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In Alzheimer’s disease, tau pathology spreads hierarchically from the inferior temporal lobe throughout the cortex, ensuing cog-

nitive decline and dementia. Similarly, circumscribed patterns of pathological tau have been observed in normal ageing and small

vessel disease, suggesting a spatially ordered distribution of tau pathology across normal ageing and different diseases. In vitro

findings suggest that pathological tau may spread ‘prion-like’ across neuronal connections in an activity-dependent manner.

Supporting this notion, functional brain networks show a spatial correspondence to tau deposition patterns. However, it remains

unclear whether higher network-connectivity facilitates tau propagation. To address this, we included 55 normal aged elderly (i.e.

cognitively normal, amyloid-negative), 50 Alzheimer’s disease patients (i.e. amyloid-positive) covering the preclinical to dementia

spectrum, as well as 36 patients with pure (i.e. amyloid-negative) vascular cognitive impairment due to small vessel disease. All

subjects were assessed with AV1451 tau-PET and resting-state functional MRI. Within each group, we computed atlas-based

resting-state functional MRI functional connectivity across 400 regions of interest covering the entire neocortex. Using the same

atlas, we also assessed within each group the covariance of tau-PET levels among the 400 regions of interest. We found that higher

resting-state functional MRI assessed functional connectivity between any given region of interest pair was associated with higher

covariance in tau-PET binding in corresponding regions of interest. This result was consistently found in normal ageing,

Alzheimer’s disease and vascular cognitive impairment. In particular, inferior temporal tau-hotspots, as defined by highest tau-

PET uptake, showed high predictive value of tau-PET levels in functionally closely connected regions of interest. These associations

between functional connectivity and tau-PET uptake were detected regardless of presence of dementia symptoms (mild cognitive

impairment or dementia), amyloid deposition (as assessed by amyloid-PET) or small vessel disease. Our findings suggest that higher

functional connectivity between brain regions is associated with shared tau-levels, supporting the view of prion-like tau spreading

facilitated by neural activity.
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Introduction
In Alzheimer’s disease, the emergence of amyloid plaques is

followed by the formation of tau-containing neurofibrillary

tangles that are closely correlated with neurodegeneration

and dementia symptoms (Orr et al., 2017). Different lines

of research suggest that for tau, the spatial expansion of

neurofibrillary tangles occurs in a hierarchical pattern

during the course of Alzheimer’s disease. Seminal brain aut-

opsy studies established a systematic staging of tau path-

ology which starts to occur in the locus coeruleus and

transentorhinal cortex, subsequently spreading to the

hippocampus, anterior frontal and posterior parietal

cortex, before showing a global distribution in the brain

(Braak and Braak, 1991). Recent results from cross-sec-

tional studies assessing AV1451 tau-PET in living humans

could recapitulate distinct spatial patterns of tau distribu-

tion similar to those established by autopsy-based tau sta-

ging (Scheff et al., 2006; Scholl et al., 2016; Schwarz et al.,

2016). Since the successive spatial expansion of tau path-

ology is critical for the development of cognitive impair-

ment in tauopathies such as Alzheimer’s disease

(Ossenkoppele et al., 2016), understanding of those factors

that are associated with the spatial tau distribution is of

pivotal clinical importance (Bejanin et al., 2017). Recent

results from structural connectivity studies in humans and

rodents suggest that the regional expansion of tau can be

predicted by the axonal connectivity between brain regions

(Iba et al., 2013; Jacobs et al., 2018). Results from preclin-

ical in vivo and in vitro studies suggest that a ‘prion-like’

neuron-to-neuron transmission may underlie this gradual,

connectivity-dependent pattern of tau distribution in the

brain (Lace et al., 2009; de Calignon et al., 2012;

Kaufman et al., 2018). Injection of pathological tau

within the hippocampus of tau transgenic mice triggered

the spreading of filamentous tau to spatially remote yet

anatomically connected brain regions, suggesting that

spreading of pathological tau reflects an active transport

along axonal connections rather than just passive diffusion

to spatially adjacent regions (Clavaguera et al., 2009). At

the functional level, neural activity has been revealed to be

an important modulator of tau seeding. Several in vitro and

in vivo studies showed that higher neuronal activity trig-

gered the release of filamentous tau from neurons ensuing

micropinocytosis of pathological tau and aggregation in

downstream neurons (Pooler et al., 2013; Wu et al.,

2016; Evans et al., 2018). Thus, regions that show shared

neuronal activity exhibit a higher likelihood of similar tau

levels. However, whether the level of regional neural activ-

ity synchronous between brain regions is related to the

similarity of tau levels in those connected brain regions in

humans is not clear (Seeley et al., 2009). The major aim of

the current combined resting-state functional MRI and

tau-PET study was to test whether higher functional

MRI-assessed intrinsic functional connectivity, i.e. syn-

chronous activity between two given brain regions, is asso-

ciated with stronger interregional similarity of tau

deposition (i.e. tau covariance) as assessed by tau-PET.

Functional connectivity of neural activity can be non-

invasively estimated via resting-state functional MRI as-

sessed synchronicity in the blood oxygen level-dependent

signal, i.e. a proxy of neuronal firing. Resting-state func-

tional MRI studies have revealed that the brain is com-

posed of large-scale functional networks that show highly

correlated activity fluctuations between even distant brain

regions (Smith et al., 2009). Such intrinsic functional net-

works correspond largely to anatomical fibre tract connec-

tions between regions, providing an anatomical feasibility

of network connectivity (Honey et al., 2009). For the cur-

rent cross-sectional analysis, we hypothesize that higher

resting-state functional connectivity between brain regions

is related to higher covariance of tau between the function-

ally connected brain regions (i.e. ‘tau covariance’). Initial

support for this notion comes from previous tau-PET ima-

ging studies in subjects with Alzheimer’s disease showing a

spatial correspondence between regional prevalence of ab-

normal tau and major functional networks in the human

brain (Hansson et al., 2017; Hoenig et al., 2018). A quan-

titative relationship between the level of resting-state func-

tional connectivity and tau-PET, however, has rarely been
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assessed. A recent combined functional MRI and tau-PET

study showed that higher tau was associated with higher

graph theoretical indices of functional connectivity assessed

in Alzheimer’s disease dementia (n = 20), but not primary

progressive palsy (Cope et al., 2018). These results support

the view that functional connectivity is related to tau de-

position, but raise the question whether such an association

is specific to Alzheimer’s disease dementia.

Albeit at a more restricted level compared to subjects in

presumably early stages of Alzheimer’s disease (i.e. preclin-

ical Alzheimer’s disease), higher age in amyloid-negative

elderly subjects is also associated with an increase in

AV1451 PET assessed tau deposition (Johnson et al.,

2016; Maass et al., 2018). In normal ageing, higher levels

of AV1451 PET detected pathological (filamentous) tau is

found mainly in the medial and inferior temporal lobe

(Johnson et al., 2016; Scholl et al., 2016). Furthermore,

dramatically increased levels of tau deposition were recently

reported amyloid-negative vascular cognitive impairment

(VCI) (Kim et al., 2018). In VCI, abnormal tau as assessed

by AV1451 PET was observed in medial and inferior tem-

poral regions, but also in adjacent medial parietal and

medial frontal regions, similar to the tau pattern observed

in Alzheimer’s disease (Kim et al., 2018).

Here, we addressed the pivotal question whether higher

levels of resting-state functional connectivity are associated

with higher spatial covariance of tau within normal ageing,

a wider clinical spectrum of Alzheimer’s disease subjects

and VCI. To this end, we assessed the association between

functional connectivity and higher spatial tau covariance in

a larger sample of subjects (n = 141), including cognitively

normal amyloid-negative elderly subjects (n = 55), amyloid-

positive subjects ranging from cognitive normal to

Alzheimer’s disease dementia (n = 50), as well as amyloid-

negative subjects with VCI due to small vessel disease

(SVD, n = 36). Using resting-state functional MRI and

AV1451 tau-PET data obtained in these subjects, we as-

sessed in a whole-brain approach whether the pattern of

tau deposition is associated with the underlying functional

brain architecture.

Materials and methods

Participants

Normal ageing and Alzheimer’s disease: ADNI

We included 105 participants from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) phase 3 (ClinicalTrials.gov
ID: NCT02854033) based on availability of T1-weighted and
resting-state functional MRI, 18F-AV1451 tau-PET for the as-
sessment of tau and 18F-AV45 amyloid-PET (n = 87) or alter-
natively 18F-florbetaben amyloid-PET (n = 18) for the
assessment of amyloid deposition. All measures had to be ob-
tained at the same study visit. Using Freesurfer-derived global
amyloid-PET (AV45/florbetaben) standardized uptake value
ratio (SUVR) scores normalized to the whole cerebellum (pro-
vided by the ADNI-PET Core), all subjects were characterized
as amyloid-b-positive (Ab+) or -negative (Ab�) based on es-
tablished cut-points (global AV45 SUVR41.11 or global flor-
betaben-PET SUVR4 1.2; Table 1) (Landau et al., 2012). For
the normal-ageing group, we included 55 elderly cognitively
normal [Mini Mental State Exanimation (MMSE)4 24,
Clinical Dementia Rating (CDR) = 0, non-depressed] amyl-
oid-b-negative subjects (CN-Ab�). To cover the spectrum of
Alzheimer’s disease, we included 27 cognitively normal amyl-
oid-b-positive (CN-Ab+), 16 mild cognitively impaired (MCI)
amyloid-b-positive subjects (MMSE4 24, CDR = 0.5, showing
objective memory loss on the education-adjusted Wechsler
Memory Scale II but preserved activities of daily living) and

Table 1 Sample characteristics

AD spectrum CN-Ab� (n = 55) CN-AD (n = 27) MCI-AD (n = 16) Dementia-AD (n = 7) P-value

Age, years 72.64 (6.69) 74.26 (4.39) 73.16 (7.44) 77.56 (10.75) 0.245

Gender, male/female 24/31 8/19 8/8 g 0.542

Education 16.62 (2.29) 16.70 (2.67) 15.88 (3.22) 14.57 (2.51) 0.085

MMSE 29.15 (1.16) 29.41 (0.93) 25.5 (3.14) 23.43 (2.23) 50.001

ADAS-Cog 9.61 (2.69) 8.98 (2.52) 16.05 (4.62) 20.38 (4.59) 50.001

VCI (amyloid-b�) MCI (n = 22) Dementia (n = 14)

Age 76.27 (6.81) 78.57 (5.83) 0.304

Gender, male/female 7/15 3/11 0.767

Education 7.64 (5.55) 6.46 (4.86) 0.522

MMSE 25.36 (3.72) 17.43 (4.20) 50.001

SVLT 17.32 (5.20) 11.00 (5.87) 0.002

SVD composite score 1.55 (1.1) 1.43 (1.22) 0.768

WMH volume, ml 22.59 (6.10) 44.82 (10.10) 0.483

Number of lacunes 6.47 (7.51) 7.36 (7.18) 0.646

Number of microbleeds 13.37 (18.69) 25.96 (49.20) 0.212

Values are presented as mean (SD).

AD = Alzheimer’s disease; ADAS-Cog = Alzheimer’s disease assessment scale cognitive subscale; MMSE = Mini-Mental State Examination; SVLT = Seoul verbal learning test;

WMH = white matter hyperintensity.

Functional connectivity associated with tau levels in ageing BRAIN 2019: 142; 1093–1107 | 1095



seven amyloid-b-positive patients with dementia (MMSE526,
CDR40.5, fulfilment of NINCDS/ADRDA criteria for prob-
able Alzheimer’s disease) (Petersen et al., 2010). Ethical ap-
proval was obtained by the ADNI investigators, all
participants provided written informed consent.

Vascular cognitive impairment: Samsung Medical

Center, Seoul

We included 36 amyloid-b-negative subjects with VCI due to
SVD who were recruited from 2015 to 2016 at the Samsung
Medical Center, Seoul, Korea (Leemans et al., 2009). For in-
clusion in the current analysis, patients had to have available
structural MRI and resting-state functional MRI, 18F-AV1451
tau-PET and 18F-florbetaben amyloid-PET all obtained at the
same study visit. General study inclusion criteria have been
described in detail previously (Kim et al., 2016, 2018). In
brief, all subjects had to show objective cognitive impairment
as indicated by a test score below the age-adjusted 16th per-
centile in any cognitive domain including language, visuo-
spatial, memory or executive function. Significant SVD was
defined as white-matter hyperintensity burden of size
410 mm within the periventricular white matter and
425 mm in deep white matter. MCI was clinically diagnosed
following the Petersen criteria (Petersen et al., 2014), dementia
was diagnosed following the National Institute on Aging re-
search criteria for probable Alzheimer’s disease (McKhann
et al., 2011). Based on Freesurfer-derived global florbetaben-
PET SUVR scores (intensity normalized to the cerebellar
grey matter) (Kim et al., 2018), patients were defined as
amyloid-b-negative (MCI/dementia = 22/14) based on a previ-
ously established cut-off at 1.45 (Villemagne et al., 2011;
Bullich et al., 2017). The burden of SVD was graded on a
scale ranging from 0 to 3, using a previously described scoring
system based on SVD imaging markers (Kim et al., 2018).
That composite score of SVD burden (SVD score) was the
sum of the presence of lacunes (score of 1 if more than four
lacunes), microbleeds (score of 1 if more than four micro-
bleeds) and white-matter hyperintensities (score of 1 if white-
matter hyperintensity volume 440.6 ml). For a more detailed
description of the SVD score refer to Kim et al. (2018). The
study was approved by the Institutional Board of Samsung
Medical Center, all participants provided written informed
consent.

MRI and PET acquisition and
preprocessing

In both samples, all MRI data were obtained on 3 T scanner
systems. AV1451 tau-PET was assessed via intravenous bolus
tracer injection. For details on image acquisition and sequence
parameters please see the Supplementary material. AV1451
and resting-state functional MRI images were preprocessed
and spatially normalized using the same SPM12-based
(Wellcome Trust Centre for Neuroimaging, University
College London) pipeline as described previously (Franzmeier
et al., 2017a, b, c, d, 2018). Details on preprocessing are
provided in the Supplementary material. Note that all process-
ing steps were conducted fully independent for the samples
from ADNI and Samsung Medical Center, hence no data
were merged during any stage of data processing or analysis.

Assessment of functional connectivity
and tau covariance

Functional connectivity and tau covariance were estimated in a
region of interest (ROI)-based manner, using 400 ROIs from
the Schaefer functional MRI atlas (Fig. 1A), which is based on
a data-driven functional MRI parcellation of the neocortex
and argued to reflect a neurobiologically-meaningful brain par-
cellation (Schaefer et al., 2018). The 400 ROIs can be grouped
within seven large-scale functional networks (Fig. 1A) that are
congruent with previous parcellations (Yeo et al., 2011). This
atlas is especially suited for our joint analysis of AV1451 tau-
PET and functional MRI, since the ROIs are restricted to the
neocortex excluding typical AV1451 off-target binding regions
such as the hippocampus or basal ganglia (Marquie et al.,
2015; Schaefer et al., 2018), which may have otherwise con-
founded our analyses. All analyses steps were conducted sep-
arately but in an equivalent manner for the ADNI and Seoul
datasets. Prior to all analyses, the Schaefer functional MRI
atlas was masked with sample-specific sharpened grey matter
masks for both samples. Sharpening was based on a previously
described protocol, where voxels with the higher probability of
being CSF than being grey matter were discarded from the
analysis (Jack et al., 2017). Further, to address whether the
distance between ROI-mediated associations between func-
tional connectivity and tau, we computed the Euclidean dis-
tance between any ROI pair (Supplementary material).

To ensure that reported results were not driven by the nature
of the 400 ROI Schaefer parcellation, we repeated all analyses
using the 200 ROI variant of the Atlas (Schaefer et al., 2018).
The result pattern when using this 200 ROI parcellation was
consistent with all results reported here.

Functional connectivity assessment

Functional connectivity was estimated for each subject based
on fully preprocessed functional MRI data. Specifically, we
extracted the mean functional MRI time course for each of
the 400 ROIs by averaging the signal across voxels falling
within an ROI per volume. Mean ROI time courses were
then cross-correlated using Pearson-Moment correlation, yield-
ing a 400 � 400 functional connectivity matrix that was sub-
sequently Fisher z-transformed and autocorrelations were set
to zero. For each group (i.e. CN-Ab�, Alzheimer’s disease and
VCI), we then computed group-average functional connectivity
matrices across subjects.

Tau covariance assessment

We assessed the correlation between the levels of tau-PET in a
given region X and another region Y (see Fig. 1B for an ana-
lysis flow chart). The analysis pipeline was adopted in a mod-
ified way from previous studies using this approach to
determine FDG-PET (i.e. metabolic covariance) or grey
matter covariance (i.e. structural connectivity) across brain re-
gions (Pagani et al., 2014; Di et al., 2017). First, we computed
the mean tau-PET uptake within each of the 400 ROIs for
each subject [Fig. 1B(i)]. Next, we vectorized the mean ROI
data to subject-specific 400-element vectors [Fig. 1B(ii)]. Using
these 400-element tau-PET uptake vectors, we then assessed
across subjects the pairwise ROI-to-ROI Spearman correlation
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of tau-PET uptake [Fig. 1B(iii)]. We specifically used Spearman
correlation to avoid that tau covariance estimation was driven
by extreme tau-PET values. This analysis resulted in a single
400 � 400 sized tau covariance matrix each for each group
(i.e. CN-Ab�, Alzheimer’s disease, VCI). Again, autocorrel-
ations were set to zero and all correlations were Fisher z-trans-
formed, equivalent to the functional connectivity matrices.

Statistics

For both samples, baseline demographics were compared be-
tween diagnostic groups within the ADNI and Seoul sample

using chi-squared tests for categorical variables and ANOVAs
(ADNI) or two-sample t-tests (Seoul) for continuous variables.

To assess the spatial distribution of pathological tau (i.e.
SUVR41.2) (Mishra et al., 2017), we averaged voxel-wise
tau-PET maps within each diagnostic group. We extracted
the average tau-PET uptake in a network-specific way, to
assess whether tau-accumulation is constrained to certain
networks.

To test our first hypothesis, i.e. that the functional connect-
ivity between two given brain regions is associated with tau
covariance between those regions, we computed spatial linear
regression with the average functional connectivity matrix as

Figure 1 Analysis flow chart. (A) Brain parcellation scheme (Schaefer et al., 2018) that was used for parcellating tau-PET and functional MRI

data. (B) Flow chart of the tau covariance analysis. (i) Individual tau-PET scans are parcellated into 400 ROIs for each individual and (ii) mean ROI

values are subsequently vectorized. Across subject tau values within a given ROI are correlated with all other ROIs using spearman-correlation

(iii) to obtain a 400 � 400 tau covariance matrix. (C) Pipeline for testing the association between functional connectivity of seed ROIs and

absolute tau-PET levels in target ROIs. DAN = dorsal attention network; DMN = default-mode network; FC = functional connectivity;

FPCN = fronto-parietal control network; VAN = ventral attention network.
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the independent variable and the tau covariance matrix as
the dependent variable. This analysis was conducted separ-
ately for CN-Ab�, Alzheimer’s disease and VCI groups.
Significance was assessed by repeating this linear regression
on 1000 bootstrapped samples (based on which group-average
functional connectivity and tau covariance matrices were itera-
tively determined) and applying a one-sample t-test on the re-
sulting b-value distribution. We next tested whether
associations between functional connectivity and tau covari-
ance were driven by spatial proximity between ROIs, since
tau is known to propagate across spatially adjacent regions
(Cho et al., 2016). To this end, we repeated the above
described analysis this time controlling for Euclidean distance
between ROIs.

We also hypothesized that at high levels of tau in seed re-
gions, higher functional connectivity should be associated
with higher tau in connected target regions. However, at
lower levels of tau in seed regions, higher functional connect-
ivity should be associated with lower levels of tau in con-
nected target regions. The rationale is that tau propagation
is a function of both the level of tau in the seed region and the
level of functional connectivity between the seed region and
the target region. To test this hypothesis, we vectorized
[Fig. 1C(i)] and rank-ordered all ROIs by group-average
tau-PET uptake [Fig. 1C(ii)]. We then assessed the group-
average seed-based functional connectivity for each pair of
seed and target ROIs in the brain [Fig 1C(iv)]. We next re-
gressed the tau-PET levels in the target ROIs for a given seed
ROI onto the functional connectivity values between the
target ROIs and the given seed ROI. We iterated this analysis
for all seed ROIs, resulting a series of b-values across the
different seed ROIs [Fig. 1C(v)]. To assess whether higher
tau-PET in the seed ROI is associated with higher functional
connectivity related tau-PET in target ROIs, we computed
across seed ROIs, the Pearson-Moment correlation between
the tau-PET uptake in a seed ROI and the corresponding b-
value (i.e. the association between a seed ROI’s functional
connectivity pattern and tau-PET uptake in the target ROIs)
for a given seed ROI. To assess significance of this association
we repeated the entire analysis on 1000 bootstrapped samples
(based on which group-average seed functional connectivity
and tau-PET uptake were iteratively determined). To illustrate
the association between functional connectivity and absolute
tau-PET levels we plotted the association between seed func-
tional connectivity and tau-PET uptake for regions with max-
imum tau (i.e. tau-hotspots) and minimum tau (i.e. tau cold
spots) [Fig. 1C(iii)]. To ensure that results were not driven by
ROIs with very low tau-PET signal, we repeated this analysis
in a stepwise manner, retaining only ROIs with an AV1451
tau-PET SUVR41.0, 1.1.

In a third step, we aimed to determine whether the interin-
dividual variability in the association between functional con-
nectivity and tau-PET uptake was explained by elevated
amyloid-b levels or SVD burden. Here, we conducted a
random effects analysis, where we first ran linear regression
models to determine subject-specific associations between func-
tional connectivity of a subjects’ tau hot- or cold spot (i.e. the
ROIs with maximum/minimum tau-PET uptake in a given sub-
ject) and tau-PET uptake in remaining ROIs (Fig. 1C). Using a
one-sample t-test we assessed whether the resulting distribution
of standardized b-values (i.e. the weight of the subject-level
associations between tau hot- or cold spot functional

connectivity and tau-PET-uptake in target regions) was signifi-
cantly different than zero. We then tested whether subject-level
b-values were different between CN-Ab� and Alzheimer’s dis-
ease groups using an ANCOVA, including group, age, gender,
education and site as predictors. In the VCI subjects, we tested
whether associations between tau hot- or cold spot functional
connectivity and tau uptake were associated with SVD severity
that has been previously shown to relate to increased inferior
temporal tau load in this sample (Kim et al., 2018). To this
end, we tested whether b-values were associated with SVD
composite scores or white matter hyperintensity volume,
microbleed count and lacune count using linear regression,
controlled for age, gender and education.

All analyses described here were conducted using R statis-
tical software. Associations (standardized b-weights and cor-
relations) were considered significant when meeting an alpha
threshold of 0.05.

Data availability

The data that support the findings of this study will be made
available upon request to the corresponding author and the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) commit-
tee. The data from ADNI cannot be shared directly by the
authors due to data protection defined by the ADNI data
use policy (https://ida.loni.usc.edu/collaboration/access/
appLicense.jsp).

Results
Group demographics are shown in Table 1.

Spatial distribution of abnormal tau
across diagnostic groups

In agreement with previous findings, we observed a hier-

archical, disease stage-dependent pattern of tau-PET

uptake. In normal ageing (i.e. CN-Ab�) abnormal tau-

PET uptake was primarily restricted to the inferior lateral

temporal cortex (Fig. 2A). In Alzheimer’s disease (i.e. Ab+),

increasing disease severity from cognitively normal to de-

mentia was associated gradual increasing tau-PET uptake

following a typical Braak-like pattern. In VCI, abnormal

tau-PET uptake was restricted to inferior temporal and

frontal regions in MCI, but more widespread in VCI de-

mentia. Regional tau-PET levels within major functional

networks showed a network-specific profile of tau distribu-

tion, with tau being highest within the medial temporal

limbic network, followed by elevated tau levels in other

cortical networks, whereas the motor network was mostly

spared (Fig. 2B). Tau burden increased in each network

with increasing disease severity.

Functional connectivity is associated
with tau covariance

To test whether functional connectivity between any two

brain regions is associated with covarying tau-PET levels,
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we computed the similarity between functional connectivity

and tau covariance matrices (Fig. 3). Spatial regression of

functional connectivity against the tau covariance matrices

showed that higher functional connectivity was associated

with higher tau covariance, for CN-Ab� (b = 0.299,

P50.001, Fig. 4A), Alzheimer’s disease spectrum

(b = 0.453, P5 0.001, Fig. 4B) and VCI (b = 0.397,

P50.001, Fig. 4C). These results confirm our hypothesis

that higher functional connectivity was associated with

higher tau covariance in normal ageing, different stages

of Alzheimer’s disease, as well as VCI. To assess whether

associations between functional connectivity and tau co-

variance were driven by spatial proximity between ROIs

we recomputed the above described regression models, con-

trolling for between-ROI Euclidean distance (see

Supplementary material for how Euclidean distance was

determined). Here, all associations between functional con-

nectivity and tau covariance remained consistent, in the

CN-Ab� (b = 0.251, P5 0.001), Alzheimer’s disease

(b = 0.354, P5 0.001) and VCI sample (b = 0.421,

P5 0.001). Mapping of tau-PET uptake within the func-

tional network topology showed that the tau deposition

clustered within closely functionally connected regions

(Fig. 4D–F), suggesting that the functional topology

rather than geometric distance between brain regions cor-

responds best to the spatial pattern of tau deposition.

Figure 2 Group mean tau-PET data. (A) Mean distribution of abnormal tau (i.e. SUVR4 1.2) for each sample and diagnostic group. (B)

Network-specific mean tau-PET SUVRs stratified by diagnostic groups. AD = Alzheimer’s disease; CN = cognitively normal.
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Functional connectivity predicts
absolute tau-PET uptake levels

We next tested whether the level of tau-PET uptake in a

given seed region is predictive of tau-PET uptake in con-

nected target regions. For seeds with higher levels of tau,

we found that higher functional connectivity was associated

with higher levels of tau in target regions in all three groups

including CN-Ab�, Alzheimer’s disease spectrum, and VCI.

Conversely, for seeds with lower levels of tau, higher func-

tional connectivity was associated with lower tau in target

regions (Fig. 5A–C). This result pattern was reflected in a

strong positive correlation between the seed ROIs tau-PET

uptake and their functional connectivities’ predictive weight

(i.e. regression derived b-coefficient) on tau-PET uptake in

target ROIs, which was consistently detected in CN-Ab�
(b = 0.724, P5 0.001), Alzheimer’s disease spectrum (Ab+:

b = 0.759, P50.001) and VCI (b = 0.611, P5 0.001).

Results remained consistent when restricting this entire ana-

lysis to ROIs with AV1451 tau-PET SUVRs4 1.0 or 1.1

(Supplementary Fig. 1).

To illustrate this point further, we display the results for

the analysis of seed regions with peak-level of tau (tau hot-

spots, Fig. 5D–F) and minimum-level of tau (tau cold-spot,

Fig. 5 G–I). Higher functional connectivity of the hotspot

seed was associated with higher absolute levels of tau in the

target regions in CN-Ab� (b = 0.469, P5 0.001),

Alzheimer’s disease spectrum (b = 0.619, P50.001) and

VCI (b = 0.199, P5 0.001). Conversely, higher functional

connectivity of the cold spot seeds was associated with

lower absolute levels of tau in target regions in CN-Ab�
(b = �0.098, P = 0.049), Alzheimer’s disease spectrum

(b = �0.582, P5 0.001), and VCI (b = �0.293,

P5 0.001). This result pattern suggests that regions with

high tau levels share similarly high tau levels with closely

connected brain regions, while regions with low tau share

similarly low tau levels with closely connected regions.

The anatomical location of tau hot or cold spots within

each sample is shown in Supplementary Fig. 2.

Associations between functional
connectivity and tau are not driven by
amyloid-b or small vessel disease

We next asked whether the level of amyloid-b or SVD

modulated the association between functional connectivity

and tau covariance. To this end, we conducted

subject-specific regression models, where we tested the in-

dividual association strength (i.e. b-value) between func-

tional connectivity of a tau hot- or cold spot seed and

tau-PET uptake in target regions. First, we confirmed on

the subject level that higher functional connectivity of tau

hotspots predicts higher tau in target regions, where we

found significant positive b-weights for CN-Ab� [mean/

standard deviation (SD) = 0.23/0.16, t(54) = 10.326,

P5 0.001], Alzheimer’s disease spectrum [mean/

SD = 0.20/0.17, t(49) = 7.986, P5 0.001] and VCI groups

[mean/SD = 0.16/0.14, t(35) = 6.722, P5 0.001] as indi-

cated by t-tests against zero on the b-weight distributions.

Conversely, we found significant negative b-weights for

tau-cold spots for CN-Ab� [mean/SD = �0.19/0.19,

t(54) = �7.596, P5 0.001], Alzheimer’s disease spectrum

[mean/SD = �0.22/0.16, t(49) = �9.678, P5 0.001] and

VCI [mean/SD = �0.16/0.17, t(35) = �5.596, P5 0.001].

Figure 3 Group mean functional connectivity and tau covariance matrices. AD = Alzheimer’s disease.

1100 | BRAIN 2019: 142; 1093–1107 N. Franzmeier et al.

https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz026#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz026#supplementary-data


When testing whether abnormal amyloid-b was associated

with stronger associations between functional connectivity

and tau, we found no b-value differences between

Alzheimer’s disease spectrum and CN-Ab� subjects for

tau-hotspots [F(5,96) = 0.941, P = 0.335] or cold spots

[F(5,96) = 0.355, P = 0.553; ANCOVAS controlled for

age, gender, education and site].

Lastly, we assessed in the VCI sample whether SVD load

influenced the association between functional connectivity

and tau using linear regression adjusting for age, gender,

diagnosis and education. Here, we found no association

between the SVD composite scores and b-weights [hotspots:

t(30) = �0.904, b = �0.184, P = 0.373; cold spots

t(30) = �0.767, b = �0.165, P = 0.449]. In a similar vein,

b-weights were not associated with continuous measures of

white matter hyperintensity volume [hotspots:

t(30) = 0.063, b = 0.012, P = 0.951; cold spots:

t(30) = �0.958, b = �0.19, P = 0.346], number of micro-

bleeds [hotspots: t(30) = �0.081, b = 0.016, P = 0.936;

cold spots: t(30) = �0.851, b = �0.171, P = 0.402] or

number of lacunes [hotspots: t(30) = �1.371, b = 0.290,

P = 0.181; cold spots: t(30) = �0.512, b = � 0.117,

Figure 4 Associations between functional connectivity and tau covariance. Scatterplots showing the associations between tau and

functional connectivity for CN-Ab� (A), Alzheimer’s disease (AD) (B), and VCI groups (C). Scatterplots are based on group-average data,

significance for all analyses was determined using linear regression repeated on 1000 bootstrapped samples on which group-average functional

connectivity and tau covariance were iteratively determined. (D–F) Force-directed graphs illustrating the association between functional network

topology (node distance), tau-PET uptake (node size) and anatomical location (node symbol). Node proximity is defined based on the

Fruchtermann-Reingold algorithm applied to group-average functional connectivity strength. DAN = dorsal attention network; DMN = default-

mode network; FPCN = fronto-parietal control network; VAN = ventral attention network.
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P = 0.612]. Results remained unchanged when using

binarized measures (see ‘Materials and methods’ section

for cut-offs) of white matter hyperintensities, lacunes or

microbleeds. These results suggest that associations be-

tween functional connectivity and tau are not influenced

by the presence of pathological amyloid-b levels or cerebro-

vascular pathology.

Discussion
The main findings of the current cross-sectional study are

that (i) higher functional connectivity between any two

given brain regions is associated with stronger tau covari-

ance; (ii) for high-tau regions, higher functional connectiv-

ity predicts high tau-PET in the connected regions, but for

Figure 5 Functional connectivity as a predictor of tau-PET uptake. (A–C) Relationship between tau-PET uptake of a seed ROI (x-axis)

and the regression-derived association between its’ functional connectivity (FC) to target regions and tau-PET uptake in the respective target

regions (y-axis). Positive y-values indicate that higher functional connectivity to target regions is associated with higher tau, while negative y-values

indicate that higher functional connectivity to target regions is associated with lower tau. Example illustration of the results shown for regions of

maximum tau (i.e. hotspots, D–F) and regions of minimum tau (i.e. cold spot, G–I). Scatterplots are based on group-average functional con-

nectivity or tau-PETuptake, significance for all analyses was determined using linear regression repeated on 1000 bootstrapped samples on which

group-average functional connectivity and group-average tau-PETuptake were iteratively determined. The anatomical location of tau hot and cold

spots is shown in Supplementary Fig. 2. AD = Alzheimer’s disease; DAN = dorsal attention network; DMN = default-mode network;

FPCN = fronto-parietal control network; VAN = ventral attention network.
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low-tau regions, higher functional connectivity predicts

lower tau-PET in the connected regions; and (iii) all asso-

ciations between functional connectivity and tau-PET were

consistently detected across normal ageing (i.e. CN-Ab�),

the Alzheimer’s disease spectrum and VCI. Together, these

results suggest that the regional pattern of functional con-

nectivity is predictive of the spatial pattern of tau, where

the interregional tau levels covary as a function of func-

tional connectivity, regardless of the presence of abnormal

amyloid-b, cognitive impairment, or cerebrovascular

pathology.

Our first finding confirms our hypothesis that levels of

tau are similar (i.e. covary) between those regions that are

highly functionally connected. This result is largely consist-

ent with two recent AV1451 tau-PET studies showing that

regions with covarying tau levels (i) cluster in a hierarchical

manner from early- to late-Braak regions (Sepulcre et al.,

2017); and (ii) show a topological match with resting-state

functional MRI derived functional networks in Alzheimer’s

disease (Hoenig et al., 2018). In a similar vein, another

previous study in Alzheimer’s disease has shown that

more widespread connectivity of a given brain region (i.e.

weighted degree) was associated with higher regional tau

levels, suggesting that functional hub regions are in particu-

lar susceptible to the accumulation of tau pathology (Cope

et al., 2018). Our results are in line with those previous

reports (Cope et al., 2018; Hoenig et al., 2018) and point

towards functional connectivity as an important factor that

is predictive of regional tau-PET levels. The novelty of our

current study is that the strength of functional connectivity

linearly maps to the covariance of tau levels between

remote brain regions, which was not only found in

Alzheimer’s disease but also in normal ageing and VCI.

Previous in vitro and rodent studies have shown that opto-

genetically enhanced activity of tau-harbouring neurons

triggered tau-release ensuing increased tau-load in postsy-

naptic neurons (Pooler et al., 2013; Wu et al., 2016). The

current findings are in line with this result, showing that

higher interregional functional connectivity is associated

with higher covariance of tau. Although our study is cor-

relational in nature, the results are consistent with the tau

propagation model, where higher functional connectivity

facilitated the seeding of tau.

Importantly, we found across all samples and groups that

the strength of the association between functional connect-

ivity and tau covariance remained almost unchanged when

controlling for the Euclidian distance between regions.

Thus, the link between functional connectivity and tau co-

variance was not driven by spatial proximity, supporting

the view that tau spreads across connected regions rather

than just diffusing to nearby regions (Liu et al., 2012;

Calafate et al., 2015; Lewis and Dickson, 2016). These

findings are in agreement with preclinical findings in ro-

dents, where injection of pathological human tau

(Ahmed et al., 2014) or synthetically preformed tau aggre-

gates (Iba et al., 2013) caused time-dependent tau

propagation to synaptically connected rather than just spa-

tially adjacent regions.

We further showed that particular regions with peak

levels of tau share high tau with functionally closely con-

nected regions, whereas regions with very low levels of tau

share low levels of tau with functionally highly connected

regions. Previous studies in Alzheimer’s disease could show

that the functional connectivity pattern of medial temporal

lobe ‘atrophy hotspots’ predicted similar atrophy levels in

highly connected regions, an association which the authors

assumed to be mediated by tau-spread from hotspots to

connected regions (Mutlu et al., 2017; Filippi et al.,
2018). The current findings support this notion, showing

higher tau levels in those brain regions with high functional

connectivity to tau hotspots. Given previous results of

higher activity related tau spreading in transgenic mouse

models of tau (Wu et al., 2016), it is thus possible that

higher functional connectivity of tau hotspots may facilitate

the spread of tau to other brain regions. We caution, how-

ever, that our current results are cross-sectional and correl-

ational in nature, precluding a causative interpretation. An

alternative explanation of similar tau levels across function-

ally connected regions could be based on a regionally simi-

lar susceptibility for developing tau. Here, it has been

shown previously that (i) network-forming regions exhibit

similar gene expression patterns (Richiardi et al., 2015);

and (ii) that specific gene expression patterns can render

brain regions susceptible for developing Alzheimer’s disease

pathology (Grothe et al., 2018). Accordingly, the associ-

ation between functional connectivity and tau covariance

could partly be an epiphenomenon of similar function or

gene expression ensuing shared susceptibility for developing

tau pathology. In view of these previous findings, it is thus

possible that the association between functional connectiv-

ity and tau covariance is a function of both similar local

susceptibility and transneuronal propagation of tau.

We showed that the associations between functional con-

nectivity and tau were detected not only in Alzheimer’s

disease but also within normal ageing (i.e. CN-Ab�) and

amyloid-b-negative subjects with VCI, suggesting that tau

propagation between brain regions is associated with the

level of functional connectivity, independent of amyloid-b.

In vitro and animal studies have shown that pathological

human tau propagates along connected neurons in the ab-

sence of elevated amyloid-b (Liu et al., 2012; Pooler et al.,

2013; Calafate et al., 2015; Wu et al., 2016). Also, human

autopsy studies have demonstrated that tau-pathology in

non-demented and demented elderlies can follow a Braak-

like pattern, even when amyloid-b levels are normal, which

is now considered to reflect suspected non-amyloid path-

ology (SNAP) or primary age-related tauopathy (PART)

(Crary et al., 2014; Crary, 2016). Together these results

suggest that tau propagation across connected regions is

unlikely to be a gain of function mediated by the presence

of amyloid-b. However, amyloid-b-related microglial acti-

vation (Heurtaux et al., 2010) has been shown to promote

local tau-hyperphosphorylation thereby increasing the
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likelihood of tau spread across connected neurons (Maphis

et al., 2015). A recent study in Alzheimer’s disease using

microglia PET has indeed shown that early microglial acti-

vation can be found in inferior temporal regions, i.e. the

most early occurring tau hotspots (Hamelin et al., 2016).

Microglia-associated tau hyperphosphorylation may cause

increased local ‘tau pressure’ that then drives tau from hot-

spots to connected regions.

In the VCI sample, we found elevated tau levels in the

absence of amyloid-b, consistent with previous reports in

this sample (Kim et al., 2018). In line with this finding, a

recent post-mortem study has shown that higher systolic

blood pressure—a key risk factor for VCI—is associated

with higher density of tau-containing neurofibrillary tangles

but not amyloid-b (Arvanitakis et al., 2018). It is possible

that amyloid-b-independent tau accumulation is triggered

by ischaemia or chronic hypoperfusion. Rodent studies

have reported that ischaemia can alter the interaction be-

tween glycogen synthase kinase 3 and protein phosphatase

2A, ensuing hyperphosphorylation of intracellular tau

(Song et al., 2013). However, we did not detect a modulat-

ing effect of SVD markers on the relationship between

functional connectivity and tau, suggesting that this associ-

ation is not moderated by SVD-related brain alterations.

We caution though that the current SVD markers and com-

posite score were primarily based on radiological global

white matter alterations, and thus were not region specific.

Future DTI-based fibre-tracking studies may test whether

associations between functional connectivity and tau co-

variance are influenced specifically by the integrity of the

underlying anatomical connections.

Several caveats need to be considered when interpreting

the results of the current study. First, the AV1451 tau-PET

tracer has been previously argued to show off-target bind-

ing in the meninges, basal ganglia, hippocampus and chor-

oid plexus, which could potentially confound associations

between functional connectivity, tau covariance and abso-

lute tau levels (Marquie et al., 2017). To address this, we a

priori selected a brain atlas that excludes those regions typ-

ically affected by off-target binding (Schaefer et al., 2018).

Nevertheless, we cannot fully exclude that local increases

and thus covariance in the AV1451 tau-PET signal are

influenced by off-target binding.

Second, our results are exclusively based on associations

between resting-state functional MRI assessed functional

connectivity and tau-PET. While functional connectivity is

a measure of neuronal activity shared between brain re-

gions (Brookes et al., 2011; Chang et al., 2013), regions

with high functional connectivity do not necessarily exhibit

a direct monosynaptic structural connection (Honey et al.,

2009; Diaz-Parra et al., 2017). Animal studies have shown

that resting-state functional MRI-assessed functional con-

nectivity can reflect multisynaptic connections (Grandjean

et al., 2017). Hence the currently reported associations be-

tween functional connectivity and tau covariance may re-

flect indirect connections along multiple intermediary

connections. However, the mapping of those multi-leg

connections in vivo is both statistically and technically dif-

ficult to date. Multivariate methods to assess complex

multi-ROI connectivity patterns and advances in DTI to

demonstrate smaller cortico-cortical connections, which

may underlie indirect anatomical connections between

grey matter regions, will enable to disentangle connections

between ROIs in future studies.

Third, functional connectivity is mostly, but not entirely,

matched by fibre tract connections as determined by DTI

(Honey et al., 2009). While the incomplete structural map-

pings may be partially explainable due to technical limita-

tions of DTI (Abhinav et al., 2014), it needs to be

cautioned that ROI-to-ROI connections do not necessarily

correspond to direct anatomical connections. Indirect cor-

tico-cortical connections that are hard to track with current

diffusion weighted imaging techniques may, however, pro-

vide the anatomical backbone for functional connectivity.

Fourth, the current study is cross-sectional in nature and

thus does not assess the progression of tau pathology in the

brain. To test the predictive value of functional connectivity

for regional changes in tau-PET, longitudinal tau-PET stu-

dies are necessary.

Fifth, previous studies have found evidence for slightly

impaired neurovascular coupling mechanisms in SVD (Lin

et al., 2011), which may influence functional MRI-assessed

functional connectivity in the VCI group (Lawrence et al.,

2018). Still, we found similar patterns of the association

between functional connectivity and tau covariance in pa-

tients with and without cerebrovascular disease, rendering

it unlikely that the current results were influenced by

altered blood oxygen level-dependent signal due to vascular

changes. To overcome this limitation, future studies could

employ MEG or EEG to compute functional connectivity

metrics that are unbiased by impaired neuro-vascular cou-

pling, to assess associations between functional connectivity

and tau spreading in patients with SVD.

In conclusion, our results demonstrate a close correlation

between functional connectivity and tau levels shared by

functionally connected brain regions across normal

ageing, Alzheimer’s disease and VCI. These findings clearly

suggest that functional connectivity plays a role in the dis-

tribution of tau and have implications for future clinical

trials. Possible clinical interventions could be the silencing

of overactive neural activity. A previous drug study indeed

showed that suppressing hippocampal hyperactivity with

levetiracetam in Alzheimer’s disease improved memory

(Bakker et al., 2012). Future studies on drug intervention

or non-invasive stimulation such as transcranial magnetic

stimulation need to assess whether altering functional con-

nectivity levels affects the progression of tau.
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