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A B S T R A C T

Fibrillar tau gradually progresses in the brain during the course of Alzheimer’s disease (AD). However, the 
contribution of tau accumulation in a given brain region to decline in different cognitive domains and thus 
phenotypic heterogeneity in AD remains unclear. Here, we leveraged the functional connectome to link the 
locality of tau accumulation to domain-specific cognitive impairment.

In the current study, we mapped regional tau-PET accumulation onto the normative functional connectome. 
Subsequently, we cross-validated in two samples of AD-patients the associations between the tau-connectivity 
profiles and cognitive domains (episodic memory, executive function, or language). Lastly, we tested the ef
fect of local tau-PET accumulation on the domain-specific tau-lesion networks and cognition.

We identified cognitive-domain-specific tau-lesion networks, where closer topological proximity of tau-PET 
locations to a network was predictive of worse impairment in that domain. Higher tau-PET was associated 
with decreased domain-specific network connectivity, and the decrease in connectivity was associated with 
lower domain-specific cognition.

The tau locations’ connectivity profile explained domain-specific cognitive impairment, where disrupted 
connectivity may underlie the effect of tau on cognitive impairment.

1. Introduction

Alzheimer’s disease (AD) is characterized by progressive cognitive 
decline and accounts for the majority of age-related dementia cases 
(Alzheimer’s Association, 2020). Beta-amyloid (Aβ) plaques and 
neurofibrillary tangles (NFTs) are the disease-defining pathologies, but 
it is fibrillar tau that is the stronger predictor of cognitive decline in AD 
(La Joie et al., 2020; Nelson et al., 2012). Unlike amyloid plaques which 
are more globally distributed in the brain, fibrillar tau occurs in spatially 
circumscribed brain areas in mild stages of the disease. Tau pathology 
typically spreads from the medial temporal lobe and connected brain 

regions in the posterior parietal and medial frontal lobe (Braak and 
Braak, 1991; Braak and Del Tredici, 2018), but the spatial distribution is 
not uniform and substantially differs between individuals as suggested 
by neuroimaging studies on fibrillar tau in AD (Mohanty et al., 2023; 
Murray et al., 2011; Vogel et al., 2023). The spatial heterogeneity of tau 
deposition may be a significant source of symptomatic variability in AD 
(Bejanin et al., 2017; Devous et al., 2021; Digma et al., 2019). Cognitive 
abilities emerge from the interaction of multiple brain areas within 
functional network rather than isolated anatomical areas. Therefore, a 
challenge is to match the anatomical location of tau pathology to deficits 
in diverse cognitive domains.
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Recently, symptom-network mapping approaches have been devel
oped which elegantly translates an anatomical location of a brain 
alteration to its topographic location at the network level in order to 
understand its impact on a particular cognitive or behavior function 
(Boes et al., 2015; Fox, 2018). Findings from lesion-network mapping 
studies in psychiatric and neurodegenerative diseases demonstrated that 
the closer a brain lesion (e.g. atrophy) was connected to core brain re
gions underlying a cognitive ability, the stronger was the cognitive 
impairment (Tetreault et al., 2020). Such a network perspective unlocks 
the predictive power of brain location for understanding the emergence 
of cognitive/behavioral phenotypes.

Here, we leveraged the symptom-network mapping approach in 
order to first develop a clinico-topographical map of local tau deposition 
for the explanation of decline in specific cognitive domains including 
episodic memory, executive function, and language. In a first step, we 
located tau deposition within the normal functional connectome and 
identified those functional networks that contributed to explaining 
impairment in major cognitive domains. Next, we tested whether 
disruption of functional connectivity in the identified domain-specific 
networks explains the association between regional tau-PET accumula
tion and domain-specific cognitive impairment. We hypothesized that 
closer topographic proximity of local tau-PET deposition to a domain- 
specific functional network is predictive of stronger impairment in the 
associated cognitive domain. Furthermore, we hypothesized that the 
reduced patient-level functional connectivity between the tau-lesion 
locations and a cognitive-domain network underlies stronger impair
ment in that cognitive domain.

2. Methods

2.1. Participants

2.1.1. Alzheimer’s disease neuroimaging Initiative (ADNI)
We included 234 cognitively normal (CN) controls exhibiting no 

abnormal global amyloid-PET binding (CN-Aβ-) and 218 participants 
with abnormal global amyloid-PET binding (Aβ + ), including 73 CN- 
Aβ+, 88 participants with mild cognitive impairment (MCI-Aβ + ) and 
57 AD dementia patients from ADNI (recruitment wave 3). ADNI is an 
observational multicenter study on the investigation of biomarker and 
cognitive changes in Alzheimer’s disease (Weiner et al., 2017), where 
the data are freely available to researchers (https://adni.loni.usc.edu/). 
The clinical diagnostic criteria in ADNI were described previously 
(Petersen et al., 2010). The Aβ status (Aβ-/+) was quantitatively 
determined according to pre-established cutoff values for abnormal 
global amyloid PET accumulation (Aβ+, florbetapir PET SUVR > 1.11 or 
global florbetaben PET SUVR > 1.08, for details see https://tinyurl.com 
/3jjn7mu7 and https://tinyurl.com/5yfe9rny). Ethical approval and 
written informed consent from all participants were obtained prior to 
the study by ADNI investigators.

2.1.2. The Avid 18F-AV1451-A05 study (“A05”)
We included a total of 116 elderly participants (> 50 yrs) from an 

observational clinical trial “18F-AV1451-A05” (Pontecorvo et al., 2019; 
Pontecorvo et al., 2017), (henceforth referred to “A05”; for the inclusion 
and exclusion criteria see https://clinicaltrials.gov/ct2/show/NC 
T02016560). The sample was comprised of 49 CN Aβ- subjects, 4 CN 
Aβ+, 33 MCI Aβ + and 24 Aβ + AD dementia patients (for the clinical 
diagnostic criteria see (Pontecorvo et al., 2017). The Aβ status was 
determined based on visual rating of florbetapir amyloid PET images by 
two experienced readers (Pontecorvo et al., 2019; Pontecorvo et al., 
2017). The study was approved by the centers’ institutional review 
boards. All subjects or their authorized representatives provided signed 
informed consent. The study was conducted in accordance with the 
Declaration of Helsinki and the International Conference on Harmoni
zation (ICH) Good Clinical Practice (GCP) guideline.

2.2. Neuropsychological assessment

In ADNI, we employed composite scores of episodic memory (i.e. 
ADNI-MEM), executive function (i.e. ADNI-EF) and language (i.e.ADNI- 
LAN) centrally computed by the ADNI neuropsychology core team as 
previously described https://adni.bitbucket.io/reference/docs/ 
UWNPSYCHSUM/adni_uwnpsychsum_doc_20200326.pdf.

In A05, we computed composite scores for executive function (i.e. 
A05-EF) and language domains (i.e. A05-LAN), while using only a single 
score for episodic memory (A05-MEM). For the A05-EF score, we 
included category fluency-animals and digit span backwards, digit 
symbol substitution test, trail making test A & B, and clock drawing. For 
the A05-LAN score, we included category fluency-animals and Boston 
naming test. For episodic memory (A05-MEM), we used the Logical 
memory immediate recall score only, as the test of delayed recall 
showed floor effects in the sample, with 14 out of 61 Aβ + subjects 
scoring zero. The composite cognitive scores of A05-EF and A05-LAN 
were computed according to a previously established method 
(Langbaum et al., 2014). Specifically, the scores for each test were 
standardized to range between 0 and 1 by subtracting the minimum 
possible score for this test from each original score divided by the range 
(i.e. difference of the maximum and minimum possible scores). For the 
tests without an established maximum possible score (e.g., Category 
fluency test), a maximum possible score was defined as 2 standard de
viations over the score averaged across subjects (Malek-Ahmadi et al., 
2018). The composite scores for each domain were calculated as the 
mean of the standardized values across the tests of a particular cognitive 
domain. Each cognitive score was corrected for age, gender, education 
years and diagnosis in linear regression

2.3. Structural and functional MRI acquisition and preprocessing

In ADNI, three-dimensional (3D) T1-weighted images were acquired 
on 3 T scanners according to a standardized protocol with 1-mm 
isotropic voxel size (TR = 2300 ms). Parameter details can be found 
on http://adni.loni.usc.edu/wp-content/uploads/2017/07/ADNI3-MRI 
-protocols.pdf. In order to derive spatial normalization parameters, 
T1-weighted images were spatially registered to Montreal Neurological 
Institute (MNI) template using high-dimensional transformation via 
Advanced Normalization Tools (ANTs) (Avants et al., 2011). In A05, 
structural 3D T1 weighted MRI images were acquired as well. The pa
rameters for the spatial normalization of flortaucipir PET images (see 
below) were estimated based on high-dimensional registration as 
described previously (Pontecorvo et al., 2017).

In addition to structural MRI, resting-state fMRI data were recorded 
in ADNI, using a 3D echo planar imaging sequence with 3.4-mm 
isotropic voxel size and TR = 3000 ms (197–200 volumes). The 
resting-state fMRI data preprocessing included alignment, co- 
registration to the native-space T1 images, spatial smoothing using an 
8 mm full-width at half maximum gaussian kernel, motion correction by 
Independent Component Analysis-based Automatic Removal Of Motion 
Artifacts (ICA-AROMA), detrending, band-pass filtering (0.01–0.08 Hz), 
nuisance regression (i.e., 6 motion parameters, mean signal extracted 
from cerebrospinal fluid and white matter masks), and normalization to 
MNI standard space using the T1-image derived transformation 
parameters.

2.4. Acquisition and processing of tau-PET

In ADNI, flortaucipir PET was recorded 75–105 min (six 5-min time 
blocks) after injection of the flortaucipir F18 tracer. The PET images 
were realigned and averaged into a single image for each subject (Jagust 
et al., 2015) (also see http://adni.loni.usc.edu/methods/pet-analysis- 
method/pet-analysis/#pet-pre-processing-container). In A05, flortau
cipir PET images were acquired 80–100 min after tracer injection (in 
four 5-min. frames) and averaged into subject level single images. The 
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processing of the flortaucipir PET scans from ADNI and A05 is detailed 
in the Supplementary section 1.1. Briefly, the flortaupicir PET scans 
were spatially normalized using the T1 MRI derived spatial trans
formation parameters, and intensity normalized using inferior cerebellar 
gray as reference ROI to compute standardized uptake value ratios 
(SUVR). ROI-level flortaucipir PET values were subsequently extracted 
based on the 400 cortical-ROI-Schäfer atlas (Schaefer et al., 2018).

2.5. Computation of ROI W-scores for tau-PET scans

A flow chart of the subsequently applied data analysis pipeline is 
provided in Fig. 1. In order to identify regions of abnormally increased 
tau-PET (referred to as tau-lesion), we computed W-scores of tau-PET 
ROI in the Aβ + subjects, adopting a modified procedure to compute 
neuroimaging-based W-scores (Ossenkoppele et al., 2015; Tetreault 
et al., 2020) (Fig. 1A, see for details see Supplementary Section 1.2). A 
subject’s tau-PET W-score reflects the standardized deviation of a ROI 
tau-PET SUVR value in an Aβ + subject from the group average ROI tau- 
PET SUVR in the Aβ- group. We defined a tau-PET lesion as a ROI tau- 
PET W-score > 2, similar to a previous approach on W-score based 
lesion identification of brain atrophy in AD (Tetreault et al., 2020). For 
each subject, the global tau-PET W-scores were calculated by averaging 
the W-scores across all the ROIs.

2.6. Tau-lesion network mapping

We adopted a recently developed “lesion network mapping” method 
(Darby et al., 2017) to identify those brain regions that were function
ally connected to the single-subject tau lesions in ADNI and A05 datasets 
(Fig. 1B). To this end, we superimposed each tau-PET lesion ROI onto 
1000 spatially normalized (i.e., to MNI space) resting-state fMRI data 
from the Human Connectome Project (HCP, http://www.humanconn 
ectomeproject.org/) (Smith et al., 2013) to generate the functional- 
connectivity maps for each tau-PET lesions site by seed-based func
tional connectivity analyses. In seed-based analysis, the Pearson- 
Moment correlations between the fMRI BOLD time series of a given 
tau-PET lesion and each of the 400 ROIs were computed within each of 
the 1000 rsfMRI scans from HCP. The resulting Pearson r-scores maps of 
each tau-PET lesion (tau-lesion-network maps) were subsequently 
Fisher-z transformed and subjected to one-sample t-tests, thus yielding 
unthresholded t-maps of connectivity of each tau-PET lesion (i.e. the 
tau-lesion network maps).

2.7. Cognitive domain-specific tau-lesion network mapping

Having mapped the tau-lesion networks, we next determined which 
connections of the tau-PET lesions are associated with worse perfor
mance in a particular cognitive domain including episodic memory, 
executive function, and language (Fig. 1C). To this end, we applied a 
partial least squares regression (PLSR) analysis in our training sample 
(ADNI). PLSR is a regression method that reduces a larger number of 
correlated predictors to latent variables, and is suitable to deal with 
potential multicollinearity among predictors (Krishnan et al., 2011). We 
conducted for each cognitive domain a PLSR analysis, including the tau- 
lesion-network t-map values described above as the independent vari
ables and the adjusted domain-specific cognitive composite scores as the 
dependent variable. This yielded three cognitive-domain specific tau- 
lesion-network maps which indicated the strength of the association 
between tau-lesion connections and performance in a particular cogni
tive domain (for details see Supplementary Section 1.3).

2.8. Subject-level functional connectivity assessment

Subject-level functional connectivity was assessed based on rsfMRI 
available in 241 Aβ + from ADNI. We applied high-dimensional group 
independent-component-analysis (ICA) (Beckmann and Smith, 2004) to 

the preprocessed fMRI data. We chose n = 100 ICs to be estimated in 
order to render the ICA comparable to that used for the generation of an 
IC template (Miller et al., 2016) used as the reference ICs here. Out of 
100 ICs estimated, a total of 54 ICs were deemed non-artifactual by 
spatial matching with the previously established ICs template from the 
UKBiobank (Miller et al., 2016). The thresholded IC maps (z > 5) were 
used as nodes in subsequent connectivity analyses (for details see Sup
plementary Section 1.4). We subsequently spatially matched the ICA- 
derived nodes against the tau-PET lesion locations and the ROIs of the 
domain-specific tau-lesion networks, and computed the subject-level 
functional connectivity between the IC time-series of these tau-PET 
and functional network nodes for each of the three domain-specific 
tau-lesion networks. This resulted for each subject in a connectivity 
matrix of correlations between tau-lesion ROIs and network ROIs for 
each cognitive-domain specific network. All positive correlations were 
averaged to generate subject-level tau-ROI functional connectivity 
scores for each cognitive-domain network.

2.9. Statistics

First, we tested our main hypothesis that stronger connectivity be
tween the tau-PET lesion locations and the domain-specific tau-lesion 
network is associated with lower performance in the respective cogni
tive domain. To this end, we tested in separate linear regression analyses 
for each cognitive domain, whether the average functional connectivity 
from tau-PET lesion locations to the ROIs of a domain-specific tau-lesion 
network is associated with lower cognitive performance in that domain, 
controlled for age, gender, years of education and diagnosis. In order to 
test for the specificity of predictive performance of each domain-specific 
tau-lesion network, we applied linear regression models for each 
domain-specific network and the cognitive scores of each domain, 
additionally controlling for the performance in the other cognitive 
domains.

Next, we tested the hypothesis that tau-PET levels in a tau-lesion 
location are associated with reduced patient-level functional connec
tivity in the Aβ + group. To this end, we tested in linear regression 
analyses the tau-PET W-score averaged across lesion locations as a 
predictor of the average functional connectivity between the tau-lesion 
locations and a cognitive domain-specific tau-lesion network, controlled 
for age, gender, years of education, diagnosis, and MRI scanner manu
facturer (resulting in 3 regression analysis, one for each cognitive 
domain specific network). In order to test functional connectivity al
terations as a predictor of cognitive impairment, we employed a linear 
regression analysis including this time the tau-lesion- network connec
tivity as a predictor of cognitive performance in a given domain, 
resulting in another 3 different regression analyses. We employed 
mediation analysis to test whether alteration of functional connectivity 
to domain-specific tau-lesion networks mediates the effect of tau-PET W- 
scores on cognitive performances in the corresponding domain. All 
mediation models were controlled for age, gender, years of education, 
diagnosis, and MRI scanner manufacturer. The statistical significance of 
the mediation model was determined based on the 95 % confidence 
interval (95 % CI) of the average causal mediation effect, using boot
strapping with 1000 iterations. All regression analysis were controlled 
for the effects of age, gender, education years, diagnosis, and MRI 
scanner manufacturer. In bootstrapped regression analyses, the partial 
R2 (adjusted for covariates) was compared between connectivity- 
weighted and alternate predictors. We accounted for multiple testing 
to guard against Type I error accumulation, using a Bonferroni corrected 
significance threshold. All analyses were performed using the R statis
tical software package (r-project.org).

3. Results

Basic characteristics of the participants split by diagnostic subgroups 
are shown for the ADNI and A05 studies in Table 1. Overall, the Aβ +
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participants were slightly older, less educated and included a higher 
proportion of men compared to CN Aβ- subjects in ADNI; no differences 
were detected in the A05. The symptomatic Aβ + groups showed the 
expected lower performance on neuropsychological tests in both studies.

3.1. Cognitive domain-specific tau-lesion networks

Fig. 2 shows the spatial overlap of the tau-PET lesions between the 
participants. The strongest overlap in tau-PET lesions was present in the 
medial temporal and posterior parietal brain regions (Fig. 2 A & B).

We employed lesion-network mapping and multivariate analysis in 
order to map functional connections of tau-PET lesions onto cognitive 
performance in each of the cognitive domains in our training sample 
(ADNI). For episodic memory performance, the associated tau-lesion 
network was primarily comprised of connections to the medial and 
lateral temporal cortex, angular gyrus, prefrontal cortex and precuneus/ 
posterior cingulate cortex (Fig. 3A, column 1). The tau-lesion network of 
the executive-function domain was primarily comprised of tau-PET 
lesion connections to the pre- and post-central gyri, superior parietal 
cortex and lateral frontal cortex (Fig. 3B, column 1). Lastly, for the 
language domain, the network comprised primarily connections to the 
lateral temporal cortex, angular gyrus, prefrontal cortex, precuneus and 
cingulate cortex (Fig. 3C, column 1).

For each cognitive-domain specific network, results of linear 
regression analyses showed that stronger positive functional connec
tivity between the tau-lesion locations and the network regions was 
associated with lower performance in that cognitive domain in ADNI 
(Fig. 3 A-C, column 2) and in A05 (Fig. 3 A-C, column 3), suggesting that 
primarily those tau-PET lesions connected to the cognitive-domain 
specific network contributed to the worse performance in the respec
tive cognitive domain.

Finally, in order to test for the specificity of the explanatory value of 
each network, we ran regression analyses for each pair of domain- 
specific network and a particular cognitive domain, controlling for the 
performance in the other cognitive domains. For ADNI, each domain- 
specific tau-lesion network predicted exclusively the performance in 
the matching but not the non-matching cognitive domains. An excep
tion, however, was the language-domain tau-lesion network, where 
significance was lost to predict language performance, when controlling 
for memory and executive function performance (Supplementary 
Figure S1). For A05, the language-domain specific network showed a 
trend to predict language performance (p = 0.058), the executive 
function domain specifically predicted executive function, but the 
memory-domain network did not reach significance for the memory 
network when controlled for the other domains (Supplementary 
Figure S2), probably due to the fact that performance on the memory 
test and language tests are not entirely independent from each other.

3.2. Associations of subject-level functional connectivity alterations

First, we tested whether higher tau-PET W-scores are associated with 
altered functional connectivity within a cognitive-domain specific tau- 
lesion network in the Aβ + participants. Linear regression analysis 
showed that higher mean tau-PET W-scores in the tau lesion locations 

Fig. 1. Schema of the data analysis pipeline. (A) Subject-level W-scores of tau-PET SUVRs were computed for each ROI in the Aβþ participants as the standardized 
deviation of tau-PET ROI SUVRs from the Aβ- CN group, adjusted for the influence of age and sex. Tau lesions were defined as tau-PET ROI W-scores > 2. (B) Single- 
subject tau-PET lesion ROIs were superimposed onto the 1000 rsfMRI scans from the HCP, and functional connectivity was computed between each tau-lesion ROIs 
and the remaining ROIs across the 1000 HCP subjects. ROI-wise one-sample t-test was conducted to generate tau-lesion network t-maps for each of the subjects. (C) 
PLSR was applied to estimate the association between domain-specific cognitive performances and tau-PET lesion network t-maps for each of the 3 cognitive domains 
in ADNI. Statistical significance of the PLRS-derived regression coefficients was determined by 1000 bootstrapped iterations for each of the cognitive domains, 
resulting in domain-specific tau-PET lesion network map. The association of averaged functional connectivity to each tau-lesion network and domain-specific 
cognitive performance was tested in ADNI discovery sample and A05 validation sample. (D) ICA was applied to resting-state fMRI scans obtained in a subset of 
patients in ADNI. ICs were spatially matched to the tau-PET lesion ROIs on the one hand and the ROIs in each of the domain-specific tau-lesion networks − which had 
been determined in steps B & C − on the other hand. The connectivity between IC times series of tau-PET lesions ROIs and domain-specific network ROIs were 
computed which were used in subsequent statistical analyses (see Statistics section).

Table 1 
Sample characteristics.

ADNI CN Aβ- 
(n ¼
234)

CN Aβþ
(n ¼
73)

MCI 
Aβþ
(n ¼ 88)

AD 
Dementia (n 
¼ 57)

p- 
value

Age 71.50 
(6.58) b,c, 

d

74.55 
(7.38) a

74.54 
(7.34) a

76.45 (8.91) a <0.001

Gender (f/m) 144/90 44/29 41/47 27/30 0.040
Years of 

education
16.82 
(2.33) d

16.66 
(2.44) d

16.13 
(2.55)

15.49 (2.44) 
a,b

0.001

ADAS11 8.40 
(2.62) c,d

9.44 
(3.45) c, 

d

12.84 
(4.17) a, 

b,d

22.69 (6.70) 
a,b,c

<0.001

MMSE 29.15 
(1.08) c,d

28.85 
(1.46) d, 

c

27.41 
(2.24) a, 

c,d

21.96 (3.84) 
a,b,c

<0.001

ADNI-MEM 1.05 
(0.58) b,c, 

d

0.84 
(0.57) a, 

c,d

0.12 
(0.61) a, 

b,d

− 0.77 (0.62) 
a,b,c

<0.001

ADNI-EF 1.22 
(0.78) b,c, 

d

0.86 
(0.83) a, 

c,d

0.24 
(0.92) a, 

b,d

− 0.88 (1.16) 
a,b,c

<0.001

ADNI-LAN 0.94 
(0.72) c,d

0.75 
(0.74) c, 

d

0.25 
(0.87) a, 

b,d

− 0.64 (1.02) 
a,b,c

<0.001

A05 CN Aβ- 
(n ¼ 49)

CN Aβþ
(n ¼ 4)

MCI 
Aβþ
(n ¼ 33)

AD 
Dementia (n 
¼ 24)

p- 
value

Age 67.76 
(10.36) d

77.75 
(8.10)

71.91 
(8.44)

76.04 (9.54) a 0.003

Gender (f/m) 22/27 2/2 15/18 14/10 0.727
Years of 

education
15.57 
(1.94)

15.00 
(2.58)

16.21 
(3.08)

14.92 (2.89) 0.288

ADAS11 5.63 
(3.44) c,d

6.00 
(2.93) d

11.45 
(4.41) a,d

21.75 (7.05) 
a,b,c

<0.001

MMESE 29.49 
(0.51) c,d

29.75 
(0.50) d

27.12 
(1.96) a,d

21.46 (4.01) 
a,b,c

<0.001

Logical memory 
immediate 
recall

13.73 
(4.52) c,d

13.75 
(5.32) c, 

d

7.91 
(3.19) a, 

b,d

4.33 (3.20) a, 

b,c
<0.001

A05-EF 0.72 
(0.08) c,d

0.70 
(0.11) d

0.59 
(0.10) a,d

0.43 (0.17) a, 

b,c
<0.001

A05-LAN 0.81 
(0.11) c,d

0.74 
(0.09) d

0.68 
(0.10) a,d

0.50 (0.16) a, 

b,c
<0.001

Values are displayed as mean (standard deviation).
p-values were derived from ANOVA for continuous measures and from Chi- 
squared tests for categorical measures.
a significantly different from CN-Aβ− ; b significantly different from CN-Aβ+; c 

significantly different from MCI-Aβ+; d significantly different from AD dementia 
via post hoc Tukey test.
Abbreviations: CN = cognitively normal; MCI = mild cognitive impairment; AD 
= Alzheimer’s disease; Aβ = amyloid β; m = male; f = female; ADAS = Alz
heimer’s Disease Assessment Scale–Cognitive subscale; MMSE = Mini-Mental 
State Exam; CL = Centiloid; ADNI-MEM = memory composite score for ADNI 
sample; ADNI-EF = executive function composite score for ADNI sample; ADNI- 
LAN = language composite score for ADNI sample; SUVR = standardized uptake 
value ratio; A05-MEM = memory composite score for A05 sample; A05-EF =
executive function composite score for A05 sample; A05-LAN = language 
composite score for A05 sample.
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Fig. 2. Tau lesion and tau lesion network mapping in Alzheimer’s disease. Brain surface renderings of the percentage of overlap in tau PET lesions (W-score >
2) across Aβ + patients in ADNI (A) and A05 (B), when thresholded at > 40 % overlap.

Fig. 3. Domain-specific tau-lesion network maps. The cognitive domain-specific tau-lesion networks derived from PLSR are rendered on the brain surface (1st 
column) for each cognitive domain in ADNI (rows A – C). Regression plots showing the association between the average of Fisher-z-transformed functional con
nectivity between tau lesion locations to each network and composite cognitive score for each cognitive domain (rows A – C) in ADNI (2nd column) and A05 (3nd 
column). The color-coding of the surface maps refers to the beta-coefficients of the association between connectivity and domain-specific cognitive performance. In 
the regression plots, the clinical classification of the subjects is color coded.
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were associated with lower functional connectivity for each cognitive- 
domain specific tau-lesion network (Fig. 4). This finding suggests that 
higher tau accumulation is associated with disrupted connectivity to the 
domain-specific tau-lesion networks in Aβ + participants. In the analyses 
stratified by diagnostic group within the Aβ + participants, the associ
ations also remained consistent in each diagnostic group 
(Supplementary Figures S3-5).

Next, we tested whether reduced functional connectivity in the 
domain-specific tau-lesion networks is associated with lower perfor
mance in the respective cognitive domain. In linear regression, we found 
that for each cognitive domain, weaker functional connectivity between 
tau lesions to the domain-specific tau-lesion network was associated 
with lower performance in the respective cognitive domain (Fig. 5). 
However, decreased functional connectivity to domain-specific tau- 
lesion network did not show significant mediation effect on the associ
ation between tau-PET W-scores and cognitive performances in corre
sponding cognitive domain.

4. Discussion

In the current study we investigated the brain’s functional networks 
that are associated with tau-PET lesion locations in order to understand 
the interindividual variation in domain-specific cognitive impairment in 
AD. Firstly, locating subject-level tau-PET lesions within the normal 
functional connectome, we demonstrated that closer connectivity of tau- 
PET lesions to a domain-specific tau-lesion network is associated with 
stronger impairment in that cognitive domain. These cross-validated 
results suggest that it is the connectivity of brain location of tau-PET 
accumulation to the cognitive-domain specific tau-lesion networks 
which contribute to domain specific cognitive impairment. Secondly, we 
showed that higher tau-accumulation in a given brain location was 
associated with reduced connectivity to the associated domain-specific 
networks. Disrupted domain-specific-network connectivity was in turn 
associated with lower performance in the respective cognitive domain. 
Together, these findings suggest that functional connectivity of tau-PET 
locations provides an important link between regional tau-PET accu
mulation and the domain-specific cognitive impairment.

4.1. Tau-lesion network mapping explains phenotypic heterogeneity in AD

Our first finding mapping cognitive impairment onto tau-lesion 
networks is consistent with results from previous lesion network map
ping studies which showed that the connectivity profile of local brain 

alterations is associated with psychiatric and cognitive symptoms (Boes 
et al., 2015; Darby et al., 2019; Fox, 2018; Tetreault et al., 2020). We 
advance these previous findings showing that it is the connectivity of the 
location of tau-PET accumulation to circumscribed cognitive domain 
specific networks that contributes to the explanation of region- 
dependent associations of tau with particular cognitive domains. This 
is an important finding given that the location of tau-PET deposition 
varies substantially between subjects (Fig. 2) (Franzmeier et al., 2020a; 
Vemuri et al., 2017). The connectivity pattern of spatially varying tau- 
PET lesion locations to a common domain-specific network provides a 
unifying scheme for leveraging the location of tau-PET accumulation for 
the explanation of domain-specific cognitive impairment. It is remark
able that the connectivity profile of a tau lesion alone is predictive of the 
severity of impairment in a particular cognitive domain, because the 
location alone is not indicative of the exact level of tau accumulation. 
Our findings demonstrate the utility of the lesion-network framework to 
link the locality of tau accumulation to cognitive decline in AD and to 
facilitate patient-level explanation of domain specific cognitive 
impairment. The discovered functional networks largely correspond to 
previous findings on mapping brain regions to cognitive domains 
including the temporo-parietal and frontal cortex for episodic memory 
(Tetreault et al., 2020; Amaefule et al., 2021; Ferguson et al., 2019; 
Huijbers et al., 2013; Kim, 2011; Simon-Vermot et al., 2018; Smith et al., 
2009; Svaldi et al., 2021), and fronto-parietal regions for executive 
function (Cole et al., 2014; Cole and Schneider, 2007). We note, how
ever, that our results do not imply that all brain regions of a domain- 
specific network are essential for the cognitive domain. Rather, the 
contribution of a particular brain region to performance in a cognitive 
domain is proportional to its connectivity to a domain-specific tau-lesion 
network. Furthermore, our results suggest that the domain-specific tau- 
lesion networks show a preponderance of explanatory power for the 
matching cognitive domain, but the nature of domain-specificity is one 
that varies by degree rather than in an all-or-none fashion.

4.2. Connectivity alterations in the tau-PET lesion network

Having determined the spatial signature of the cognitive domain- 
specific tau-lesion networks we next showed that the functional con
nectivity alterations in the cognitive domain-specific tau-lesion net
works were associated with cognitive decline. Specifically, we found 
that weaker connectivity of a tau-lesion’s network was associated with 
lower cognitive performance. These findings are consistent with previ
ous results showing that higher biomarker levels of tau pathology in the 

Fig. 4. Association between tau-PET and patient-level domain-specific network connectivity. For each cognitive domain (A-C), the scatterplots show the 
associations between tau-PET W-scores averaged across tau lesions and domain-specific tau-lesion networks connectivity (Fisher Z-transformed). The diagnostic 
classification is color labeled.
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presence of Aβ are associated with lower functional connectivity and 
lower brain activity (Berron et al., 2021; Pereira et al., 2019; Schultz 
et al., 2017), supporting the view that functional connectivity changes 
are a crucial endophenotype linking tau pathology and cognitive 
decline. Our results provide mechanistic insight into why the locality of 
tau-PET lesions matter for explaining decline in specific cognitive do
mains, supporting the view that disrupted connectivity in domain- 
specific tau-lesion network underlie the effects of regional tau-PET on 
specific cognitive abilities. The exact mechanism by which tau pathol
ogy may disrupt have not been deciphered yet. However, tau has been 
associated with neuronal silencing in mouse models of amyloid and tau 
pathology (Busche et al., 2019), which may contribute to the disruption 
of functional connectivity. Furthermore, in vitro and in vivo preclinical 
research showed that pathologic tau is transmitted along axons and 
spread in a prion-like manner (Clavaguera et al., 2009; Kaufman et al., 
2017), therefore the development of pathologic tau is intrinsically 
linked to the architecture of the brain’s connectome. In patients with 
AD, we and others previously showed that tau-PET accumulation is 
distributed particularly between strongly connected brain regions 
(Franzmeier et al., 2020b; Franzmeier et al., 2019; Vogel et al., 2023; 
Vogel et al., 2021), consistent with the notion that pathologic tau 
preferentially spreads along axonal connections. Importantly, axonal 
connections may not only serve as conduits for pathological tau, but are 
also the target of tau-related impairment, where higher tau pathology is 
associated with reduced axonal and myelin integrity of fiber tracts (Dean 
et al., 2017; Pichet Binette et al., 2021). Therefore, tau-related fiber- 
tract damage is a putative pathway leading to functional disconnection. 
Conversely, enhancing functional and structural networks are therefore 
putative targets for therapeutic intervention to enhance the cognitive 
resilience against the effect of tau pathology (Ewers et al., 2021; Neitzel 
et al., 2019).

In order to interpret the current findings, several caveats should be 
considered. First, our lesion-symptom mapping approach employed a 
fMRI template from the Human Connectome Project that included 
young to middle-aged adults, whereas our patient samples comprised 
exclusively elderly subjects with AD pathology. The alternate applica
tion of connectome maps from elderly cognitively normal subjects may 
have enhanced the accuracy to map the connectome to tau-PET lesions. 
However, the disadvantage of that approach is that in cognitively 
normal elderly some critical connections may have been already lost due 
to age or incipient disease. Note that our analysis of functional con
nectivity assessed in the patients confirmed an effect of tau-PET on the 
connectivity in the identified cognitive domain specific tau-lesion net
works, supporting that we detected core networks underlying domain- 

specific cognitive performance. Second, the current study is cross- 
sectional in nature, and the utility to predict longitudinal changes re
mains to be tested. Third, the current samples mostly included Cauca
sian subjects, where other ethnicities were underrepresented. Dedicated 
research efforts are underway to alleviate the recruitment bias in 
observational and clinical trials. Thus, the generalizability across 
different ethnic group remains unclear so far.

Overall, the major contribution of the current study is the demon
stration of the utility of domain-specific connectivity patterns of tau-PET 
lesion locations that can be leveraged to explain domain-specific 
cognitive impairment. We provide an approach to understand symp
tomatic heterogeneity in AD, which may help to reduce uncertainty in 
the clinical diagnosis of AD.

Data availability.
Data of ADNI used in this study are available from the ADNI website 

(www.adni-info.org). Resting-state fMRI data of HCP are available on
line (https://db.humanconnectome.org). Data of A05 are available upon 
request to the 18F-AV1451-A05 investigators.
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