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Dementia with Lewy bodies (DLB) is neuropathologically defined by the presence of a-synuclein aggregates, but many DLB
cases show concurrent Alzheimer’s disease pathology in the form of amyloid-b plaques and tau neurofibrillary tangles.
The first objective of this study was to investigate the effect of Alzheimer’s disease co-pathology on functional network
changes within the default mode network (DMN) in DLB. Second, we studied how the distribution of tau pathology meas-
ured with PET relates to functional connectivity in DLB. Twenty-seven DLB, 26 Alzheimer’s disease and 99 cognitively un-
impaired participants (balanced on age and sex to the DLB group) underwent tau-PET with AV-1451 (flortaucipir), amyloid-
b-PET with Pittsburgh compound-B (PiB) and resting-state functional MRI scans. The resing-state functional MRI data were
used to assess functional connectivity within the posterior DMN. This was then correlated with overall cortical flortaucipir
PET and PiB PET standardized uptake value ratio (SUVr). The strength of interregional functional connectivity was assessed
using the Schaefer atlas. Tau-PET covariance was measured as the correlation in flortaucipir SUVr between any two
regions across participants. The association between region-to-region functional connectivity and tau-PET covariance was
assessed using linear regression. Additionally, we identified the region with highest and the region with lowest tau SUVrs
(tau hot- and cold spots) and tested whether tau SUVr in all other brain regions was associated with the strength of func-
tional connectivity to these tau hot and cold spots.
A reduction in posterior DMN connectivity correlated with overall higher cortical tau- (r = –0.39, P = 0.04) and amyloid-PET
uptake (r = –0.41, P = 0.03) in the DLB group, i.e. patients with DLB who have more concurrent Alzheimer’s disease path-
ology showed a more severe loss of DMN connectivity. Higher functional connectivity between regions was associated
with higher tau covariance in cognitively unimpaired, Alzheimer’s disease and DLB. Furthermore, higher functional con-
nectivity of a target region to the tau hotspot (i.e. inferior/medial temporal cortex) was related to higher flortaucipir SUVrs
in the target region, whereas higher functional connectivity to the tau cold spot (i.e. sensory-motor cortex) was related to
lower flortaucipir SUVr in the target region.
Our findings suggest that a higher burden of Alzheimer’s disease co-pathology in patients with DLB is associated with
more Alzheimer’s disease-like changes in functional connectivity. Furthermore, we found an association between the
brain’s functional network architecture and the distribution of tau pathology that has recently been described in
Alzheimer’s disease. We show that this relationship also exists in patients with DLB, indicating that similar mechanisms
of connectivity-dependent occurrence of tau pathology might be at work in both diseases.
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Introduction
Dementia with Lewy bodies (DLB) is the second most common form
of neurodegenerative dementia after Alzheimer’s disease1 and is
characterized by core clinical symptoms of visual hallucinations,
cognitive fluctuations, parkinsonism and REM sleep behaviour dis-
order.2 Neuropathologically, DLB is primarily defined by the pres-
ence of intracellular a-synuclein aggregates termed Lewy bodies.3,4

However, many DLB cases also exhibit concurrent Alzheimer’s dis-
ease pathology in the form of extracellular amyloid plaques and
intraneuronal tau neurofibrillary tangles, which can be assessed at
autopsy5–7 or in vivo using PET imaging.8,9 This additional patho-
logical burden has been linked to higher atrophy rates in patients
with DLB,10–12 especially in the medial temporal lobe.13 Clinically,
coexisting Alzheimer’s disease pathology in DLB is associated with a
more severe manifestation of the disease,14 a higher risk of institu-
tionalization and mortality,15,16 lower cognitive performance17 and a
more rapid cognitive decline.6,11,18–20

In Alzheimer’s disease, the accumulation of tau pathology has
been shown to follow a typical spatial pattern in autopsy stud-
ies21,22 and on PET imaging23–25 that appears to overlap with large-
scale functional networks in the brain.26–29 Similarly, amyloid
pathology has been shown to preferentially accumulate in brain
regions that are part of functional networks,30 especially the de-
fault mode network (DMN).31–34 The DMN is a network of spatially
distinct brain regions that are activated in the absence of a specific
task, but also during episodic memory processing and introspect-
ive tasks.35,36 A decrease of connectivity within the posterior part
of the DMN comprising the precuneus and posterior cingulate cor-
tex has consistently been reported in patients with Alzheimer’s
disease compared to healthy ageing37–40 and a loss of DMN con-
nectivity has been linked to amyloid and tau pathology in
Alzheimer’s disease dementia and preclinical Alzheimer’s dis-
ease.26,33,41–43

In DLB, results from functional connectivity studies are less
consistent. In particular, it is not clear if and how the DMN is
affected in DLB, with different studies showing increased,44

decreased45 or unchanged connectivity46–49 within this network
compared to control participants. Some of these inconsistent find-
ings, especially with respect to DMN connectivity, might be
explained by varying amounts of coexisting Alzheimer’s disease
pathology in different DLB cohorts.

The first aim of this study was therefore to investigate the ef-
fect of concurrent Alzheimer’s disease pathology (amyloid and
tau) on posterior DMN connectivity in patients with DLB. We
hypothesized that a higher burden of Alzheimer’s disease path-
ology in patients with DLB would be associated with a more severe
loss of connectivity within the posterior DMN, i.e. a more
Alzheimer’s disease-like functional connectivity profile.

Several models have been suggested to explain the spreading
and distribution of Alzheimer’s disease pathology across the brain.
One model that has attracted considerable attention is that of a
prion-like spread where pathology is hypothesized to propagate
trans-synaptically from neuron to neuron.50–53 This hypothesis is
supported by preclinical studies demonstrating that injection of
tau aggregates into mouse brains leads to tau accumulation in
brain regions that are spatially distinct, but synaptically connected
to the injection site.54,55

Recent human PET imaging studies provide evidence for a spa-
tial correspondence between regional prevalence of tau deposition
and major functional networks in Alzheimer’s disease.26–29

Furthermore, it has been shown that regions that are more strong-
ly functionally connected to the rest of the brain display more tau
pathology in patients with Alzheimer’s disease56 and that func-
tional connectivity rather than geometric distance best explains
the spatial pattern of tau distribution in healthy ageing,
Alzheimer’s disease and vascular cognitive impairment.57,58 In a
longitudinal study, it has recently been shown that a combination
of baseline tau levels and functional brain topology can be used to
predict future rates of tau accumulation in Alzheimer’s disease.59

Taken together, these findings indicate that the distribution of tau
pathology in Alzheimer’s disease occurs along functional connect-
ivity networks and might depend on the connectivity strength be-
tween regions.

The relationship between the distribution of tau pathology and
functional connectivity in DLB remains an unanswered question
despite the frequency of occurrence and clinical relevance of
Alzheimer’s disease pathology in this condition.16 Therefore, the se-
cond aim of the present study was to investigate the relationship be-
tween tau deposition and functional network structure in patients
with DLB. We hypothesized that, similar to Alzheimer’s disease, the
accumulation of tau pathology in DLB would be related to large-
scale functional network structure.26–29 Furthermore, we hypothe-
sized that there would be an association of functional connectivity
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between regions and the spatial pattern of tau-PET uptake in
patients with DLB.57

Materials and methods
Participants

All participants included in this study were enrolled in the Mayo
Clinic Rochester Alzheimer’s Disease Research Center (ADRC, n = 51)
or the Mayo Clinic Study of Aging (MCSA, n = 101). We selected par-
ticipants who had a diagnosis of probable DLB according to consen-
sus criteria2,4 and had good quality resting-state functional MRI,
structural MRI, AV-1451 (flortaucipir) tau-PET and Pittsburgh com-
pound-B (PiB) amyloid-PET scans available (n = 27). Four of these
patients with DLB had received a diagnosis of mild cognitive impair-
ment with DLB core clinical features (MCI-LB) at their initial visit
and a diagnosis of DLB at follow-up. Patients with an initial MCI-LB
diagnosis who did not have follow-up confirmation of conversion to
DLB were not included. As a comparison group, we included
patients with Alzheimer’s disease dementia (n = 26) from the ADRC
and MCSA cohorts who were balanced on age and sex to the DLB co-
hort. The diagnosis of Alzheimer’s disease dementia was made in
accordance with National Institute on Aging-Alzheimer’s
Association Criteria60 and all Alzheimer’s disease dementia partici-
pants had high uptake on PiB PET (i.e. PiB-positive). Furthermore, 99
cognitively unimpaired participants from the MCSA were included
as a control group.

Dementia severity was assessed using the Mattis Dementia
Rating Scale (DRS) and the Clinical Dementia Rating Scale (CDR).
The severity of parkinsonism was measured using the Unified
Parkinson’s Disease Rating Scale part III (UPDRS-III). Cognitive fluc-
tuations were considered to be present if a patient scored 3 or 4 on
the four-item Mayo Fluctuations Scale.61 Visual hallucinations
were characterized by being fully formed and recurrent, and not
related to other medical factors, medications or advanced demen-
tia. Probable REM sleep behaviour disorder was assessed by the
Mayo Sleep Questionnaire.62

The study was approved by the Mayo Clinic Institutional
Review Board and followed the Health Insurance Portability and
Accountability Act (HIPAA) guidelines. All participants and their le-
gally authorized representatives (for those with dementia), pro-
vided written informed consent before study participation.

PET acquisition

PET images were acquired on a PET/CT scanner (GE Healthcare)
operating in 3D mode. Participants were injected with an average
of 596 MBq (range 292–729) of 11C-PiB, and following a 40-min
11C-PiB uptake period, a 20-min PiB scan consisting of four 5-min
dynamic frames was obtained. In a different session, partici-
pants were injected with an average of 370 MBq (range 333–407) of
18F-AV-1451 (flortaucipir), and a 20-min flortaucipir PET scan con-
sisting of four 5-min frames was obtained after 80 min of uptake.

MRI acquisition

MRI was performed on a 3 T GE scanner. Structural images were
acquired with a magnetization prepared rapid gradient echo se-
quence, repetition time = 2300 ms, echo time = 3 ms, T1 = 900 ms,
8� flip angle, 26 cm field of view, 256 � 256 in-plane matrix with a
phase field of view of 0.94 and slice thickness of 1.2 mm.

Resting-state functional MRI data were acquired using an
eight-channel head coil, gradient echo planar image, repetition
time = 3000 ms, echo time = 30 ms, 90� flip angle, 21 cm field of
view, 64 � 64 in-plane matrix, slice thickness 3.3 mm without gap

and 160 volumes were obtained. Participants were asked to keep
their eyes open during the scan. All included functional MRI data-
sets showed 53 mm of translational movement, 53� of rotational
movement and passed visual inspection for artefacts.

PET preprocessing

PET images were analysed using a fully automated image process-
ing pipeline.63 Each PET was registered (rigid) to that participant’s
corresponding T1-weighted structural MRI using SPM12. We seg-
mented each MRI using SPM12 Unified Segmentation,64 and com-
puted non-linear deformation parameters between it and the
Mayo Clinic Adult Lifespan Template (MCALT65; https://www.nitrc.
org/projects/mcalt/) using ANTs.66 We used these parameters to
transform the MCALT_ADIR122 and Schaefer atlases67 to deter-
mine regional cortical uptake of flortaucipir and PiB. Voxels whose
estimated probability of being CSF was greater than being grey or
white matter were excluded from the analysis.

The global cortical PiB retention standardized uptake value
ratio (SUVr) was obtained from bilateral parietal (including poster-
ior cingulate and precuneus), temporal, prefrontal, orbitofrontal
and anterior cingulate regions, referenced to the median cerebellar
grey matter uptake. High uptake on PiB (PiB-positive) was defined
as a PiB PET SUVr of 51.48.68

Flortaucipir SUVr in each voxel was calculated by referencing
to the median value of right and left cerebellar crus uptake. High
uptake on flortaucipir (flortaucipir-positive) was defined as a flor-
taucipir PET SUVr of 51.25.68,69

For the first part of the analysis, the average flortaucipir and
PiB SUVr of all cortical regions from the ADIR122 atlas was used as
a measure of overall cortical flortaucipir and PiB uptake,
respectively.9

Functional MRI preprocessing

The first three volumes of the functional MRI time series were
removed and each voxel’s time series was despiked using AFNI’s
3dDespike program.70 Slice-timing correction was then performed
in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) followed by two-
pass realignment to the mean functional image. Structural T1-
weighted images were co-registered to the functional image.
Subsequently, unified segmentation and normalization to the
template space was performed. The subject-space CSF and white
matter segmentations were binarized at a probability threshold of
0.9 and eroded by two voxels in each direction to create an ana-
tomically-based noise region of interest to be used in a compo-
nent-based noise correction.71 Voxel-wise time series were
extracted from this region of interest and a principal component
analysis was applied. The first six principal components were
combined with the six motion parameters and their first temporal
derivatives to form a nuisance regressor matrix (18 regressors in
total). As a last step, AFNI’s 3dBandpass function was used to sim-
ultaneously detrend, band-pass filter (0.009–0.08 Hz), and perform
nuisance regression using the nuisance regressor matrix.
Simultaneous filtering and nuisance regression avoids spectral
misspecification of motion artefacts further reducing the impact
of motion confounds.72

Assessment of posterior default mode network
connectivity

For the first part of the analysis, connectivity within the posterior
part of the DMN (pDMN) was calculated.43,73 The high-dimensional
independent component of interest that was used for the calcula-
tion of posterior DMN connectivity was extracted from the MCSA
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Functional Connectivity Atlas74 and transformed into individual
subject space using the inverse warps created during preprocess-
ing. A spatial-temporal regression was then performed with the
component of interest using functions from the group independ-
ent component analysis of functional MRI (GIFT) toolbox,75 yield-
ing subject-specific representations of posterior DMN connectivity.

Assessment of region-to-region functional
connectivity

For the second part of the analysis, region-to-region functional
connectivity was assessed using 100 regions from the Schaefer
functional MRI atlas, which provides a functional parcellation of
the cortex (Fig. 1A).67 To this end, the Schaefer atlas was trans-
formed into individual subject space using the inverse ANTs warps
created during preprocessing. The functional MRI data were then
parcellated into 100 cortical regions based on this atlas and mean
time series from each atlas region were extracted (Fig. 1B).
Functional connectivity between regions was assessed by calculat-
ing Pearson’s correlations between time series for each pair of
regions, resulting in a 100 � 100 functional connectivity matrix for
each participant. Correlation values were subsequently converted
to z-scores using Fisher r-to-z transformation and auto-correla-
tions were set to zero. Finally, group-average functional connectiv-
ity matrices were computed for each diagnostic group (cognitively
unimpaired, Alzheimer’s disease dementia and DLB).

To test whether the results were influenced by the specific
choice of atlas parcellation, we repeated all analyses using the
400-region parcellation of the Schaefer atlas.

Assessment of tau covariance

Similar to the functional MRI data, the flortaucipir SUVr images
were parcellated into 100 cortical regions using the same Schaefer
atlas and mean flortaucipir SUVr for each atlas region was
extracted for each participant (Fig. 1C). To assess tau covariance,
for each atlas region, the mean flortaucipir SUVrs from all partici-
pants within one diagnostic group were collated into a vector
(Fig. 1C). These flortaucipir SUVr vectors were then correlated be-
tween each pair of regions using Spearman’s correlations.57

Spearman’s correlations were chosen specifically to avoid the esti-
mation of tau covariance to be influenced by extreme flortaucipir
SUVr values in certain regions or participants.57 This resulted in a
100 � 100 tau-PET covariance matrix for each group (cognitively
unimpaired, Alzheimer’s disease dementia and DLB) where each
entry indicates the similarity in flortaucipir uptake for a given pair
of regions across participants. This approach has been widely
applied to estimate grey matter76,77 and metabolic covariance net-
works78 and has previously been applied to flortaucipir images in
Alzheimer’s disease.57 Similar to the functional connectivity
matrices, the tau covariance matrices were converted to z-scores
using Fisher r-to-z transformation and auto-correlations were set
to zero.

Network-specificity of flortaucipir uptake

The regions from the Schaefer atlas have previously been grouped
into seven large-scale functional networks based on clustering of
an average functional connectivity matrix estimated from a large
set of healthy control participants.67 The seven networks include
the fronto-parietal network, DMN, dorsal attention network, limbic
network, ventral attention network, somatomotor network and
visual network.79 This was used to assess the network-specificity
of flortaucipir uptake in Alzheimer’s disease dementia and
DLB.28,30 To this end, mean z-scores within each region were

calculated for each patient using the mean and standard deviation
(SD) from the control group as reference values: z-score = (individ-
ual value – control mean)/control SD. The specificity of flortaucipir
uptake for each functional network was then quantified using two
metrics. First, individual z-score values were averaged across all
regions belonging to one network, reflecting the degree of flortau-
cipir uptake within each network compared to the control group.
Second, a goodness-of-fit analysis was performed on the z-scores
to quantify the spatial correspondence between cortex-wide flor-
taucipir uptake and the functional network topology. Goodness-of-
fit values were calculated as the difference between the mean z-
score within a given network and the mean z-score of all regions
outside the network.

Statistics

Statistical analyses were performed in R (https://www.r-project.
org/) and MATLAB (v.R2018a). The connectivity of the posterior
DMN and log-transformed overall cortical flortaucipir and PiB
SUVr (from the ADIR122 atlas) were compared between the cogni-
tively unimpaired, Alzheimer’s disease dementia and DLB groups
using univariate ANOVA with post hoc tests, Bonferroni-corrected
for multiple comparisons. Furthermore, two-sample t-tests were
applied to compare posterior DMN connectivity and overall cor-
tical flortaucipir SUVr between PiB-positive and PiB-negative
patients with DLB (uncorrected for multiple comparisons).
Similarly, pDMN connectivity and overall cortical PiB SUVr were
compared between flortaucipir-positive and flortaucipir-negative
patients with DLB (uncorrected for multiple comparisons).

Correlations between overall cortical flortaucipir and PiB SUVrs
and posterior DMN connectivity were assessed using Pearson’s
correlations in each diagnostic group separately.

The significance of the network-specificity of flortaucipir up-
take was assessed by performing one-sample t-tests on the mean
z-scores and on the goodness-of-fit values for each network, in the
Alzheimer’s disease dementia and DLB groups separately. P-values
were Bonferroni-corrected across the seven networks.

The association between region-to-region functional connect-
ivity and tau-PET covariance was assessed using linear regression
with the group-average functional connectivity matrix as the inde-
pendent variable and the tau covariance matrix as the dependent
variable, separately in each diagnostic group. To test whether the
results in the DLB group were mainly driven by PiB-positive
patients, we repeated this analysis in the DLB PiB-positive and the
DLB PiB-negative subgroups separately.

To test whether associations between functional connectivity
and tau covariance were driven by spatial proximity between
regions, we repeated the regression analysis while controlling for
Euclidean distance between regions. Euclidean distance between
any two regions i and j was calculated according to the following
formula:

Distanceij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðix � jxÞ2 þ ðiy � jyÞ2 þ ðiz � jzÞ2

q
(1)

where ix,y,z and jx,y,z are the MNI coordinates of the centroids of the
respective regions.

In accordance with the idea that tau propagation is a function
of both the level of tau pathology in a region and the strength of
connectivity between that region and a target region,57 we
hypothesized that regions that show high functional connectivity
to regions with high levels of flortaucipir uptake, should also ex-
hibit higher flortaucipir uptake. In contrast, regions that are
strongly connected to regions with lower flortaucipir uptake,
should themselves have lower flortaucipir uptake. To test this
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hypothesis, for a given seed region, the group-average flortaucipir
SUVrs of all other regions (target regions) were regressed onto the
group-average functional connectivity values between the seed
and the target regions. This was performed separately in each
diagnostic group and was repeated for all regions (i.e. each region
acted as a seed region once), resulting in a distribution of b-values
for each group. Negative b-values indicate that higher seed-to-
target connectivity is associated with lower flortaucipir uptake in
the target region. In contrast, positive b-values indicate that
higher seed-to-target connectivity is associated with higher flor-
taucipir uptake in the target region. To assess the association be-
tween a region’s functional connectivity profile and flortaucipir
uptake in the target regions, Pearson’s correlations were calcu-
lated between flortaucipir SUVr in the seed region and the corre-
sponding b-value, across all regions. This analysis was also

repeated for the DLB PiB-positive and DLB PiB-negative subgroups
separately.

To illustrate this relationship for the extreme cases, we identi-
fied the region with highest flortaucipir SUVr (tau hotspot) and the
region with lowest flortaucipir SUVr (tau cold spot) for each diag-
nostic group.57 We then tested whether tau SUVr in all other brain
regions was associated with the strength of functional connectiv-
ity to these tau hot and cold spots by performing linear regression
analyses. This analysis was performed in each diagnostic group
and in the DLB PiB-positive and DLB PiB-negative subgroups
separately.

To ensure that these results were not influenced by regions
with very low flortaucipir uptake in the cognitively unimpaired
and DLB groups, we selected only regions with flortaucipir SUVr
41.0 and 41.1 and repeated the analysis.

Figure 1 Functional MRI and PET analysis methods. (A) Schaefer functional parcellation that was used for parcellating flortaucipir SUVr and resting
state functional MRI (rs-fMRI) images into 100 regions67 and correspondence with the seven functional networks from Yeo et al.79 (B) Functional con-
nectivity analysis. (C) Tau covariance analysis. FC = functional connectivity.
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Furthermore, to assess whether PiB and APOE e4 carrier status
had any influence on these results in the DLB group we conducted
the following analysis. The tau hot and cold spots were deter-
mined for each patient individually and the regression analysis be-
tween functional connectivity strength with the hot/cold spots
and flortaucipir SUVr in the target regions was performed in each
patient separately. The resulting distribution of b-values was
tested for significance with a one-sample t-test to confirm that
this relationship was significant at the single-participant level.
Subsequently, two-sample t-tests were used to compare the result-
ing b-values between the DLB subgroups (DLB PiB-positive versus
DLB PiB-negative and DLB APOE e4 carriers versus DLB APOE e4
non-carriers).

Data availability

The data that support the findings of this study are available from
the corresponding author on reasonable request.

Results
Demographics

All three diagnostic groups were similar in age due to matching
(Table 1). Since most DLB participants were male, the two compari-
son groups (Alzheimer’s disease dementia and cognitively unim-
paired) were selected so that they primarily included males. There
was a higher percentage of APOE e4 carriers in the Alzheimer’s dis-
ease dementia group, but no significant difference in APOE e4 sta-
tus between DLB and cognitively unimpaired. Measures of
functional (CDR sum of boxes) and cognitive (Mattis DRS) disease
severity were not significantly different between Alzheimer’s dis-
ease dementia and DLB. Most patients with DLB had parkinsonism
and REM sleep behaviour disorder, 72% experienced cognitive fluc-
tuations and 60% had visual hallucinations. Global cortical PiB
SUVr and flortaucipir SUVr were higher in DLB compared to control
participants and higher in Alzheimer’s disease dementia com-
pared to DLB. In the DLB group, there were 15 PiB-positive and 12
PiB-negative, and 11 flortaucipir-positive and 16 flortaucipir-

negative participants. All patients with Alzheimer’s disease de-
mentia were PiB-positive and flortaucipir-positive.

For all included participants, the time between acquisition of
functional MRI and PET data was 53 months. There was no signifi-
cant difference between the groups in terms of time between the
two scans [median days (range), cognitively unimpaired: 2 (0–63),
Alzheimer’s disease dementia: 1 (0–6), DLB: 2 (0–91); Kruskal–
Wallis ANOVA, F(2,149) = 2.2, P = 0.34].

Association between default mode network
connectivity and flortaucipir and PiB uptake

There was an overall group difference in posterior DMN con-
nectivity [F(2,149) = 9.9, P 50.001; Fig. 2A] with lower mean pos-
terior DMN connectivity in the Alzheimer’s disease dementia
group compared to control participants (P 50.0001) and com-
pared to the DLB group (P = 0.003), but no significant difference
between the DLB and control groups (P = 0.96).

There was a group difference in overall mean cortical flortauci-
pir SUVr [F(2,149) = 140.8, P50.001; Fig. 2B] with post hoc tests
showing that overall uptake was higher in Alzheimer’s disease de-
mentia compared to control participants (P50.001) and in
Alzheimer’s disease dementia compared to DLB (P50.001), but not
significantly different between DLB and control participants
(P = 0.70). Overall cortical flortaucipir SUVr was marginally higher
in PiB-positive compared to PiB-negative patients with DLB
[t(25) = 2.0, P = 0.053].

There was a group difference in overall mean cortical PiB SUVr
[F(2,149) = 66.7, P50.001; Fig. 2C] with post hoc tests showing that
overall uptake was higher in Alzheimer’s disease dementia com-
pared to control participants (P50.001), in Alzheimer’s disease de-
mentia compared to DLB (P50.001) and in DLB compared to
control participants (P = 0.02). Overall cortical PiB SUVr was higher
in flortaucipir-positive compared to flortaucipir-negative patients
with DLB [t(25) = 3.9, P50.001].

There was a significant correlation between posterior DMN
connectivity and overall mean cortical flortaucipir SUVr in the DLB
group (r = –0.39, P = 0.04), while this was marginally significant in
the Alzheimer’s disease dementia group (r = –0.35, P = 0.08) and

Table 1 Characteristics by diagnostic group

CU n = 99 ADdem n = 26 DLB n = 27 CU-DLB P-value ADdem-DLB P-value
Data A Data B

Age, years 69.0 (10.3) 69.0 (7.3) 69.6 (7.1) 0.78 0.78
Male, n (%) 92 (93%) 23 (88%) 24 (89%) 0.49 0.96
APOE e4 carrier, n (%) 27 (28%) 22 (88%) 10 (37%) 0.37 50.001
CDR sum of boxes 0.1 (0.3) 5.7 (3.3) 4.6 (2.9) 0.21
DRS NA 111.3 (21.0) 120.8 (22.6) 0.18
UPDRS NA 1.6 (3.5) 18.1 (11.6) 50.001
Disease duration NA 5.7 (3.5) 6.6 (3.3) 0.36
Visual hallucinations, n (%) NA 1 (4%) 15 (60%) 50.001
Fluctuations, n (%) NA 2 (8%) 18 (72%) 50.001
Parkinsonism, n (%) NA 3 (12%) 23 (92%) 50.001
RBD, n (%) NA 4 (15%) 24 (96%) 50.001
PiB SUVr 1.50 (0.34) 2.48 (0.38) 1.73 (0.46) 0.003 50.001
Flortaucipir SUVr 1.20 (0.11) 1.99 (0.32) 1.25 (0.12) 0.021 50.001
PiB-positive, n (%) 28 (28%) 26 (100%) 15 (56%) 0.008 50.001
Flortaucipir-positive, n (%) 26 (26%) 26 (100%) 11 (41%) 0.14 50.001

Data are presented as mean (SD) for the continuous variables and n (%) for the categorical variables. P-values for differences between groups come from a t-test for the continu-

ous variables or a chi-squared test for the categorical variables. PiB SUVr and flortaucipir SUVr were analysed with a log transformation. ADdem = Alzheimer’s disease demen-

tia; CDR = Clinical Dementia Rating Scale; CU = cognitively unimpaired; DLB = probable dementia with Lewy bodies; DRS = Mattis Dementia Rating Scale; flortaucipir-positive

= flortaucipir PET SUVr of 51.25; PiB-positive = PiB PET SUVr of 51.48; RBD = REM sleep behaviour disorder; UPDRS = Unified Parkinson’s Disease Rating Scale.
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there was no significant correlation in the control group (r = –0.13,
P = 0.20; Fig. 3A). Posterior DMN connectivity was not significantly
different between flortaucipir-positive and -negative patients with
DLB [t(25) = 1.7, P = 0.10].

Overall mean cortical PiB SUVr was significantly correlated
with posterior DMN connectivity in the control group (r = –0.21,
P = 0.03) and in the DLB group (r = –0.41, P = 0.03), but this correl-
ation was not significant in the patients with Alzheimer’s disease

A B C

Figure 2 Group comparisons. (A) Group comparison of the posterior DMN connectivity between the three diagnostic groups. (B) Group comparison of
overall flortaucipir SUVr between the three groups. (C) Group comparison of overall PiB SUVr between the three groups. Overall flortaucipir and PiB
SUVr are estimated as the average flortaucipir SUVr from all cortical regions from the ADIR122 atlas. In each box plot, the central line corresponds to
the sample median, the upper and lower border of the box represent the 25th and 75th percentile, respectively, and the length of the whiskers is
1.5 times the interquartile range. Posterior DMN connectivity and log-transformed flortaucipir and PiB SUVr were compared between the cognitively
unimpaired (CU), Alzheimer’s disease dementia (AD) and DLB groups using univariate ANOVAs with post hoc tests, Bonferroni-corrected for multiple
comparisons.

A

B

Figure 3 Association between DMN connectivity and flortaucipir uptake. (A) Pearson’s correlation between overall flortaucipir SUVr (estimated from
all cortical regions of the ADIR122 atlas) and posterior DMN connectivity in the three diagnostic groups and comparison of posterior DMN (pDMN)
connectivity between DLB flortaucipir-positive and DLB flortaucipir-negative groups using a two-sample t-test. (B) Pearson’s correlation between
overall PiB SUVr and posterior DMN connectivity in the three diagnostic groups and comparison of posterior DMN connectivity between DLB PiB-posi-
tive and DLB PiB-negative groups using a two-sample t-test. AD = Alzheimer’s disease; CU = cognitively unimpaired; flortaucipir + = patients with
DLB with global cortical flortaucipir SUVr 51.25; flortaucipir– = patients with DLB with global cortical flortaucipir SUVr 51.25; PiB + = patients with
DLB with global cortical PiB SUVr 51.48; PiB– = patients with DLB with global cortical PiB SUVr 51.48.
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dementia (r = –0.09, P = 0.67, Fig. 3B). Posterior DMN connectivity
was significantly lower in PiB-positive compared to PiB-negative
patients with DLB [t(25) = 2.3, P = 0.03].

These results remained consistent when two-compartment
partial volume correction80 was applied to the flortaucipir and PiB
PET images (Supplementary material).

Network-specificity of flortaucipir uptake

In the Alzheimer’s disease dementia group, increased flortaucipir
SUVr compared to control levels was observed for all seven net-
works, i.e. mean z-scores for each network were significantly dif-
ferent from zero (P5 0.001 for all networks; Table 2). In the DLB
group, the only network that showed consistently higher flortauci-
pir uptake compared to control participants was the dorsal atten-
tion network (P = 0.02). However, flortaucipir uptake was not
homogeneously distributed across all networks. The gradient of
severity of flortaucipir uptake followed the same order in
Alzheimer’s disease dementia and DLB: dorsal attention network
4 fronto-parietal network 4 DMN 4 visual network 4 limbic net-
work 4 ventral attention network 4 somatomotor network. In
both Alzheimer’s disease dementia and DLB, significant positive
goodness-of-fit scores were only found for the fronto-parietal and
the dorsal attention networks, indicating preferential flortaucipir
uptake within these networks in relation to cortex-wide uptake
(Table 2 and Fig. 4). These results remained consistent when using
the 400 region parcellation (Supplementary Table 1). The pattern
of network-specificity of flortaucipir uptake was similar in the DLB
PiB-positive and DLB PiB-negative subgroups (Supplementary Fig.
1).

Association between functional connectivity and tau
covariance

There was a significant association between higher group-average
region-to-region functional connectivity and higher tau covariance
in cognitively unimpaired (b = 0.48, P5 0.001), Alzheimer’s disease
dementia (b = 0.66, P5 0.001) and DLB (b = 0.36, P5 0.001; Fig. 5A).
These associations remained significant when controlling for
Euclidean distance between region centroids (cognitively

unimpaired: b = 0.34, P50.001; Alzheimer’s disease dementia:
b = 0.48, P50.001; DLB: b = 0.26, P5 0.001). Controlling for distance
between regions across the cortical surface instead led to very simi-
lar results (cognitively unimpaired: b = 0.35, P5 0.001; Alzheimer’s
disease dementia: b = 0.48, P50.001; DLB: b = 0.27, P50.001). There
was a significant association between functional connectivity and
tau covariance in the DLB PiB-positive (b = 0.28, P5 0.001) and DLB
PiB-negative subgroups (b = 0.32, P50.001; Supplementary Fig. 2A).

Adjusting the tau covariance analysis for age and sex did not
influence the results (cognitively unimpaired: b = 0.50, P50.001;
Alzheimer’s disease dementia: b = 0.59, P5 0.001; DLB: b = 0.36,
P5 0.001).

Tau hot/cold spot analysis

For seed regions with high flortaucipir SUVr, higher functional
connectivity of a target region to this seed region was associated
with higher flortaucipir SUVr in the target region. In contrast, for
seed regions with lower flortaucipir SUVrs, higher functional con-
nectivity of a target region to this seed region was associated with
lower flortaucipir SUVr in the target region (Fig. 5B). This was
reflected in significant positive correlations between flortaucipir
SUVr in the seed region and the association strength between
seed-to-target functional connectivity with flortaucipir SUVr in the
target region (b-values from linear regression) in cognitively unim-
paired, Alzheimer’s disease dementia and DLB (Fig. 5B). These
results remained consistent when restricting the analysis to
regions with flortaucipir SUVr 41.0 and 41.1 (Supplementary Fig.
3) and when using the 400 region parcellation (Supplementary
material).

The region with highest average flortaucipir SUVr (tau hotspot)
was located in the limbic network (left inferior/middle temporal
gyrus) in all three groups whereas the region with lowest average
flortaucipir SUVr (tau cold spot) was located within the somatomo-
tor network (right insular/central opercular cortex) in all three
groups (Supplementary Fig. 4).

Higher functional connectivity of a target region with the tau
hotspot was associated with higher flortaucipir SUVr in the target
region in all groups (Fig. 5C) whereas higher functional

Table 2 Mean and standard deviation of z-scores and goodness-of-fit values for each functional network in Alzheimer’s disease de-
mentia and DLB and results from one-sample t-tests

Alzheimer’s disease dementia DLB

Mean (SD) One-sample t-test (test value = 0) Mean (SD) One-sample t-test
(test value = 0)

Z-score
Dorsal attention network 8.0 (4.7) t(25) = 8.6, P5 0.001 0.57 (0.9) t(26) = 3.2, P = 0.02
Fronto-parietal network 7.9 (4.8) t(25) = 8.5, P5 0.001 0.49 (1.0) t(26) = 2.5, P = 0.14
Default mode network 7.0 (3.8) t(25) = 9.4, P5 0.001 0.40 (1.2) t(26) = 1.8, P = 0.58
Visual network 6.9 (5.8) t(25) = 6.1, P5 0.001 0.38 (0.9) t(26) = 2.1, P = 0.30
Limbic network 5.5 (2.5) t(25) = 11.2, P5 0.001 0.24 (0.9) t(26) = 1.4, P = 1.0
Ventral attention network 5.5 (3.6) t(25) = 7.8, P5 0.001 0.09 (0.9) t(26) = 0.5, P = 1.0
Somatomotor network 3.5 (3.3) t(25) = 5.4, P5 0.001 –0.01 (0.7) t(26) = –0.06, P = 1.0
Goodness-of-fit
Dorsal attention network 1.9 (2.0) t(25) = 4.9, P5 0.001 0.30 (0.33) t(26) = 4.7, P5 0.001
Fronto-parietal network 1.9 (2.1) t(25) = 4.6, P5 0.001 0.21 (0.35) t(26) = 3.1, P = 0.03
Default mode network 0.7 (1.8) t(25) = 2.0, P = 0.38 0.11 (0.50) t(26) = 1.1, P = 1.0
Visual network 0.7 (4.6) t(25) = 0.8, P = 1.0 0.08 (0.79) t(26) = 0.53, P = 1.0
Limbic network –0.9 (3.0) t(25) = –1.6, P = 0.92 –0.08 (0.46) t(26) = –0.9, P = 1.0
Ventral attention network –1.0 (1.7) t(25) = –2.8, P = 0.06 –0.26 (0.20) t(26) = –6.5, P5 0.001
Somatomotor network –3.3 (2.2) t(25) = –7.5, P5 0.001 –0.37 (0.52) t(26) = –3.7, P = 0.007

P-values are Bonferroni-corrected across the seven networks.
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connectivity of a target region with the tau cold spot was associ-
ated with lower flortaucipir SUVr in the target region in all groups
(Fig. 5D).

Higher functional connectivity with tau hotspots was predictive
of higher flortaucipir SUVr in a target region also on the individual
participant level in DLB [t(25) = 11.6, P5 0.001]. Conversely, higher
connectivity with tau cold spots was predictive of lower flortaucipir
SUVr in a target region on the individual participant level in DLB
[t(25) = –10.8, P50.001]. There were no differences in b-values be-
tween PiB-positive and -negative patients with DLB [hotspot:
t(25) = 1.1, P = 0.27, cold spot: t(25) = 0.5, P = 0.64] or between patients
with DLB who were APOE e4 carriers and those who were not [hot-
spot: t(25) = 0.8, P = 0.41, cold spot: t(25) = 1.4, P = 0.18].

Repeating the hot and cold spot analysis separately in the DLB
PiB-positive and DLB PiB-negative subgroups showed similar
results (Supplementary Fig. 2). There was a significant positive cor-
relation between flortaucipir SUVr in the seed region and the asso-
ciation strength of seed-to-target functional connectivity with
flortaucipir SUVr in the target region in DLB PiB-positive (r = 0.79,

P5 0.001) and DLB PiB-negative (r = 0.78, P50.001; Supplementary
Fig. 2B). In both subgroups, the tau hotspot was located in left in-
ferior/middle temporal gyrus and the tau cold spot was located in
the somatomotor network. Higher functional connectivity of a tar-
get region with the tau hotspot was associated with higher flortau-
cipir SUVr in the target region in both subgroups (Supplementary
Fig. 2C) whereas higher functional connectivity of a target region
with the tau cold spot was associated with lower flortaucipir SUVr
in the target region in both subgroups (Supplementary Fig. 2D).

Discussion
In this study, we investigated the relationship between functional
network structure and the distribution of Alzheimer’s disease
pathology in patients with DLB from two different perspectives. In
the first part, we showed that there is an association between
greater overall amyloid and tau burden and a loss of posterior
DMN connectivity in patients with DLB. In the second part, we
found a relationship between the brain’s functional network

A

B

Figure 4 Network-specificity of flortaucipir uptake. Box plots of goodness-of-fit values assessing the network-specificity of flortaucipir uptake within
seven functional networks from Yeo et al.79 in the (A) Alzheimer’s disease and (B) DLB groups. In each box plot, the central line corresponds to the
sample median, the upper and lower border of the box represent the 25th and 75th percentile, respectively, and the length of the whiskers is 1.5 times
the interquartile range. Significant P-values from one-sample t-tests (Bonferroni-corrected across the seven networks) are indicated, for all other net-
works P-values were 40.05 (see Table 2 for details on statistics).
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structure and the accumulation of tau pathology in Alzheimer’s
disease and DLB.

A decrease in posterior DMN connectivity is typical of
Alzheimer’s disease37–40 and is thought to occur early in the course
of the disease.40,81–83 These DMN changes have been linked to the
amount of tau and amyloid pathology in the brain not only in
patients with Alzheimer’s disease, but also in asymptomatic indi-
viduals.33,41,42 In DLB, however, DMN findings from different studies

are much less consistent and it is still debated whether DMN
changes are a feature of Lewy body dementias.46–48 In the present
study, we found a significant reduction in posterior DMN connectiv-
ity in the Alzheimer’s disease group compared to control partici-
pants and patients with DLB, whereas posterior DMN connectivity
in the DLB group was not different from healthy control levels.

Nevertheless, the DLB group showed a correlation between
higher overall tau and amyloid burden and a reduction in posterior

A

B

C

D

Figure 5 Association between functional connectivity and tau covariance. (A) Linear regression with the group-average functional connectivity ma-
trix as the independent variable and the tau covariance matrix as the dependent variable in the three diagnostic groups. (B) Pearson’s correlation be-
tween the association between seed-to-target functional connectivity with flortaucipir SUVr in the target region and flortaucipir SUVr in the seed
region. Negative b-values (on the y-axis) indicate that higher seed-to-target connectivity is associated with lower flortaucipir uptake in the target re-
gion whereas positive b-values indicate that higher seed-to-target connectivity is associated with higher flortaucipir uptake in the target region.
(C) Association between the strength of functional connectivity of a region with the tau hotspot (region with highest flortaucipir SUVr) and flortauci-
pir SUVr in that target region (linear regression). (D) Association between the strength of functional connectivity of a region with the tau cold spot (re-
gion with lowest flortaucipir SUVr) and flortaucipir SUVr in that target region (linear regression).
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DMN connectivity. Furthermore, DMN connectivity was significantly
reduced in PiB-positive compared to PiB-negative patients with DLB
and a similar trend was observed for flortaucipir-positive compared
to flortaucipir-negative patients with DLB. These findings indicate
that patients with DLB with more concurrent Alzheimer’s disease
pathology show a more severe loss of DMN connectivity, i.e. a higher
burden of Alzheimer’s disease pathology is linked to a more
Alzheimer’s disease-like functional connectivity pattern in patients
with DLB. This extends previous studies that have linked concurrent
Alzheimer’s disease pathology in patients with DLB to a more
Alzheimer’s disease-like clinical presentation16,84 and more
Alzheimer’s disease-like atrophy patterns.10,12,13 Furthermore, the
results indicate that DMN changes in patients with DLB might be
driven more by Alzheimer’s disease than by Lewy body pathology.
This in turn might explain inconsistencies in previous DLB studies
with respect to DMN connectivity as these studies typically did not
assess the amount of concurrent Alzheimer’s disease pathology in
their cohorts.

In the Alzheimer’s disease group, posterior DMN connectivity
was correlated with overall flortaucipir SUVr, but not with PiB
SUVr. This is in line with observations from previous studies sug-
gesting that tau pathology is more strongly related to neuronal
dysfunction in patients with Alzheimer’s disease than amyl-
oid.85,86 The present results indicate that neuronal changes under-
lying impaired DMN connectivity are also more strongly
influenced by tau than by amyloid pathology in patients with
Alzheimer’s disease. In contrast, in the DLB group which included
more people with low amyloid burden, i.e. who were at an earlier
stage of the Alzheimer’s disease pathology spectrum, the presence
and severity of amyloid pathology still appears to have a more pro-
nounced effect on posterior DMN connectivity.

In the second part, we investigated the association between tau
deposition and the spatial extent of functional brain networks in
Alzheimer’s disease and patients with DLB. As expected, there was a
consistent brain-wide increase in uptake of flortaucipir in
Alzheimer’s disease compared to control participants across all
functional networks.28 In contrast, the only network that showed
increased flortaucipir uptake in DLB compared to control partici-
pants was the dorsal attention network, which includes parietal and
posterior brain regions9 that are also prone to disruption of struc-
tural connectivity in DLB.87 When analysing the network-specificity
of flortaucipir uptake, it became evident that tau pathology was not
distributed homogeneously across the different networks. In con-
trast, we found a gradient of severity of flortaucipir uptake that was
strikingly similar in Alzheimer’s disease and DLB. In both groups,
the only networks that showed significant preferential flortaucipir
uptake compared to cortex-wide uptake were the dorsal attention
and fronto-parietal networks. This is in line with previous studies in
Alzheimer’s disease showing that, compared to healthy control par-
ticipants, tau deposition occurs preferentially within higher-order
cognitive instead of primary sensory networks.28,88 Even though the
temporal progression of tau accumulation in patients with DLB
often does not follow the typical Braak-type pattern observed in
Alzheimer’s disease,21,89 the present findings suggest that the rela-
tionship between tau deposition and functional network structure
appears to be similar in the two dementia groups.

Finally, when assessing the relationship between the distribu-
tion of tau pathology and functional connectivity between brain
regions, we found that regions that are more strongly functionally
connected with each other showed greater similarity (i.e. covari-
ance) in flortaucipir uptake. This association was observed in all
three diagnostic groups and was independent of PiB or APOE e4
carrier status in the DLB group. Furthermore, this relationship
remained significant after controlling for spatial proximity be-
tween regions, indicating that similarity in tau levels between

regions cannot be fully explained by a model that simply relies on
diffusion to spatially adjacent regions. This is in line with findings
from previous animal and human studies in Alzheimer’s disease
and supports the notion that functional connectivity plays an im-
portant role in predicting regional tau burden.54,55,57,90

The tau hotspot, i.e. the region with highest flortaucipir uptake,
was located in the inferior/middle temporal gyrus in all three
groups whereas the tau cold spot was located within the somato-
motor network, consistent with previous studies of tau distribu-
tion.9,24,91 Regions that were more strongly connected to the tau
hotspot also exhibited higher flortaucipir uptake themselves.
Similarly, there was a linear relationship between higher connect-
ivity of a region to the tau cold spot and lower tau levels in that re-
gion. This indicates that the level of tau pathology in a given
region depends on its functional connectivity profile and suggests
that tau pathology might be spreading through functional brain
networks.57,90,92 Additionally, it shows that the amount of tau
spreading might depend on the strength of inter-regional func-
tional connectivity, which is in line with previous in vitro and ani-
mal research indicating that the propagation of tau depends on
the activity levels of synapses.93,94

Overall, these results are consistent with the trans-neuronal
model of tau spreading. The results in our Alzheimer’s disease
group replicate previous findings from an independent cohort57 and
we show that there is a similar relationship between the distribution
of tau pathology and the brain’s functional network architecture in
patients with DLB, independent of the amount of amyloid path-
ology. However, another explanation for the observed cross-section-
al association between tau distribution and functional networks is
that, instead of spreading from one area to another, tau could arise
simultaneously throughout different areas belonging to the same
functional network, which might be due to poor resilience to failure
or lack of regional trophic support.26,43 It is also possible that a com-
bination of trans-neuronal spread and local network failure under-
lies the observed tau distribution patterns and future longitudinal
analyses will help elucidate these mechanisms.

While Alzheimer’s disease pathology plays an important role in
the pathogenesis and clinical presentation of DLB, the hallmark
pathology of DLB is a-synuclein for which the first PET tracers are
currently being developed.95 Findings from animal studies suggest
that a-synuclein might also spread from neuron to neuron in a
prion-like manner.96–98 The analyses and results presented in this
study will therefore pave the way for analysing the relationship
between the distribution of a-synuclein pathology and functional
network structure when an a-synuclein PET tracer becomes avail-
able. This will also shed light on potential synergistic mechanisms
in the spread of Alzheimer’s disease and Lewy body path-
ology6,99,100 and how these relate to the brain’s functional network
structure.

Limitations

The flortaucipir PET ligand has been shown to exhibit off-target
binding in areas such as the choroid plexus, which can influence
measurements in the hippocampus, and the basal ganglia.101

These areas of potential off-target binding are not part of the
Schaefer atlas67 and were therefore excluded from the present
analysis. However, given the importance of structures such as the
hippocampus and the basal ganglia in the context of Alzheimer’s
disease and DLB, it will be important to replicate the present ana-
lysis using novel tau-PET ligands that show less off-target bind-
ing,102 which will allow inclusion of these regions. Second, the
data used in this study are cross-sectional and the analyses are
correlational. We can therefore only draw limited conclusions
about the temporal progression of tau spreading in the brain.

3222 | BRAIN 2021: 144; 3212–3225 J. Schumacher et al.



Future longitudinal studies are needed to address this issue.
Another potential limitation is the fact that most of our patients
with DLB were male, which is due to the fact that DLB is more
common in males than in females103 and is therefore an inherent
problem of many DLB studies. While we ensured that the propor-
tion of males was matched in all three groups, there might be sex
differences in the likelihood and regional distribution of coexisting
Alzheimer’s disease pathology in DLB that could not be investi-
gated in the present study.20

Conclusion
In conclusion, this study showed that a higher burden of
Alzheimer’s disease co-pathology in patients with DLB is related to
more Alzheimer’s disease-like changes in functional connectivity.
Furthermore, we found that the association between the brain’s
functional network structure and the propagation of tau pathology
that has recently been described in Alzheimer’s disease, is similar-
ly present in patients with DLB, indicating that similar mecha-
nisms of connectivity-related occurrence of tau pathology might
be at work in both diseases.
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24. Schöll M, Lockhart SN, Schonhaut DR, et al. PET imaging of
Tau deposition in the aging human brain. Neuron. 2016;89(5):
971–982.

25. Schwarz AJ, Yu P, Miller BB, et al. Regional profiles of the candi-
date tau PET ligand 18 F-AV-1451 recapitulate key features of
Braak histopathological stages. Brain. 2016;139(Pt 5):1539–1550.

AD pathology in DLB BRAIN 2021: 144; 3212–3225 | 3223

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab218#supplementary-data


26. Jones DT, Graff-Radford J, Lowe VJ, et al. Tau, amyloid, and cas-
cading network failure across the Alzheimer’s disease spec-
trum. Cortex. 2017;97:143–159.

27. Hoenig MC, Bischof GN, Seemiller J, et al. Networks of tau dis-
tribution in Alzheimer’s disease. Brain. 2018;141(2):568–581.

28. Hansson O, Grothe MJ, Strandberg TO, et al. Tau pathology dis-
tribution in Alzheimer’s disease corresponds differentially to
cognition-relevant functional brain networks. Front Neurosci.
2017;11:167.

29. Ossenkoppele R, Iaccarino L, Schonhaut DR, et al. Tau covari-
ance patterns in Alzheimer’s disease patients match intrinsic
connectivity networks in the healthy brain. NeuroImage Clin.
2019;23:101848.

30. Grothe MJ, Teipel SJ., Alzheimer’s Disease Neuroimaging
Initiative. Spatial patterns of atrophy, hypometabolism, and
amyloid deposition in Alzheimer’s disease correspond to dissoci-
able functional brain networks. Hum Brain Mapp. 2016;37(1):35–53.

31. Mormino EC, Smiljic A, Hayenga AO, et al. Relationships be-
tween beta-amyloid and functional connectivity in different
components of the default mode network in aging. Cereb
Cortex. 2011;21(10):2399–2407.

32. Buckner RL, Sepulcre J, Talukdar T, et al. Cortical hubs revealed
by intrinsic functional connectivity: Mapping, assessment of
stability, and relation to Alzheimer’s disease. J Neurosci. 2009;
29(6):1860–1873.
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