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Abstract

INTRODUCTION—Misfolded Tau and amyloid-β (Aβ) proteins progressively accumulate in the 

brain, causing decreased and increased neuronal function and neurodegeneration. This study 

sought to investigate whether the wide spectrum of functional reorganization in aging brains of 

cognitively normal individuals relates to specific pathological patterns of Tau and Aβ deposits.

METHODS—We used functional connectivity neuroimaging and in vivo Tau and Aβ positron 

emission tomography (PET) scans to study cortical spatial relationships between imaging 

modalities.

RESULTS—We found that a negative association between Tau and functional connectivity 

combined with a positive association between Aβ and functional connectivity is the most frequent 

cortical pattern among elderly subjects. Moreover, we found specific brain areas that interrelate 

hypo- and hyper-connectivity regions.

DISCUSSION—Our findings have critical implications to understanding how the two main 

elements of AD-related pathology affect the aging brain and how they cause alterations in large-

scale neuronal circuits.
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1. Introduction

Even decades before the appearance of any cognitive manifestations, Alzheimer’s disease 

(AD)-related neuropathology may have accumulated in the brain in the form of the 

intracellular neurofibrillary tangles (NFT) of Tau proteins [1–3] and extracellular insoluble 

amyloid-β (Aβ) [2,4,5]. In AD, Tau and Aβ deposits are not randomly distributed; rather 

they have characteristic spatial patterns [1,3] that seem to follow large-scale brain systems or 

connectivity networks [6–11]. The study of brain networks targeted by AD pathology is 

important, if the spatial distribution and potential spreading across brain pathways of AD is 

to be understood. A central question that remains unsolved is: How do Tau and Aβ deposits 

affect the functionality of large-scale brain systems? It has been conjectured that Aβ may 

affect cortical functional connections in various ways, depending on the stage of the disease 

and the targeted circuit. Previous studies have shown that both hyper- and hypo-activity/

connectivity phenomena may dwell in preclinical and clinical AD brains [12–14]. This study 

sought to develop a more comprehensive framework of the AD-related pathology in which 

the relationships between Tau, Aβ, and functional connectivity changes in cognitively 

normal elderly individuals are examined. Specifically, this study evaluated the spatial 

distribution in the brain of a recently developed positron emission tomography (PET) Tau 
tracer known as 18F-T807 or 18F-AV-1451 or flortaucipir (Avid Radiopharmaceuticals Inc)

[15–19] and sought to identify its relationship with Aβ deposition and functional 

connectivity changes to gain insight into the regional and distributed systems affected in the 

preclinical stages of AD.

First, we hypothesized that Tau and Aβ deposits are closely related to the integrity of 

functional connectivity networks. We postulated that Tau and Aβ deposits might affect 

different aspects of the functional network of the brain, reflecting their in vivo spatial 

preferences and early spreading signatures and producing some of the neurodegenerative 

features seen in the post-mortem brain tissue deposits of the aging brain. Second, we sought 

to describe the ties between pathological deposits and functional changes to shed light on the 

underlying network mechanisms of the disease. Thus, in-vivo Tau and Aβ PET imaging, 

functional connectivity magnetic resonance imaging (MRI), and graph theory techniques 

were used to characterize the spatial associations of AD-related pathology and functional 

changes in the brains of elderly individuals.

2. Material and Methods

2.1 Participants

Thirty-nine cognitively normal elderly participants (EPs) (mean age (SD): 73.27 (5.62); 

male/female: 24/15; mean education in years (SD): 16.25 (2.58); mean MMSE (SD): 29.1 

(1.13); mean CDR: 0; 11 amyloid positive subjects (FLR-DVR≥1.2)) participated in the 

study (see Supplementary Material for recruitment and inclusion criteria details). An 

additional, 39 cognitively normal young participants (YPs) (mean age (SD): 20.87 (3.29); 

male/female: 19/20; mean education in years (SD): 15.87 (3.29), EPs vs. YPs educational 

level: p-value=0.4) were included as resting-state MRI-related comparisons.
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2.2 Imaging Acquisition Procedures

The EPs underwent two PET imaging acquisitions: (1) a 18F-T807 tracer that binds Tau 
neurofibrillary tangles [16]; and (2) a 11C-labeled Pittsburgh Compound-B, N-methyl 11C-2-

(4-methylaminophenyl)-6-hydroxybenzothiazole (11C-PIB) tracer that binds to fibrillar Aβ 
plaques [20] (see Supplementary Material for additional details on PET imaging acquisition 

and preprocessing). Data were acquired at Massachusetts General Hospital on a 

Siemens/CTI ECAT PET HR scanner. The average time elapsed between the two PET scan 

sessions was 152 days (SD, 94), between fcMRI and 11C-PIB was 180 days (SD, 89), and 

between fcMRI and 18F-T807 was 197 days (SD, 98). The voxel-level frequency maps of 

Tau and Aβ deposits equal or above a binary threshold of 1.2 SUVR and 1.2 DVR in our 

sample is displayed in Supplementary Figure 1.

2.3 Functional Connectivity Acquisition Procedures

The functional MRI image acquisition was performed on a 3 Tesla Tim Trio system 

(Siemens, Erlangen, Germany) using a 12-channel phased-array head coil with a functional 

gradient-echo echo-planar pulse sequence sensitive to BOLD contrast (see Supplementary 

Material for additional details on fcMRI acquisition and preprocessing). An optimized 

functional connectivity magnetic resonance imaging (fcMRI) protocol [21], extending the 

approach developed by Biswal et al. 1995 [22], was used in the preprocessing steps (DPABI/

DPARSF toolbox).

2.4 Association Matrices and Functional Connectivity Maps

Before the statistical analyses, the following steps were undertaken in relation to each 

individual fcMRI (see Supplementary Figure 2). First, the Pearson R correlation coefficient 

with z-fisher transformation between each voxel pair in the whole brain was computed. A 

time course of low-frequency BOLD fluctuations and a whole brain mask of 6,756 voxels 

(n) were used to obtain a final n × n association matrix for each individual. Next, three 

alternative procedures were performed to obtain weighted degree connectivity maps based 

on the selection criteria of the functional connections in the association matrices (see 

Supplementary Figure 3). The three procedures comprised: (1) the inclusion of all positive 

and negative functional connections; (2) the inclusion of positive functional connections 

above zero; and (3) the inclusion of positive functional connections after false discovery 

Rate (FDR) correction [23](at q level of < 0.05). Weighted degree connectivity (or weighted 

degree centrality) refers to the total strength that a given node (i.e., voxel) has in relation to 

the other nodes in the graph. By conventional definitions, degree centrality maps reveal 

“network hubs” in fcMRI data [6,24].

A data-driven, voxel-level whole-brain analysis called Local and Distant Connectivity 

Analysis [24] was then conducted to study and compute functional connectivity maps at the 

local and distributed (i.e., distant) levels in each EP and YP individual in the sample. The 

computation of connectivity hubs/degree maps in each individual provides the advantage of 

distinguishing aging changes occurring in both focal and long-distance connections. Local 

and distant degree connectivity maps were computed at continuous physical distances or 

Euclidean distances (ranking from 18 to 48 mm neighborhoods; Supplementary Figure 4), 

although a segregation threshold of local and distant connections at a 12 mm neighborhood 
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was employed in the main analysis [24]. Thus, association matrices were used to sum the 

fisher-transformed correlation values (i.e., the weighted degree) that a given voxel in the 

brain had to its immediate neighborhood (i.e., all surrounding voxels within 12 mm of 

distance; local connectivity maps) or outside that neighborhood (i.e., all voxels outside 12 

mm of distance; distant connectivity maps)(formula of the Local and Distant Connectivity 

Analysis is described in the Supplementary Material).

2.5 Statistical Analysis and Spatial Relationships

A statistical parametric approach was used to compare local and distant weighted degree 

connectivity maps between the EP and the YP groups (two sample t-tests, Matlab v8.0, The 

Mathworks Inc., Natick, MA). A combined t-score map was obtained from two statistical 

comparisons: EP < YP (i.e., the hypo-connectivity condition) and EP > YP (i.e., the hyper-

connectivity condition). In relation to group effects, a FDR at a q level of < 0.05 was used to 

correct multiple comparisons. Corrected areas are shown in the cortical maps as black 

borders. To visualize the spatial relationships between the maps, the volumetric data was 

transformed into four vectors: two corresponding to the population average Tau and Aβ 
maps, and two corresponding to the population average local and distant t-score contrast 

maps. We performed a least squares fit to explain voxel-level local or distant t-score values 

as a linear function of Tau and Aβ values. A similar strategy was also employed to 

characterize the spatial relationships at the individual level. Instead of using average and t-

score maps, a least squares fit was computed for the connectivity maps of each EP in the 

sample as a linear model of individual Tau, Aβ maps. We regressed out grey matter values 

from each of the analyzed maps as a previous step to compute the relationships between Tau, 

Aβ, and weighted degree connectivity. Finally, we plot the individual-level coefficients of 

the linear model fits that can be interpreted as partial correlations between the corresponding 

variables. This approach allowed the individual relationships to be converted into a 

scatterplot in which the dots represented the participants in the sample and contained each 

individual’s main relationship between Tau, Aβ, and weighted degree connectivity. The 

linear regression of the combined spatial patterns of Tau- and Aβ-weighted degree 

connectivity in Figure 2 was additionally controlled by the individual lag between imaging 

modalities.

2.6 Linkage Analysis between Hypo- and Hyper-Connectivity

A whole-brain graph theory approach and individual-level association matrices of functional 

connectivity (selection criteria (1)) were used to identify areas of the brain that may integrate 

the hypo- and hyper-connectivity phenomena in EP. It was thought that if the decrease and 

increase connectivity in EP represented two related and dependent phenomena, there would 

be areas in the brain in which hypo- and hyper-connections converge. It was assumed that 

these areas of linkage (or linkage-connectivity, Linkage-C) might be bridges that display 

hypo- and hyper-connectivity towards both the hypo-connectivity (Hypo-C) and hyper-

connectivity (Hyper-C) areas. Accordingly, a decrease in strength in functional connections 

on the Hypo-C should be related to an increase in strength in functional connections on the 

Hyper-C. Thus, the relationship between the strength of functional connections and 

weighted degree of linkage areas must have a negative sign. Consequently, a data-driven 

whole-brain search for negative correlations occurring between the strength of functional 
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connections and the weighted degree using the entire sample of EP was conducted (formula 

of Linkage Analysis, mask employed in Figure 3-C, and cortical visualization procedures 

are detailed in the Supplementary Material).

3. Results

3.1 Tau and Amyloid-β are Distinctively related to Cortical Connectivity Alterations

The average Tau deposits map of the sample show that Tau has a spatial affinity with the 

temporal lobe, particularly the inferior and lateral temporal cortex, and several regions in the 

ventral and ventro-lateral areas of the frontal lobe (see Figure 1-A). Average Aβ deposits 

were predominantly located in the frontal and parietal lobes, especially in anterior and 

lateral frontal areas and the precuneus and inferior lateral parietal cortex (see Figure 1-A). 

The temporal lobe was less affected by Aβ deposits; however, there was some uptake in its 

lateral cortex.

Next, this study examined whether in vivo Tau and Aβ deposits are related to functional 

alterations in the human cortex. The EP and YP samples were compared to evaluate changes 

in the functional connections at both local and distributed connectivity levels. Figure 1-B 

sets out the findings of the FDR multiple comparisons corrected (using a weighted degree 

approach), the voxel level statistics, and the local/distant segregation at the 12 mm 

neighborhood results. Supplementary Figures 3 and 4 show other alternative statistical and 

neighborhood thresholds. The EP showed a decreased local connectivity in almost the entire 

temporal cortex (more intense in inferior and lateral areas), and in several other areas such as 

the anterior and orbital areas of the frontal lobe, the middle cingulate cortex, and the lateral 

inferior parietal lobe (i.e., the hypo-connected regions (Hypo-C) in Figure 1-B, FDR-

corrected outlined in black). There was overlap between a loss of distant and local 

connections; however, distant connectivity changes appear to extend posteriorly toward the 

inferior parietal lobe (see the inset and Hypo-C overlap map in Figure 1-B). Conversely, 

increased local and distant connectivity was found in modal cortical areas such as the 

occipital and somatomotor cortices and the association areas of the parietal lobe (see the 

hyper-connected regions (Hyper-C) in Figure 1-B). Overall, we found much greater extent of 

FDR-corrected significant findings for local than distant connectivity.

Finally, the cortical spatial relationship between Tau, Aβ, and functional connectivity 

changes in EPs were studied (see Figure 1-C). The distribution of Tau cortical deposits was 

negatively associated with the Hypo-C/Hyper-C t-score. Thus, high Tau cortical intensity 

was related to high Hypo-C (i.e., decreased functional connectivity (EP < YP)) (see Figure 

1-C). The distribution of Aβ cortical deposits was characterized as being positively 

associated with the Hypo-C/Hyper-C t-score. High Aβ cortical intensity was related to high 

Hyper-C (i.e., increased functional connectivity (EP < YP)) (see Figure 1-C). These 

relationships were more noticeable in local connectivity maps than distant connectivity 

maps.
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3.2 Individual Association Patterns of Tau, Amyloid-β and Functional Connectivity Maps

To gain insights into any individual differences within the sample, the spatial relationship of 

Tau, Aβ, and functional connectivity maps were described for each of the EPs. Individuals 

were classified as having one of four profiles, depending on the spatial associations of the 

cortical maps (see Figure 2 in which the dots in the scatterplot represent individual 

participants and two individuals per quadrant are displayed as full 3D plane-fit figures for 

illustration purposes). Although individual spatial associations were not especially strong 

(from partial correlations of 0.25 to −0.33), we found consistent patterns in the study 

sample. A combination of a negative association between Tau and weighted degree 

connectivity, plus a positive association between Aβ and weighted degree connectivity was 

found to be the most frequent pattern among EPs (see the right-bottom quadrant of Figure 2 

and examples 1 and 2). Thus, the majority of EPs profiles were congruent with the general 

relationship described in the previous section. Additionally, a number of other spatial 

patterns were found; for example, a significant number of EPs displayed a combined pattern 

in which both Tau and Aβ were positively related to weighted degree connectivity (see the 

right-top quadrant of Figure 2 and examples 3 and 4). Less numerous was the combination 

of positive Tau versus weighted degree connectivity and negative Aβ versus weighted degree 

connectivity associations (see the left-top quadrant of Figure 2 and examples 5 and 6). 

Importantly, none of the EPs displayed Tau and Aβ in which both were negatively related to 

weighted degree connectivity (see the left-bottom quadrant of Figure 2). Finally, we found a 

strong negative relationship between the combined spatial patterns of Tau- and Aβ-weighted 

degree connectivity (R=−0.70). Of note, local and distant segregations produced analogous 

results in this analysis.

3.3 Linkage between Hypo-Connectivity, Hyper-Connectivity, and AD-Related Pathology

A graph theory approach was used to determine whether the findings of Hypo-C and Hyper-

C in EPs were interdependent at the connectivity level (see Figure 3-A), that is, whether 

there are cerebral regions in which hypo- and hyper-connections converge. We found areas 

in the lateral parietal, precuneus/posterior cingulate cortex, the lateral temporal and the 

middle cingulate, and the orbitofrontal cortex linking the Hypo-C and Hyper-C (see Figure 

3-B). When these findings were overlapped with the previous results from Figure 1-B, areas 

involved in the linkage (see the green areas in Figure 3-C) were observed to be either 

embedded, neighboring or in between Hypo-C (blue areas in Figure 3-C) and Hyper-C (red 

areas in Figure 3-C). Finally, the Tau and Aβ deposits were studied in the three types of 

connectivity changes in the EPs: Hypo-C, Hyper-C, and Linkage-C. Hypo-C was 

characterized by high Tau and low Aβ deposits. Hyper-C was characterized by low Tau and 

high Aβ deposits. While Linkage-C showed a hybrid pattern of high Tau and high Aβ 
deposits (see Figure 3-C).

4. Discussion

Previous studies have asserted that hyper-connectivity is a frequent phenomenon in both 

clinical and preclinical states of the AD [14]. At present, it is still unknown how this 

phenomenon arises in large-scale neuronal circuits of the human brain with other 

neurodegenerative processes such as the more expected hypo-connectivity. A potential 
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underlying mechanism could be related to specific patterns of accumulation of Tau and Aβ 
proteins. With the advent of novel PET Tau tracers and existing PET Aβ and fcMRI 

techniques, the intimate relationship of these functional changes and the pathological 

alterations occurring in clinical and preclinical AD can now be studied. Thus, this study 

examined whether spatial patterns of Tau, Aβ, and degree connectivity maps form a coherent 

scenario for understanding both the hypo- and the hyper-functionality phenomenon in the 

elderly brain.

4.1 Hypo-Connectivity-Tau and Hyper-Connectivity-Amyloid-β Relationships

A significant finding of our research showed that Tau pathology in EPs was associated with 

areas displaying a significant decrease in functional connectivity (compared to YP controls). 

This finding is congruent with previous studies describing that CSF p-Tau levels are 

negatively correlated with functional connectivity in the medial temporal lobe, such as the 

entorhinal cortex [25]. Moreover, Aβ pathology distribution was related to areas in which 

there was a significant increase of functional connectivity. A range of patterns was found to 

arise at the individual level; however, the vast majority of the participants showed that Tau 
and Aβ had an inverse relationship with functional connectivity hubs (i.e., Tau tended to be 

located in areas of hypo-connectivity and Aβ tended to be located in areas of hyper-

connectivity).

Previously, it has been postulated that macro-pathological findings and micro-neuronal 

mechanisms may be related via the neuronal excitatory-toxicity hypothesis. This hypothesis 

states that neural damage can result from the over-activation of N-methyl-D-aspartic acid 

receptors by glutamate at the synaptic level [26,27]. For example, AD research has found 

that an increase of amyloid peptides in the extracellular space depends on synaptic activity 

[28]. Thus, it is plausible that an excess of activity in interconnected neurons (with high 

basal metabolism or sustained activity) may create a excitatory environment leading to 

progressive neurodegenerative cascade and activity-dependent neurodegeneration. Findings 

that areas of preferential location of Aβ deposits are highly connected and interconnected 

[29] with higher basal metabolism [30] and higher levels of aerobic glycolysis [31] have led 

to the synaptic excitatory-toxicity hypothesis being generalized to the large-scale brain level 

[6]. However, several issues arise in relation to this generalization [32]. For example, if high 

basal metabolism confers pathology risks, why are early regions of neurodegeneration such 

as medial temporal lobes not among the most hyper-metabolic or hyper-connected areas? 

The medial temporal and, more specifically, the hippocampus, are critical regions of 

neurodegeneration, but neither are hubs of high functional connectivity nor high hyper-

metabolism, or aerobic glycolysis. Thus, it is likely that other mechanisms associated with 

the temporal lobe have a role in the overall neurodegeneration pattern. In light of this study’s 

results, the association between Tau pathology and hypo-connectivity in the temporal lobe 

indicates an alternative interpretation that complements the excitatory-toxicity hypothesis. 

This study showed that, in addition to a hyper-connectivity-Aβ relationship (likely related to 

the Aβ-driven excitatory-toxicity), there is a hypo-connectivity-Tau relationship and 

possibly a Tau-driven non-necessarily excitatory-toxicity mediated that may be considered 

as distinctive phenomenon.

Sepulcre et al. Page 7

Alzheimers Dement. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.2 Are Paradoxical Functional Connectivity Changes in the Elderly Brain Related?

The above findings indicate a fundamental relationship between AD-related pathology and 

functional impact in the brain tissue; however, the question of whether hypo- and hyper-

functionality/connectivity (and their associated pathological profiles) are interdependent 

phenomena on a large-scale level remains opaque. In an attempt to answer this question, the 

local and distant functional connectivity changes of the EPs were analyzed to identify 

potential areas of transition between hypo- and hyper-connected hubs. The results indicated 

that both local and distant functional connectivity patterns provide similar information in 

relation to the functional-pathology relationship. However, several interesting findings were 

also uncovered.

First, local hypo-connectivity is more strongly related than distant to Tau and Aβ spatial 

patterns and was particularly noticeable between the temporal lobe and the Tau deposits. 

Second, distant hypo-connectivity in the inferior lateral parietal lobe was more prominent 

than local hypo-connectivity. Previously, studies have suggested that both Tau and Aβ 
aberrant protein deposits follow large-scale networks and anatomical regions that are 

interconnected and, consequently, several hypotheses about the progression of the AD 

through linked neurons have been proposed [8,11,33–35]. For instance, it has been recently 

propose that differential vulnerability of networks and its neural connection types provide 

candidate substrates for the tissue propagation of proteinopathies, such as AD [35]. If this 

‘molecular nexopathies’ hypothesis is correct, then, any brain changes during the preclinical 

stages should reflect early structural and functional fingerprints that relate to the molecular 

spreading character of AD [35]. Thus, a predominant local connectivity disruption in the 

temporal lobe with the combination of a distant connectivity disruption in the inferior 

parietal cortex (known to be a relay station between the temporal and parietal association 

areas [36]) may indicate an advance of the AD-related neurodegeneration to other areas of 

the cortex. As proteinopathies seems to fit specific neural circuits [35], local insults linked to 

a clustered Tau proteinopathy may produce local disconnectivity that subsequently unchain 

and spread to distant axonal connections, potentially linked to Aβ proteinopathy, in 

distributed cerebral regions. However, it is important to remark that a reverse spreading 

pattern in which distant disconnectivity occurs in the parietal association cortices without 

severely affecting parietal local structures might be also possible.

These findings provided only indirect evidence of the potential long-range expansion of 

decreased functional connectivity in the elderly brain. The question of whether hypo-and 

hyper-functional changes are related remains to be elucidated. Therefore, we conducted a 

post-hoc graph theory approach to determine the relationship between hypo- and hyper-

connectivity reorganizations in the elderly brain. The results showed that areas in the so-

called default mode network (DMN) and the anterior temporal, middle cingulate and 

orbitofrontal cortex, appeared to act as mediators between hypo- and hyper-connected hubs. 

Specifically, these areas displayed a hybrid pattern of Tau and Aβ deposits. There are 

regions in the brain that appear to be in the middle of both functional extreme profiles, and, 

congruently, previous reports have shown, for instance, reduced and increased functional 

connectivity in DMN regions associated to abnormal levels of CSF p-Tau and CSF Aβ [37]. 

Consequently, it is arguable that the hypo- and hyper-functional changes (and their 

Sepulcre et al. Page 8

Alzheimers Dement. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respective partners of Tau and Aβ accumulation) may be integrated in a common and 

strongly interdependent process.

Conclusions

Presently, the actual deleterious effect that the AD-related functional reorganization has on 

the brain neuronal systems is not known. It is postulated that local hypo-connectivity 

changes may create adaptive responses in other parts of the brain in the form of hyper-

connectivity changes. In this study, it was observed that Tau pathology was related to a loss 

of functional connections (either in the hypo-connected core or DMN linkage areas). 

Conversely, Aβ-pathology was related to a potential adaptive increase of functional 

connections (likely with abnormal excitotoxic consequences) either in the hyper-connected 

core or the DMN linkage areas. Although the cross-sectional design of our study does not 

allow determining whether pathology precedes connectivity changes or the reverse, the 

different components of the functional reorganization and their pathological correlates 

provided evidence that the AD scenario of connectivity changes is likely the result of a 

systemic interdependent process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context

1. Systematic review: The authors reviewed the scientific literature describing 

the association between AD-related pathology and impaired neuronal function 

using PubMed and conferences data. The relevant bibliography regarding 

brain connectivity and pathological changes in preclinical stages of AD is 

properly cited.

2. Interpretation: Our findings led to a comprehensive understanding of how the 

two hallmarks of AD pathology, Tau and Aβ, impact large-scale neuronal 

circuits in the elderly human brain.

3. Future directions: The spatial cortical analysis of hypo- and hyper-functional 

systems associated to Tau and Aβ accumulation opens new venues toward the 

study of neuronal plastic changes in the aging brains of cognitively normal 

individuals. It provides a new framework to generate hypothesis about (a) 

early AD risk detection, (b) identification of cortical targets for future 

treatments such as brain connectivity modulation, or (c) enhance treatment 

monitoring.
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Highlights

• Tau deposits dwell in areas of functional hypo-connectivity in the aging brain.

• While Aβ deposits tend to overlap with mixed and hyper-connected brain 

regions.

• Hypo- and hyper-connectivity are two interdependent phenomena in the 

DMN.

• Tau and Aβ play characteristic roles in the neuronal breakdown during aging.
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Figure 1. Tau and Amyloid-β-Relates Distinctively with Functional Connectivity Reorganizations 
in the Elderly Brain
(A) shows the average maps of Tau and Aβ deposits in the EP sample. Color bars represent a 

z-score color scale from 0 to 1 and to aid visualization both maps are shown in its positive 

range. (B) displays the t-score maps from the EP vs. YP statistical contrast of the local (left) 

and distant (right) weighted degree connectivity maps. Individual maps of weighted degree 

connectivity were based on FDR corrected functional connections and 12mm neighborhood 

threshold. EP<YP findings are illustrated in a blue-green color and a Caret 2%–98% scale 

(hypo-connected regions; Hypo-C) and EP>YP findings are illustrated in a red-yellow color 

and a Caret 2%–98% scale (hyper-connected regions; Hyper-C). Black borders delimitate 

the FDR multiple comparison corrected findings. Inset shows the overlap of local and distant 
Hypo-C maps based on the uncorrected t-score maps (blue=local; red=distant; purple=both). 

(C) displays the plane-fitted relationship of average Tau, average Aβ and t-score maps in the 

EP sample. Color scale represents the gradient score of the 3D plane. To avoid redundancy 

only left hemispheres are displayed in the figure. pR=partial correlations.
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Figure 2. Spatial Associations between Tau, Amyloid-β and Functional Connectivity Maps in 
Elderly Individuals
The scatterplot summarizes the main relationships between cortical maps at each elderly 

individual. A dot represents the relationship between Tau and Aβ vs. functional connectivity 

maps (local=red dots; distant=blue dots) in a single subject. Based on these spatial 

associations, there are four profiles of cortical relationships depending on the plane-fit 

coefficients: (1) right-bottom quadrant shows the combination of a negative association 

between Tau and weighted degree connectivity, plus a positive association between Aβ and 

weighted degree connectivity (22 local and 25 distant); (2) right-top quadrant shows the 

combined pattern in which both Tau and Aβ are positively related to weighted degree 

connectivity (13 local and 10 distant); (3) left-top quadrant shows the combination of a 

positive Tau vs. weighted degree connectivity and negative Aβ vs. weighted degree 

connectivity (4 local and 4 distant); (4) left-bottom quadrant represents a negative 

association of both Tau and Aβ with weighted degree connectivity (0 local and 0 distant). 

For illustration purposes, two exemplary individuals are displayed per quadrant (1 to 6 

plane-fit figures and dashed circles in the main scatterplot). Axes represent partial 

correlation values.
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Figure 3. Hypo-Connected, Hyper-Connected and Linkage Regions Are Related with Different 
Profiles of AD-Related Pathology
(A) shows a diagram summarizing the main elements of our Linkage Analysis. Linkage 

areas are characterized based on the number of occurrence of negative correlations between 

its functional connectivity strengths and changes in weighted degree (represented as 

difference sizes in green nodes; Hypo-connected nodes=blue nodes; Hypo-connectivity=blue 

dashed lines; Hyper-connected regions=red; Hyper-connectivity=red lines). (B) shows the 

linkage areas in green resulting from the FDR-corrected Linkage Analysis. Color scale 

represents the degree of Linkage-C from 0 to 100. (C) left figure displays the spatial cortical 

distribution of the three types of connectivity described in the EP sample (Hypo-connected 

regions=blue; Hyper-connected regions=red; Linkage regions=green). Right figure shows 

the individual Tau (orange dots) and individual Aβ (grey dots) z-score intensities in each 

mask of the three types of connectivity (Hypo-C, Hyper-C and Linkage-C). Short horizontal 

lines represent means of the sample and stars show statistical significance of Tau or Aβ 
between Hypo-C Hyper-C and Linkage-C (t-test; *<0.05, ***<0.001). To avoid redundancy 

only left hemispheres are displayed in the figure.
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