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a b s t r a c t 

Alzheimer’s disease (AD) is associated with reduced temporo-parietal cerebral blood flow (CBF). However, 

a substantial variability in CBF across the clinical spectrum of AD has been reported, possibly due to dif- 

ferences in primary AD pathologies. Here, we assessed CBF (ASL-MRI), tau (AV1451-PET) and amyloid 

(AV45/FBB-PET) in 156 subjects across the AD continuum. Using mixed-effect regression analyses, we as- 

sessed the local associations between amyloid-PET, tau-PET and CBF in a hypothesis-driven way focusing 

on each pathology’s predilection areas. The contribution of Apolipoprotein E (APOE) genotype, and MRI 

markers of small vessel disease (SVD) to alterations in CBF were assessed as well. Tau-PET was associated 

with lower CBF in the entorhinal cortex, independent of A β . Amyloid-PET was associated with lower CBF 

in temporo-parietal regions. No associations between MRI markers of SVD and CBF were observed. These 

results provide evidence that in addition to A β , pathologic tau is a major correlate of CBF in early Braak 

stages, independent of A β , APOE genotype and SVD markers. 

© 2021 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Reduced perfusion of the brain tissue is a common patho-

logical alteration in Alzheimer’s disease (AD) ( Love and Min-

ers, 2016 ). Alterations in perfusion, including lower cerebral blood

flow (CBF), are predictive of cognitive decline ( Xekardaki et al.,

2015 ) and the conversion from mild cognitive impairment (MCI)

to AD ( Chao et al., 2010 ), rendering CBF measurement as a can-

didate biomarker of dementia risk ( Wolters et al., 2017 ). CBF can

be quantified using an arterial spin labeling (ASL) MRI sequence

which uses magnetically labeled endogenous arterial blood water

as a tracer ( Wolf and Detre, 2007 ). Therefore, it provides a radi-

ation free and noninvasive measure of CBF, and thus a clinically

attractive alternative over radioactive tracers ( Chen et al., 2011 ;

Tosun et al., 2016 ). 

Despite CBF alterations being common in AD, their link to

primary pathologies including A β and fibrillar tau remains un-
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clear. Previously, a correlation between higher amyloid-PET and

lower CBF was demonstrated across the spectrum of sporadic AD

( Mattsson et al., 2014 ; Tosun et al., 2014 ) and autosomal domi-

nant AD ( McDade et al., 2014 ). However, no significant CBF re-

ductions were observed in nondemented elderly who had ab-

normal CSF A β1-42 yet normal CSF t-tau ( Binnewijzend et al.,

2016 ). Accumulating evidence shows that CSF tau proteins are as-

sociated with lower CBF in cognitively normal (CN) individuals

( Stomrud et al., 2012 ) as well as in patients with MCI and AD

dementia ( Habert et al., 2010 ). These in vivo findings are corrob-

orated by brain autopsy studies reporting that antemortem CBF

reduction in AD is related to higher postmortem Braak stages of

tau pathology ( Bradley et al., 2002 ). However, neither postmortem

histochemical analyses nor CSF biomarker studies allow for as-

sessing region-specific effects of tau pathology on CBF. Moreover,

given that A β deposition is a strong predictor of tau accumula-

tion ( Jack et al., 2018 ), any association between tau and CBF may

be related to A β deposition. Therefore, the main focus of the cur-

rent study was to test whether local tau-PET is associated with

lower CBF in spatially corresponding brain regions, with and with-

out controlling for the contribution of A β . 

https://doi.org/10.1016/j.neurobiolaging.2021.02.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuaging.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2021.02.003&domain=pdf
mailto:Michael.Ewers@med.uni-muenchen.de
https://doi.org/10.1016/j.neurobiolaging.2021.02.003
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Here, we examined the regional associations between CBF

(pseudo-continues ASL; pCASL), fibrillar tau ([ 18 F]AV1451-PET) and

A β ([ 18 F]AV45/([ 18 F]FBB-PET) in spatially matched regions of inter-

est (ROIs). We restricted these ROI analyses in a hypothesis-driven

manner to each pathology’s predilection areas, that is, Braak-stage

ROIs for tau-PET, and the default-mode-network (DMN) ROIs for

amyloid-PET. 

Furthermore, small vessel disease (SVD) is common both in

aging and AD. Previous studies have shown that MRI proxies of

SVD, namely, higher number of microbleeds ( Gregg et al., 2015 )

and higher white matter hyperintensity (WMH) volume ( Shi et al.,

2016 ; Kim et al., 2020 ) are associated with reduced CBF. Since

increased tau-PET levels are also observed in subjects with SVD

( Kim et al., 2018 ), it is possible that any associations between tau

and CBF are mediated by SVD. 

Therefore, we assessed the contribution of markers of SVD in-

cluding WMH and cerebral microbleeds in addition to tau-PET and

amyloid-PET as predictors of CBF. 

2. Methods 

2.1. Participants 

We included a sample of 156 participants comprised of CN

(n = 84), amnestic MCI (n = 51) and AD dementia (n = 21) which

were assessed at a total of 14 study sites within the Alzheimer’s

Disease Neuroimaging Initiative (ADNI; recruitment phase III). Be-

yond the inclusion criteria of ADNI, additional requirements com-

prised availability of 3D pCASL images and [ 18 F]AV1451 tau-PET ob-

tained no longer than 12 months apart (mean 30.72 ± 39.78 days

apart). In addition, 145 participants had either [ 18 F]AV45 amyloid-

PET (n = 82) or [ 18 F]FBB amyloid-PET (n = 63) scans acquired

within 12 months from the pCASL scan (mean 76.41 ± 115.32 days

apart). Apolipoprotein E (APOE) genotyping was available in a sub-

set of 140 participants. 

The diagnostic criteria of CN in ADNI included a Mini Mental

State Exanimation (MMSE) score ≥ 24, Clinical Dementia Rating

(CDR) = 0 and no memory concerns ( Petersen et al., 2010 ). Amnes-

tic MCI participants had MMSE score ≥ 24, CDR = 0.5, subjective

memory concern, objective memory loss measured by education

adjusted scores on the Wechsler Memory Scale Memory II, absence

of significant levels of impairment in other cognitive domains, es-

sentially preserved activities of daily living and an absence of de-

mentia ( Petersen et al., 2010 ). AD dementia participants had MMSE

score ≤ 26, CDR > 0.5 and fulfillment of NINCDS/ADRDA criteria

for probable Alzheimer’s disease ( Petersen et al., 2010 ). 

Ethical approval was obtained by the ADNI investigators, all

participants provided written informed consent (further informa-

tion about the inclusion/exclusion criteria may be found at www.

adni-info.org ). 

2.2. T1 acquisition and preprocessing 

All imaging data were downloaded from the ADNI LONI im-

age archive ( https://ida.loni.usc.edu ). All MRI data were obtained

on 3T General Electric (GE) MRI scanner according to standard-

ized protocol within ADNI phase III. 3D T1-weighted scans were

acquired using an accelerated Fast Spoiled Gradient Echo with In-

version Recovery-Preparation (IR-FSPGR) sequence, 1 mm isotropic

resolution and a TR/TE/Flip angle = 7.3–7.7 s/3.05–3.12 ms/11 °. 
For each participant, we applied volumetric segmentation to

the native-space structural images using FreeSurfer-based pipeline

(version 6.0; freesurfer.net), in which subcortical and cortical ar-

eas are segmented automatically using the probabilistic Desikan-

Killiany atlas ( Desikan et al., 2006 ). 
2.3. ASL acquisition and preprocessing 

ASL-MRI scans were acquired using a 3D pCASL sequence on ex-

clusively GE scanners with resolution = 1.9 × 1.9 × 4 mm 

3 and a

TR/TE/Flip angle = 4.9 s/10.5–10.7 ms/111 °. ASL images were pre-

processed with ExploreASL, an automated MATLAB based toolbox

for ASL analysis ( Mutsaerts et al., 2020 ). Quantitative CBF images

were estimated based on recommended modeling for clinical ap-

plications ( Alsop et al., 2015 ). The major assumptions of this model

included homogeneous blood/brain partition coefficient of 0.9 mL/g

for water, labeling inversion efficiency of 80%, background suppres-

sion efficiency of 75% and T1 of blood at 1.6 s. The partial satura-

tion of the reference proton density image was corrected for by

using a T1t of 1.2 s, typical of GM. The difference between the

corrected proton density image and the perfusion weighted im-

age, yielding the quantitative CBF in mL/100 g/min units of arte-

rial water density. Partial volume effect (PVE) correction was per-

formed using a spatial linear regression algorithm to estimate the

flow contribution of each tissue at a given voxel as described previ-

ously ( Asllani et al., 2008 ; Petr et al., 2018 ). All statistical analyses

were computed based on PVE corrected CBF data. 

PVE corrected CBF images in the participant’s T1 space were

resliced using SPM12 (Wellcome Trust Centre for Neuroimaging,

University College London) to T1 resolution and ROI based val-

ues were extracted based on FreeSurfer anatomical parcellations

from the T1 images. Regional CBF values were residualized by the

mean signal of the precentral gyrus as the reference region in or-

der to render comparability to earlier studies on the associations

between amyloid-PET and ASL assessed CBF ( Mattsson et al., 2014 ;

Yew et al., 2017 ). 

2.4. [18F]AV1451 tau-PET and [ 18 F]AV45/[ 18 F]FBB amyloid-PET 

acquisition and preprocessing 

Tau-PET data were acquired for 30 minutes dynamic emission

scan, six 5-minutes frames, 75105 minutes postinjection of 10.0

mCi of [ 18 F]AV1451. Amyloid-PET data were acquired for 20 min-

utes dynamic emission scan, four 5-minutes frames, 50–70 min-

utes post injection of 10.0 mCi of [ 18 F]AV45 or 20 minutes dynamic

scan, four 5-minutes frames, 90–110 minutes post injection of 8.1

mCi of [ 18 F]FBB. 

Final datasets including amyloid-PET and tau-PET ROI values

were downloaded from the ADNI website. PET quality control and

preprocessing were centrally conducted at the ADNI PET core cen-

ter at University of California Berkeley as previously described

( Jagust et al., 2015 ). The preprocessing steps included frame coreg-

istration, averaging across the dynamic range and standardiza-

tion with respect to the orientation, voxel size and intensity and

smoothing to produce images of a uniform isotropic resolution of

8 mm FWHM ( Jagust et al., 2015 ). Tau-PET scans were corrected

for partial volume effects using the Geometric Transfer Matrix ap-

proach as previously described ( Baker et al., 2017 ). Preprocessed

PET images were subsequently coregistered to the participant’s T1

image in native-space and FreeSurfer-based anatomical parcella-

tions were applied to extract ROI based values. Standardized up-

take value ratio (SUVR) scores were obtained by normalizing ROI

values to the mean uptake of the whole cerebellum for amyloid-

PET data, and to the mean uptake of the inferior cerebellar GM for

tau-PET data, following previous recommendations ( Landau et al.,

2012 ; Maass et al., 2017 ). 

2.5. Assessment of amyloid status 

82 participant underwent [ 18 F]AV45 amyloid-PET and 63 par-

ticipants [ 18 F]FBB amyloid PET. Amyloid status was computed fol-

http://www.adni-info.org
https://ida.loni.usc.edu
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Fig. 1. (A) Spatial mapping of Braak stage-specific ROIs that were used to determine regional CBF and tau-PET uptake. For Braak stage II, the hippocampus was not included 

due to known off-target binding of the AV1451-PET tracer in that region. (B) Spatial mapping of default mode network ROIs that were used to determine regional CBF and 

amyloid-PET uptake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lowing a method described previously ( Landau et al., 2012 ). Briefly,

the global cortical amyloid scores were calculated as a mean

across FreeSurfer-derived cortical GM ROIs (frontal, lateral tem-

poral, lateral parietal and anterior/posterior cingulate) divided by

whole cerebellum reference region. Participants were classified as

A β+ or A β- based on established cutoff values (global AV45-

PET SUVR > 1.11 or global FBB-PET SUVR > 1.08) ( Landau et al.,

2012 ). To obtain comparable quantification of the amyloid bur-

den across tracers, we used the following centiloid calculation as

recommended for the ADNI pipeline: AV45 centiloid = 196.9 X

SUVR FBP - 196.03, where SUVR FBP is the SUVR of AV45, and FBB

centiloid = 159.08 X SUVR FBB − 151.65, where SUVR FBB is the SUVR

of FBB). 

2.6. A priori selection of ROIs 

In order to test the association between tau-PET and CBF, we

included ROIs defined by the Braak-staging ( Fig. 1 A). That is, aver-

age values for three composite ROIs scores including Braak stage I

(entorhinal), Braak III/IV (limbic) and Braak V/VI (neocortical) were

obtained for each modality including tau-PET, amyloid-PET and

CBF. Braak stage II (hippocampus) was not included due to spill

of from known off-target binding of the tau-PET tracer to choroid

plexus ( Marquie et al., 2015 ). 

In order to test the association between amyloid-PET and CBF,

we focused on DMN regions which are predilection areas of amy-

loid deposition early in the course of AD ( Palmqvist et al., 2017 ).

Values of amyloid-PET, tau-PET and CBF were extracted for 6 a

priori designated ROIs within the DMN: medial-orbitofrontal, pre-

cuneus, posterior cingulate, inferior parietal, inferior temporal and

parahippocampal gyrus ( Fig. 1 B). To obtain comparable quantifica-

tion of the amyloid burden across tracers, we used the centiloid

calculation mentioned above for regional amyloid-PET measures. 

2.7. White matter hyperintensity segmentation 

WMH volumes were extracted using T1 and Fluid-Attenuated

Inversion Recovery (FLAIR) scans. 3D FLAIR scans were acquired

with resolution = 1 × 1 × 1.2 mm 

3 and a TR/TE/Flip angle = 4.8
s/119 ms/90 °. Detailed information describing the assessment pro-

cess is available online on the ADNI website ( http://adni.loni.usc.

edu/methods ). The total WMH volume was divided by the total

intracranial volume to obtain a normalized global WMH volume.

Since WMHs typically have a skewed distribution, we applied an

inverse-hyperbolic sine (IHS) transform to the WMH volume ratio,

as reported previously ( Caballero et al., 2020 ). 

2.8. Cerebral microbleeds assessment 

Cerebral microbleeds were defined as areas of signal void on

T2 ∗-weighted MRI and performed by ADNI MRI-Core (available

for a subset of 155 participants). T2 ∗-weighted scans were ac-

quired with resolution = 0.85 × 0.85 × 4 mm 

3 and a TR/TE/Flip

angle = 650ms/20ms/20 °. Relevant findings were cataloged with

information about each observation of the finding on the associ-

ated T2 ∗ image. Findings cataloged as definite microbleeds were

counted and used for further analysis. Detailed information de-

scribing the assessment process is available online on the ADNI

website ( http://adni.loni.usc.edu/methods ). 

2.9. Statistical analysis 

Group demographics were compared between groups using

Kruskal-Wallis for continuous measures (followed by Bonferroni-

corrected post-hoc Dunn tests) and Chi-squared tests for categori-

cal measures. 

For all subsequent analysis on CBF, PVE-corrected values were

used and for the sake of simplicity, we simply refer to CBF values.

For our main analyses, we tested whether increased tau-PET was

associated with reduced perfusion in Braak stage ROIs. To this end,

we conducted mixed-effect regression analysis to test whether re-

gional tau-PET levels are a significant predictor of participants’ CBF

in the 3 spatially matched composite Braak-stage ROIs, accounting

for age, gender, diagnosis, education (fixed effects) and the study

site as a random effect. Analyses were performed in the entire

sample as well as in the nondemented subgroup (excluding AD de-

mentia participants) or in subgroups defined by A β status. Division

http://adni.loni.usc.edu/methods
http://adni.loni.usc.edu/methods
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Table 1 

Sample characteristics, mean (SD) 

Group CN (n = 84) MCI (n = 51) AD (n = 21) p -value 

Age (years) 72.70 (6.49) 74.90 (8.05) 76.10 (6.16) 0.032 

Gender (M / F) 36/48 31/20 14/7 0.045 

Education (years) 16.71 (2.43) 16.65 (2.59) 15.76 (2.39) 0.199 

MMSE 29.35 (0.88) 27.94 (2.41) ∗ 22.38 (3.81) ∗ , † < 0.001 

A β-/A β+ 

a 55-/25 + 32-/15 + 18 + 

∗ , † < 0.001 

APOE ε4 carriers -/ + 

b 52-/30 + 27-/15 + 4-/12 + 

∗ , † 0.012 

Global A β centiloid a 2.43 (28.65) 28.34 (45.88) 86.18 (31.39) ∗ , † < 0.001 

Global tau-PET SUVR 1.42 (0.15) 1.52 (0.33) 1.95 (0.95) ∗ , † < 0.001 

Global GM CBF c (mL/100g/min) 42.39 (9.73) 38.25 (10.38) 33.70 (12.31) ∗ < 0.001 

WMH volume (mL) d 3.13 (4.90) 4.28 (4.73) 6.22 (8.33) ∗ 0.003 

Microbleeds count e 0.45 (0.89) 0.75 (2.29) 0.57 (0.81) 0.604 

Key: A β , amyloid-beta; AD, Alzheimer’s disease; APOE, Apolipoprotein E; CBF, cerebral blood flow; CN, 

cognitively normal; F, female; GM, grey matter; M, male; MCI, mild cognitive impairment; MMSE, Mini- 

Mental State Exam; WMH, white matter hyperintensity. 
∗ Significantly different from CN. 
† Significantly different from MCI. (Significant after applying a Bonferroni-corrected α-threshold of 

0.017). 
a Available for 145 subjects. 
b Available for 140 subjects. 
c Data is PVE corrected. 
d Raw, nontransformed data 
e Available for 155 subjects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Linear mixed models testing the regional effects of tau-PET on CBF in the whole 

group (n = 156) 

ROI 

Tau 

b/SE p -value 

Braak I -0.371/0.088 < 0.001 ∗

Braak III/IV -0.120/0.089 0.180 

Braak V/VI 0.156/0.082 0.057 

Models are controlled for age, gender, education, diagnosis (fixed effects) and 

study site (random effect). 
∗ Remains significant after applying a Bonferroni-corrected α-threshold of 

0.017 (i.e., α = 0.05 adjusted for 3 tests). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to subgroups was performed in order to ensure that our results are

not driven by extreme AD dementia cases or by A β burden. 

Moreover, we checked whether there were few highly influ-

ential cases based on by Cook’s distance D ( Cook and Weis-

berg, 1982 ). Influential cases were defined as observations with

Cook’s distance exceeding the predefined threshold (calculated as

4/N; N = number of observations ( Bollen and Jackman, 1985 )). In

case observations exceeding the threshold were detected, analyses

were rerun excluding those observations to test for the robustness

of the results. 

To account for the effect of amyloid pathology, the main analy-

ses were repeated with regional amyloid-PET centiloid or tau-PET

x amyloid-PET centiloid as additional predictors. All models were

controlled for age, gender, diagnosis, education (fixed effects) and

the study site as a random effect. 

Next, we tested whether increased global or regional amyloid-

PET was associated with reduced perfusion in DMN ROIs, i.e.

predilection areas of amyloid deposition. To this end, we conducted

mixed-effect regression analyses with global or regional amyloid-

PET centiloid in DMN ROIs, as predictors of CBF in spatially corre-

sponding ROIs. The analyses were repeated with regional tau-PET

as additional predictor. All models were controlled for age, gender,

diagnosis, education (fixed effects) and the study site as a random

effect. 

Lastly, we tested the associations between MRI markers of SVD

(WMH volume and microbleeds) and global CBF. To that end, we

used linear mixed-effect regression model with IHS-transformed

WMH ratio or the microbleeds count as the independent variable

and global mean CBF as the dependent variable, accounting for age,

gender, diagnosis, education (fixed effects) and study site (random

effect). 

All analyses were performed using R statistical software pack-

age ( http://www.R-project.org ). Associations (standardized beta co-

efficients and correlation) were considered significant when meet-

ing an α-threshold of 0.05. Correction for multiple comparisons

was done using Bonferroni correction. 

2.10. Data availability statement 

Data on participant demographics are available in Table 1 . ADNI

data are accessible from http://adni.loni.usc.edu/data-samples/

access-data/ . 
3. Results 

3.1. Sample characteristics 

For the current study, we analyzed data from 156 participants

of the ADNI cohort, including 84 CN, 51 MCI and 21 AD dementia

subjects (see Table 1 for sample characteristics). After correction

for multiple comparisons, there were no differences in baseline

demographics (age, gender, education) as well as in microbleeds

count between the different diagnostic groups. As expected, AD de-

mentia subjects had lower MMSE score, higher frequency of A β
positivity and APOE ε4 carriage, higher global A β centiloid, higher

global tau-PET SUVR, lower mean global CBF, and higher WMH vol-

ume. 

Regional distributions of amyloid-PET centiloid, tau-PET SUVRs

and CBF within the sample are shown for the Desikan-Kiliany ROIs

in supplementary Figure 1. 

3.2. Higher tau-PET is associated with lower perfusion exclusively in 

the entorhinal cortex 

In a first step, we tested the hypothesis that tau pathology is as-

sociated with reduced perfusion in Braak stage ROIs ( Figure 1 A). As

shown in Fig. 2 ( Table 2 ), we found that higher tau-PET was asso-

ciated with lower CBF in the entorhinal cortex (Braak I: β = -0.371,

SE = 0.088, p < 0.001) accounting for confounding effects of age,

gender, diagnosis, education (fixed effects) and study site (random

effect). After exclusion of nine outliers detected based on Cook’s

distance, the association between tau-PET and CBF in the entorhi-

http://www.R-project.org
http://adni.loni.usc.edu/data-samples/access-data/
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Fig. 2. Higher tau-PET is associated with lower CBF in the entorhinal cortex (Braak 

stage I). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Linear mixed models testing the effects of global amyloid-PET on CBF in the 

amyloid subsample (n = 145) 

ROI 

A β

b/SE p -value 

Inferior temporal -0.367/0.083 < 0.001 ∗

Parahippocampus -0.094/0.092 0.305 

Inferior parietal -0.259/0.076 < 0.001 ∗

Posterior cingulate 0.041/0.087 0.637 

Precuneus -0.214/0.085 0.013 

Medial orbitofrontal -0.042/0.082 0.610 

Models are controlled for age, gender, education, diagnosis (fixed effects) and 

study site (random effect). 
∗ Remains significant after applying a Bonferroni-corrected α-threshold of 

0.008 (i.e., α = 0.05 adjusted for 6 tests). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nal cortex remained significant (Braak I: β = -0.423, SE = 0.088,

p < 0.001). There were no significant associations between tau-

PET and CBF in Braak stage ROIs III/IV and V/VI ( p = 0.180 and

p = 0.057 respectively). The association in the entorhinal cor-

tex remained significant after applying a Bonferroni-corrected α-

threshold of 0.017 (i.e., α = 0.05 adjusted for 3 tests). 

To test whether the association between tau-PET and CBF in the

entorhinal cortex is independent of A β , as a first step we split the

sample into A β- and A β+ subgroups. We found significant associ-

ations both in the A β+ subgroup (Braak I: β = -0.485, SE = 0.139,

p = 0.001), and the A β- subgroup (Braak I: β = -0.313, SE = 0.095,

p = 0.002). Similarly, inclusion of regional amyloid-PET as a co-

variate in the main analysis did not alter the association between

tau-PET and CBF in the entorhinal cortex (Braak I: β = -0.363,

SE = 0.095, p < 0 .001). No interaction between regional tau-PET

and regional amyloid-PET centiloid was observed. 

To ensure that our results are not driven by extreme AD demen-

tia cases, we repeated the analysis in a nondemented subgroup

(consists of 84 CN and 51 MCI participants). We found that the

association between higher tau-PET and lower CBF remained sig-

nificant in the entorhinal cortex (Braak I: β = -0.236, SE = 0.086,

p = 0.007). 

As exploratory analysis we also tested the effect of APOE geno-

type on the association between tau-PET and CBF. Inclusion of

APOE status as a covariate in the main analysis did not alter the as-

sociation between tau-PET and CBF in the entorhinal cortex (Braak

I: β = -0.412, SE = 0.095, p < 0 .001). We found a significant as-

sociation of tau-PET and CBF, both in the APOE e4- non-carriers

subgroups (Braak I: β = -0.397, SE = 0.111, p < 0 .001) as well as in

the APOE e4 + carriers subgroup (Braak I: β = -0.372, SE = 0.162, p

= 0.026). No interaction between regional tau-PET and APOE geno-

type was observed. See supplementary Table 1 for detailed statis-

tics. 

3.3. Higher global and regional amyloid-PET are associated with 

reduced perfusion in temporo-parietal regions 

We tested whether CBF is associated with global or regional

amyloid-PET centiloid in DMN ROIs ( Fig. 1 B). As shown in Fig. 3
( Table 3 ), higher global amyloid-PET centiloid was associated with

lower CBF in the inferior temporal ( β = -0.367, SE = 0.083, p

< 0 .001), inferior parietal ( β = -0.259, SE = 0.076, p < 0 .001),

and precuneus ( β = -0.214, SE = 0.085, p = 0.013). Associations

in the inferior temporal and the inferior parietal remained signif-

icant after applying a Bonferroni-corrected α-threshold of 0.008

(i.e., α = 0.05 adjusted for 6 tests). Similar results were observed

when testing the associations between regional amyloid-PET cen-

tiloid and CBF. 

When including in the model tau-PET obtained in the same

ROIs, the association between global amyloid-PET centiloid and

CBF remained unchanged in the inferior temporal and the pre-

cuneus. However, in the inferior parietal, global amyloid-PET cen-

tiloid no longer had a significant association with CBF, instead, an

association between tau-PET and CBF ( β = -0.336, SE = 0.083, p <

0 .001) was observed. See supplementary Table 2 for detailed statis-

tics. 

3.4. CBF is not associated with MRI markers of SVD 

In order to ensure that our results are not driven by vascular

factors, we tested the association between MRI markers of SVD

(WMH volume and microbleeds) and CBF. No associations between

global mean CBF and WMH volume ( p = 0.77) or microbleeds

count ( p = 0.56) were observed. 

4. Discussion 

Our main findings show an association between higher tau-PET

and lower CBF in the entorhinal cortex, independent of A β pathol-

ogy. For A β , higher global and regional amyloid-PET were associ-

ated with reduced CBF in temporo-parietal regions, even after con-

trolling for tau-PET in the same ROIs. There were no associations

between MRI-markers of SVD and CBF. Together, these results sug-

gest that pathologic tau, is a major correlate of lower CBF in early

Braak stages, independent of A β , SVD markers and APOE genotype.

Our dual-tracer assessment of A β and tau pathology allowed

to discern the roles of each pathology in local decreases in CBF.

Our results provide an important advance beyond previous reports

that focused only on the association between amyloid-PET and CBF

( Bangen et al., 2017 ; Hansson et al., 2018 ; Mattsson et al., 2014 ;

McDade et al., 2014 ; Michels et al., 2016 ; Rodell et al., 2016 ). Our

results of the association between tau-PET and lower perfusion

are in general agreement with previous findings on the associa-

tion between higher levels of CSF biomarkers of tau and perfu-

sion in cognitively normal APOE e4 carriers ( Hays et al., 2020 )

and postmortem findings of higher Braak-stages of tau pathology

to be associated with higher expression of the vascular endothelial
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Fig. 3. Higher global amyloid-PET is associated with lower CBF in the inferior temporal, inferior parietal and precuneus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

growth factor (VEGF), i.e. a marker of hypoperfusion related hy-

poxia ( Thomas et al., 2015 ). Interestingly, tau-PET was associated

also with lower CBF in the inferior parietal in the secondary anal-

ysis focusing on predilection areas of A β , suggesting that also sub-

tle elevations of tau-PET are related to lower perfusion. Together

these findings suggest that local associations of tau-PET and CBF

are strongest in the entorhinal cortex, but tau pathology may drive

amyloid related changes in CBF also in other higher cortical areas. 

We found associations between global as well as regional

amyloid-PET and lower temporo-parietal perfusion. While our find-

ings are in agreement with previous reports ( Mattsson et al., 2014 ;

Tosun et al., 2014 ), our results also suggest that for the attribu-

tion of CBF reductions to A β , tau pathology needs to be taken into

account. As a note of caution, however, the current study design

does not allow for a causative interpretation of any effects of tau

pathology, and thus our findings neither address the directionality

nor answer the question which specific pathology is causing CBF

changes. 

The mechanisms linking local tau pathology to local perfusion

are not established yet. A potential candidate mechanism includes

tau pathology to cause vascular changes that in turn lead to hypop-

erfusion. A recent study in transgenic mouse model of neurofib-

rillary tangles showed structural microvascular abnormalities and

disrupted blood flow that was associated with neurodegeneration

( Bennett et al., 2018 ). In brain tissue from both transgenic mice

of tau pathology and brain tissue from AD patients, tau pathol-

ogy was associated with alterations in RNA expression linked to

vascular function and hypoxia. In contrast, those changes were

not observed in a transgenic mouse model of A β ( Bennett et al.,

2018 ). These observations in mice and humans suggest that tau

pathology may directly impinge upon the microvasculature and

thus reduced hypoperfusion. However, lower perfusion may also

cause the pathologic tau accumulation as chronic hypoperfusion

has been found to be associated with higher phosphorylated tau

and A β oligomers in rodents ( Park et al., 2019 ). Yet, in nonde-

mented elderly individuals with chronic hypoperfusion due to uni-

lateral artery occlusion showed neither higher amyloid nor tau

pathology, suggesting that hypoperfusion may not be eliciting AD

pathology ( Hansson et al., 2018 ). It should be noted though that

the sample was small, with only 5 individuals receiving tau-PET,

and thus the cause of events in humans remains to be estab-

lished. A third possibility is that tau pathology causes GM atro-

phy which in turn reduces perfusion. However, other studies using

combined structural MRI and ASL changes reported spatially diver-

gent patterns of CBF reduction and GM atrophy in MCI and AD

( Tosun et al., 2014 ; Wirth et al., 2017 ), supporting the view that
CBF alterations do not occur merely as a function of neurodegen-

eration. In the current study, correction for PVE did not alter the

results, thus, while the influence of GM atrophy on CBF changes

cannot be excluded, it is unlikely that CBF changes can be reduced

to GM atrophy. 

Previous study reported increased tau-PET levels in subjects

with SVD ( Kim et al., 2018 ). Because SVD is associated with re-

duced cerebral perfusion ( Shi et al., 2016 ), it is possible that any

association between tau and lower perfusion is mediated due to

SVD. However, we found no association between SVD markers and

CBF in contrast to previous reports of an association between lower

perfusion and higher number of microbleeds in nondemented el-

derlies ( Gregg et al., 2015 ). A potential cause for the discrepancies

in the findings is the relatively lower number of microbleeds in the

current study compared to that in the previous study. For WMH,

findings have been inconsistent, where the latter study reported

no association between WMH and CBF ( Gregg et al., 2015 ), but a

positive association was reported in nondemented individuals in

other studies ( Kim et al., 2020 ). We note that there is currently

no direct biomarker of SVD available, rather proxy measure such

as WMH and microbleeds provide only crude measures of SVD in

vivo. While we found no evidence supporting a role of SVD in the

association between tau pathology and CBF, we cation that the cur-

rent study was not tailored to test these associations. Moreover,

since we focused only on grey matter perfusion, we cannot exclude

the effect of SVD on perfusion in the white matter. Therefore, the

role of SVD in tau associated decreases in perfusion in human re-

mains to be tested. 

Some limitations of this study should be considered. First, our

study design was cross-sectional and not longitudinal, therefore

we could not determine the temporal relationships between tau

and CBF changes. Second, ADNI is a multi-site study and as such

is susceptible to variability across sites. Therefore, we limited the

current study to data acquired on a single scanner and all regres-

sion models were controlled for study site effects. Third, pCASL is

currently the recommended ASL method by the ISMRM Perfusion

Study Group and European Consortium for ASL in Dementia due

to its relatively high signal-to-noise ratio (SNR) and clinical ap-

plicability ( Alsop et al., 2015 ). However, the hemodynamic status

of each individual cannot be precisely estimated using the current

method and therefore the quantitative values of CBF may not be

accurate. Optimizations of pCASL, such as multi-phase sequences,

can collect data in multiple time phases and therefore may of-

fer a more accurate CBF measure ( Sugimori et al., 2015 ). Fourth,

the sample size of the AD dementia group in our study was rel-

atively small and most of the subjects were nondemented with
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relatively low levels of tau-PET ( Johnson et al., 2016 ; Jack et al.,

2017 ). Enrichment of the sample with subjects with more ad-

vanced tau pathology, may have resulted in higher sensitivity to

detect associations between CBF and tau-PET not only in the en-

torhinal cortex but also higher cortical areas. Lastly, we investi-

gated only linear associations between CBF vs amyloid- or tau-

PET. Previous studies reported - apart from decreases - also in-

creases in CBF ( Wierenga et al., 2012 ; Beason-Held et al., 2013 ;

Fazlollahi et al., 2020 ), suggesting that changes in CBF are com-

plex in AD. However, the results of those previous studies were

inconsistent with regard to which specific brain regions and clin-

ical phases are linked to increased CBF ( Wierenga et al., 2014 ),

and several studies did not report any increases in CBF in MCI

( Binnewijzend et al., 2013 ; Wirth et al., 2017 ) or AD dementia

( Chen et al., 2011 ; Binnewijzend et al., 2013 ) at all. In the cur-

rent study, we observed only inverse associations between CBF and

tau-PET or amyloid-PET. The current sample size did not allow to

model nonlinear relationships or analyses stratified by clinical sub-

group, and thus nonlinear relationships with tau-PET remain to be

investigated. 

5. Conclusion 

In conclusion, decreases in regional CBF can be observed not

only in an amyloid-PET manner but also tau-PET dependent, pref-

erentially in regions of high tau-PET uptake. These associations are

detectable at an early stage of tau pathology in the absence of clin-

ical dementia as well as in later AD stages and are independent of

A β pathology, APOE genotype or SVD markers. Thus, CBF measured

by pCASL could potentially identify tau- associated CBF alterations

in preclinical phase and serve as a noninvasive biomarker for the

early detection of AD. 
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