical overlap and correlation be-
tween iFC and tau. Furthermore, our work complements stud-
ies showing that FCNs related to pathological tau-peaks have
increased tau load and resemble healthy rs-FCNs. Our study
focuses the iFC analysis on specific Braak stages, revealing
correlations that link the Braak stages with successive tau-
peaks and levels of functional connectivity.

Stepwise tau topographical overlap and correlation
through Braak stages

By comparing how the overall distribution of tau fits within
FCNs, as well as voxel-by-voxel correlations between iFC
and tau, we demonstrate a topographical and correlational
relationship between the network degeneration hypothesis
and Braak stages. We believe that these results are consistent
with the concept that tau pathology progresses along specific
intra-neuronal connectivity pathways defined either by struc-
tural connectivity, by pathways defined by areas that are
strongly functionally connected, or both.

Directionality of hypothesized tau progression

We found overlap of spatial topography and significant corre-
lations between tau-peak iFC (in HC) and tau deposition (AD
> HC) within Braak stages both more and less advanced than
the location of tau-peaks. In the Braak staging model, tau is
proposed to flow successively, in an anterograde pattern, from
the entorhinal cortex through to higher cortical areas.
However, several studies have additionally suggested a retro-
grade progression of tau pathology [13–15].

Although a relationship between tau deposition levels and
iFC could be expected in unidirectional functionally based tau
progression, these relationships also suggest the bidirectional
progression of tau, without providing proof thereof.
Importantly, iFC levels were computed in HC subjects to
avoid the network disruptions caused by tau and Aβ [39, 42,
55]. First, there were significant correlations between voxel-
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wise tau levels and iFC to tau-peaks in those same voxels.
Second, iFC was specific for tau pathology in distant ROIs,
based on the GOF analysis and t tests. These relationships
could be interpreted that tau flows from a tau-peak into the
peak’s functionally connected voxels; however, it is more log-
ical that tau converges on the tau-peaks, making them relative
maximums of tau pathology. We believe that it is implicit that
tau follows pathways of healthy functional connectivity rather
than the converse, which would imply that iFC in healthy
subjects is somehow impacted by the extent of pathological
tau deposition in AD subjects. Under the hypothesis that tau
progresses unidirectionally, there could also be a correlation
between tau and iFC. Bidirectional progression of tau pathol-
ogy, however, is suggested as the GOF, coupled with a posi-
tive correlation between iFC and tau levels, indicates that iFC
was not only directly related to the voxel-wise extent of tau,
but it was also topographically specific for tau. So, while the
positive correlations between iFC and tau do not imply cau-
sality of the direction in which tau progresses, they are con-
sistent with tau’s progression through functional relationships,
utilizing tau-peaks as highly connected hubs in the process.

Limitations

First, we did not correct for multiple comparisons when
defining the distribution of tau used in our t tests or
correlation analysis. We believe that this is acceptable
for two reasons. (1) Our visual distribution of tau up-
take strongly resembled that of other published studies
[17, 18, 34]. (2) Our t tests and correlation analysis
captured more generally the relative extent of AD >
HC tau deposition, making the FWE correction arguably
too conservative by eliminating many voxels.

Next, the chronology of tau progression suggested in
this study remains speculative. Data was examined in a
cross-sectional, groupwise manner, which does not pro-
vide proof for a longitudinal progression of tau pathol-
ogy in individual patients. Additionally, AD patients at
different stages of disease were not included in this
study. Therefore, while our results are consistent with
regional tau pathology correlating with functional con-
nectivity relationships, they do not provide evidence that
tau progresses or expands within those relationships.
Additionally, there is emerging evidence that the pattern
of tau progression might be more variable than can be
accounted for by the Braak stages, with multiple iden-
tified phenotypes of tau progression [54], which was not
explored in this study. Finally, we believe that GOF
scores, such as those used in our analysis, might be
better suited in longitudinal studies to better account
for individual or phenotypic variation in tau-PET levels.

Next, iFC may be prone to a nearness effect, whereby
voxels close to the tau-peak have a higher iFC value.

Euclidean distance was used to attempt to control for this bias;
however, it introduced a new systematic bias. Some tau-iFC
correlations became unexpectedly stronger due to a strong
negative correlation between tau and Euclidean distance in
certain regions. Thus, we excluded a sphere of 10 mm around
the 4-mm sphere used to define each tau-peak to eliminate the
region most prone to this bias.

Finally, our FC analyses utilized a group of HC subjects
much younger than the tau-tracer imaging subjects (see
Table 1). This dataset of fMRI scans was previously utilized
[26] and was chosen to identify typical networks not influ-
enced by neurodegenerat ive pathology [19, 56] .
Nevertheless, aging and AD progression could have altered
various FCNs [5], weakening the correspondence between
FCNs and tau deposition in Braak stages observed in our
study.

Future directions

Network diffusion models have been shown to predict the
pattern of tau progression [57], and these models could be
implemented to model the spatial distribution of tau within
Braak stages. Longitudinal data could also be incorporated,
to test for stepwise and chronological changes in tau patholo-
gy, especially across stages of Alzheimer’s disease. Finally,
our study measured iFC within HC; however, future studies
could capture network activity directly in patients to more
directly determine tau’s effect on connectivity.

Conclusion

Our study is original in that it is the first to establish a stepwise
link between tau deposition and functional connectivity
through the Braak stages in AD subjects. These findings help
account for tau pathology in multiple large-scale functional
networks, as reported in previous studies. These results show
that the connectivity of each region affected by tau pathology
could account for future progression into more advanced
Braak stages and intensification of tau pathology in less ad-
vanced Braak stages, although additional study is warranted to
isolate this pattern in other proposed subtypes of tau pathology
progression. Our study is the first study to find both voxel-
wise topographical overlap and a voxel-wise positive correla-
tion between iFC and tau. Our results are consistent with the
neuropathological Braak stage model of tau deposition and
support the NDH. This study is further original in suggesting
an upstream and downstream theory of tau pathology
progression, where tau-peaks are related to further accu-
mulation in both anterograde and retrograde directions
within the Braak stages.
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