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Abstract
The association between functional connectivity (FC) altera-
tions with amyloid-β (Aβ) and τ protein depositions in Al-
zheimer dementia is a subject of debate in the current litera-
ture. Although many studies have suggested a declining FC 
accompanying increased Aβ and τ concentrations, some in-
vestigations have contradicted this hypothesis. Therefore, 
this systematic review was conducted to sum up the current 
literature in this regard. The PROSPERO guideline for system-
atic reviews was applied for development of a research pro-
tocol, and this study was initiated after getting the protocol 
approval. Studies were screened, and those investigating FC 
measured by resting-state functional MRI and Aβ and τ pro-
tein depositions using amyloid and τ positron emission to-
mography were included. We categorized the included stud-
ies into 3 groups methodologically, addressing the question 
using global connectivity analysis (examining all regions of 
interest across the brain based on a functional atlas), seed-
based connectivity analysis, or within-networks connectivity 

analysis. The quality of the studies was assessed using the 
Newcastle-Ottawa Scale. Among 31 included studies, 14 
found both positive and negative correlations depending on 
the brain region and stage of the investigated disease, while 
7 showed an overall negative correlation, 8 indicated an 
overall positive correlation, and 2 found a nonsignificant as-
sociation between protein deposition and FC. The investi-
gated regions were illustrated using tables. The posterior de-
fault mode network, one of the first regions of amyloid ac-
cumulation, and the temporal lobe, the early τ deposition 
region, are the 2 most investigated regions where inconsis-
tencies exist. In conclusion, our study indicates that trans-
neuronal spreading of τ and the amyloid hypothesis can jus-
tify higher FC related to higher protein depositions when 
global connectivity analysis is applied. However, the discrep-
ancies observed when investigating the brain locally could 
be due to the varying manifestations of the amyloid and τ 
overload compensatory mechanisms in the brain at different 
stages of the disease with hyper- and hypoconnectivity cy-
cles that can occur repeatedly. Nevertheless, further studies 
investigating both amyloid and τ deposition simultaneously 
while considering the stage of Alzheimer dementia are re-
quired to assess the accuracy of this hypothesis.
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Introduction

Alzheimer dementia (AD) manifests in a spectrum 
consisting of a long-lasting preclinical stage, a phase of 
mild cognitive impairment (MCI), and, eventually, ful-
ly manifested dementia [1]. Related pathophysiological 
changes primarily occur decades before the manifesta-
tion of cognitive decline symptoms [2]. Thus, the cur-
rent focus is on early diagnosis and therapeutic ap-
proaches at the MCI and even preclinical disease stages 
to prevent or delay dementia onset. Although the use of 
imaging biomarkers including structural magnetic res-
onance imaging (MRI), amyloid positron emission to-
mography (PET), and 18F-fluorodeoxyglucose (FDG)-
PET is validated for diagnosis and prognosis at all stag-
es of AD [3], functional connectivity (FC) measured by 
resting-state functional MRI (rsfMRI) promises a very 
early diagnosis in AD and other neurodegenerative dis-
eases [4].

Extracellular deposits of amyloid-β (Aβ) peptides and 
intracellular neurofibrillary tangles of τ proteins are 2 
important neuropathological hallmarks of AD [5, 6]. The 
correlation between these molecular hallmarks and al-
terations in FC remains a pivotal quest [7]. Regarding 
Aβ, the earliest accumulation starts within the default 
mode network (DMN) [8]. While the higher amyloid 
burden has been correlated with a lower FC in the poste-
rior cingulate cortex and precuneus (i.e., major hub re-
gions in the DMN) in some works [9–11], other studies 
have linked Aβ to increased connectivity in DMN re-
gions [12]. In addition to DMN, an association between 
the global Aβ load and aberrant FC is seen in other in-
trinsic connectivity networks [13–15]. Moreover, when 
applying a voxelwise approach globally rather than with-
in networks, the correlation between Aβ deposition and 
FC shows that a higher Aβ deposition can be related to 
both increased and decreased FC in various brain regions 
[13].

Regarding τ, some studies have found a positive asso-
ciation between FC and τ propagation, supporting the 
view of the trans-synaptic spread of τ across neuronal 
connections in AD [16, 17] either at the global connectiv-
ity level [18, 19] or at the seed-to-voxel level [20]. How-
ever, other researchers have shown that, at a local level of 
τ deposition, a higher τ burden in some regions such as 
the posterior DMN (pDMN) and the inferior temporal 
cortex is related to declining connectivity [21, 22].

Altogether, these discrepant results concerning the as-
sociation between τ and Aβ deposition with alterations of 
FC and the difficulties of conducting original neuroimag-

ing research urged us to systematically review the litera-
ture in this regard, aiming to interpret the related current 
literature comprehensively.

Materials and Methods

The present systematic review was prepared based on Preferred 
Reporting Items for Systematic reviews and Meta-Analyses (PRIS-
MA) guidelines [23]. The study protocol was approved in PROS-
PERO with the registration code CRD42020154057 (https://www.
crd.york.ac.uk/PROSPERO/).

Search Strategy
We searched the PubMed and Scopus Medical databases and 

used the Google Scholar search engine up to February 2021. The 
following search terms and combinations were used: (“functional 
connectivity” OR “intrinsic connectivity” OR “connectome” OR 
“resting state”) AND (tau OR amyloid) AND (normal OR healthy 
OR Alzheimer OR “mild cognitive impairment” OR preclinical 
OR prodromal OR “subjective memory complaint”), without any 
language or publication time restrictions. Then, 2 authors inde-
pendently screened all of the titles and abstracts. The full texts of 
those studies found to be eligible for inclusion based on their ab-
stracts were further studied and assessed for inclusion. Further dis-
cussions among all of the authors resolved disagreements regard-
ing the inclusion of the studies. 

Inclusion and Exclusion Criteria
The applied inclusion criteria were as follows: original studies 

using rsfMRI to examine FC while measuring amyloid or τ deposi-
tion or both by PET. Opinions, book chapters, reviews, letters, 
conference abstracts, protocols, and animal studies were excluded. 

Following the initial screening, in the full-text assessment 
phase, studies applying any statistical method other than correla-
tion and regression analysis for assessment of the alterations of FC 
were excluded. Also, we only included studies in which the follow-
ing categorization was considered: amyloid-negative normals, am-
yloid-positive cognitively normals (preclinical AD), subjective 
memory complaints (SMC), MCI or prodromal AD, and AD de-
mentia.

Data Extraction
Two authors separately extracted the following data: biblio-

graphic details of papers such as author name, publication year, 
study design, and demographic data of the participants, including 
the number of participants, age, gender, clinical inclusion, and ex-
clusion criteria. Regarding rsfMRI and PET, we excluded some 
details such as: magnetic field strength, repetition time and echo 
time, connectivity analysis (e.g., seed based, whole brain, etc.), 
τ-PET or amyloid-PET tracers, and the cutoff of amyloid-PET 
tracer uptake for amyloid positivity. Finally, the following details 
of the association analysis were extracted: (1)the type of associa-
tion analysis (e.g., correlation or regression), (2) the name of the 
region(s) or network(s) with FC involved in the association, and 
(3) whether the amyloid or τ burden that was involved in the as-
sociation was global or local and, if it was local, the name of the 
region(s). 
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Quality Assessment
The quality of all of the included studies was assessed using a 

modified version of the Newcastle-Ottawa Scale (NOS) for obser-
vational studies. This scale rates the quality of studies in 3 major 
fields, i.e., selection, comparability, and outcome. A quality score 
ranging from 0 (minimum) to 10 (maximum) stars was allocated 
to each cross-sectional study, and for longitudinal studies a maxi-
mum score of 9 was considered. The definition of SMC, MCI, and 
AD dementia was based on the following criteria: for SMC, having 
a self-reported persistent memory decline assessed using the Cog-
nitive Change Index and a normal cognitive performance (a nor-
mal WMS-LM delay recall performance, a normal MMSE, i.e., be-
tween 24 and 30, and a CDR score of 0) [24]; for MCI, Petersen 
criteria (MMSE > 24, CDR = 0.5, and showing objective memory 
loss on the education-adjusted Wechsler Memory Scale-II but pre-
served activities of daily living) [25]; and for AD, National Institute 
on Aging research criteria for probable AD disease [26] (Table 1).

Results

Study Selection and Characteristics
A search of the PubMed database yielded 387 titles, 

while 609 records were identified through a search of Sco-
pus, and 23,400 results were drawn from Google scholar. 
After extraction of those that did not fulfill the inclusion 
criteria and duplicates, 62 records were found to be eli-
gible for full-text assessment. After application of the ex-
clusion criteria, 31 studies were enrolled into this system-
atic review (Fig. 1; Table 2).

Quality of Studies
Study quality was rated as good, fair, or poor based on 

thresholds described in the Agency for Healthcare Re-
search and Quality (AHRQ) standards [27]. Of the 31 in-
cluded studies, 29 were cross-sectional and 2 had a longi-
tudinal design. Regarding the sample size assessment of 
the cross-sectional studies, those with < 50 participants 
received no star (9 studies). None of the included studies 
displayed a response rate or described the characteristics 
of the responders and the nonresponders. We allocated 2 
stars to studies that measured FC using a 3-T scanner and 
1 star to studies that used a 1.5-T scanner (3 studies) to 
ascertain exposure. In the comparability section, age and 
sex were considered as the 2 most important confounding 
factors. We allocated only 1 star to studies that controlled 
their analysis for these 2 factors (8 studies). If a study used 
other factors, another star was allocated (17 studies). Four 
studies received no star in this part. In the outcome sec-
tion, all of the included studies had an independent blind 
assessment, and only 2 studies did not present a p value 
for their correlation analysis. Overall, from 29 cross-sec-C
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tional studies, 17 studies received good, 7 studies received 
fair, and 5 studies received poor ratings. Considering lon-
gitudinal studies, both of them were deemed to be of good 
quality.

Association between Amyloid PET and FC
Studies investigating the alterations of FC concerning 

amyloid deposits have addressed the question through 
global connectivity, seed-based connectivity, or within-
network connectivity (Table 3).

While examining the global connectivity with all re-
gions of interest (ROI) across the brain, 1 study indicated 

a positive overall association between connectivity in 
healthy elderly subjects and the baseline global Aβ burden 
in patients at the MCI and AD stages [28]. However, an-
other study suggested both positive and negative associa-
tions based on graph analysis [29]. Two other studies re-
ported a positive association [30, 31], while 1 had applied 
dynamic connectivity [30]. When static connectivity was 
used, a nonsignificant association was found [30].

Seed-based connectivity was investigated either 
through all voxels and ROI across the brain or within 
known networks. In 6 studies applying the first approach, 
3 studies indicated a negative correlation between global 

Records identified
through Scopus

(n = 609)

Full-text articles 
assessed for eligibility

(n = 62)

Records identified
through Google Scholar

(n = 23,400)

Duplicates removed
(n = 15)

Records identified
through PubMed

(n = 387)

Studies included in
qualitative synthesis

(n = 31)

Records excluded after screening 
titles and abstracts:
– Opinions, book chapters, reviews, 
 letters, conference abstracts, 
 protocols
– Animal studies

Exclusion criteria:
– Association between amyloid or 
 τ-PET and resting-state 
 FC was not investigated
– Statistical analysis other than 
 correlation or regression analysis 
 was used

Fig. 1. Study selection flowchart.

Table 2. Summary of the results

Studies 
reporting a positive 
association, n

Studies 
reporting a negative 
association, n

Studies 
reporting both positive and 
negative associations, n

Association between amyloid PET and FC 8 6 9
Association between τ-PET and FC 5 2 4
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Aβ depositions and connectivity in AD patients and CN 
participants [32], all CN–, CN+, and MCI subjects [10], 
and SMC participants [33], among which 1 work also 
found a positive correlation when conducting the analysis 
merely in MCI patients [10]. Two other studies indicated 
a positive association between Aβ deposition and FC [17, 
20]. The connectivity changes associated with local Aβ 
depositions were merely investigated in 1 study, which 
yielded a positive association [34].

Out of 7 studies applying the second approach, 3 stud-
ies suggested both higher and lower FC related to a high-
er global or local amyloid deposition [13, 35, 36]. Of the 
other 4 studies, 1 found increased FC between the left 
prefrontal cortex and the anterior DMN while the amy-
loid deposition increased globally [12]. The other 3 stud-
ies reported a decreased FC; 2 were related to the local 
amyloid burden [9, 14]; and 1 was related to the global 
amyloid burden [37]. 

FC within networks in association with Aβ was ex-
plored in 8 studies. While studying amyloid deposition 
globally, 1 work suggested a positive association, [7], 1 
suggested a negative association [11], and another sug-
gested both a positive and a negative association [38]. 
Two other studies revealed a positive association, using 
the voxelwise approach, for the correlation between FC 
and amyloid deposition. They also suggested a negative 
association when the correlation analysis was conducted 
locally on the scale of a 6-mm radius sphere [15, 39]. Us-
ing the voxelwise approach, another study showed both 
positive and negative associations [40]. Finally, 2 studies 
reported a nonsignificant correlation between amyloid 
PET and FC [41, 42].

Association between τ-PET and FC
In the association between FC and τ-PET, 3 approach-

es were utilized to investigate FC, i.e., examination of all 
ROI across the brain based on functional atlases, seed-
based connectivity analysis, and exploration of FC within 
networks (Table 4). 

While investigating global connectivity in association 
with τ, both studies suggested a positive association [18, 
19]. Moreover, of the 2 other studies that used graph anal-
ysis for FC, one indicated both positive and negative cor-
relations [43] and another reported a negative correlation 
[31].

Of the 4 studies applying seed-based connectivity, 2 
indicated a positive association [20, 44] while 1 indicated 
a lower hippocampal FC in association with a higher τ 
burden in the inferior temporal cortex [21]. The last study 

mainly found a higher FC related to τ-PET covariance 
[17].

Exploring FC within networks in association with τ, 
one study observed a positive correlation in early AD pa-
tients and a negative association in CN– cases [45]. An-
other study suggested no association between global 
τ-PET and FC in the anterior DMN or the pDMN [42]. 
Investigation of local τ deposition yielded positive results 
in 2 studies [7, 46], and merely 1 prior work suggested a 
negative association when only CN+ cases were exam-
ined [7]. Finally, 1 recent work exploring τ-PET longitu-
dinally revealed a higher FC-to-τ change in 7 brain net-
works [18]. 

Discussion

This study was conducted to systematically explore the 
current literature regarding the association between Aβ 
and τ deposition with FC alterations in the AD spectrum 
utilizing Aβ and τ-PET scan and rsfMRI. A significant 
body of literature has already been dedicated to identify-
ing AD hallmarks through biomarkers and neuroimaging 
signature regions [47]; however, specifying structural and 
FC pattern alterations regarding Aβ and τ depositions re-
mains controversial [22, 48, 49]. Recent findings attribut-
ing the neuropsychiatric symptoms of AD to connectiv-
ity alterations have signified that further studies are ad-
dressing this question [50]. 

Herein, we categorized the FC alteration analysis into 
the following 3 groups: global, seed-based, or within the 
network. Also, the following 3 categories of analysis were 
considered for τ-PET or amyloid PET scan: locally, glob-
ally, or in a voxelwise method. 

Early works addressing this question regarding the 
correlation between amyloid and FC have suggested a hy-
poconnectivity accompanying amyloid deposition [10, 
11, 51, 52]. However, this speculation was later challenged 
by studies indicating hyperconnectivity in both preclini-
cal and clinical phases of the disease [13, 15, 35, 39]. The 
observed hyperconnectivity is speculated to be a system 
level compensatory mechanism to maintain function [7]. 
This hyperconnectivity possesses certain features, includ-
ing region specificity, particularly regarding the pDMN 
[22, 44]. A particular pattern correlating with the disease 
stage was noted in some studies [38]. Eventually, the 
overwhelming pathology mechanism is indicted for alter-
ing this hyperconnectivity to hypoconnectivity as the dis-
ease progresses [53].
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The majority of works included in this study that eval-
uated FC alterations concerning τ deposition have found 
increased connectivity, which is consistent with the 
“trans-synaptic spread” model that proposing that, since 
τ proteins are transmitted through synaptic connections, 
its spreading pattern resembles the FC patterns across the 
brain [17, 19, 43]. This phenomenon is not influenced by 
the presence of amyloid or cognitive impairment [19, 20]. 
However, the lower FC related to a higher τ deposition 
has also been reported when the connectivity of the hip-
pocampus, the critical component of the medial temporal 
lobe memory system, is considered. A higher τ burden in 
the anterior temporal regions is associated with function-
al disconnectivity between the hippocampus and other 
components of the medial temporal lobe (MTL) memory 
system, which predicts memory decline [21].

According to those works studying the amyloid, τ, and 
FC alterations altogether, when the age-related τ accumu-
lation increases in MTL, the processing pressure will in-
crease in brain networks. A compensatory shift may oc-
cur toward the pDMN, leading to a hyperconnectivity 
within it. In this stage, if the brain does not have a com-
pensatory ability, the overloading phenomena are specu-
lated to later cause the observed decreased connectivity in 
the pDMN and hyperconnectivity regarding other brain 
regions, particularly with the frontal lobe. Amyloid 
plaques are assumed to be subsequently created in re-
sponse to the synapses’ noisiness and mediate and facili-
tate the connections between τ deposition and the large-
scale brain networks [20, 22]. Thus, the early amyloid ac-
cumulation phase is associated with a higher FC in the 
DMN and other hubs [7, 22], and it seems that this high-
er FC guides more and more spreading of τ, which later 
again decreases the FC [20]. If no compensatory mecha-
nism atones this cycle, then neurodegeneration occurs 
[22]. The phase of hyperconnectivity continues until τ 
spreads to the neocortical regions [7]. Spreading of τ to 
the neocortical regions rarely happens in the absence of 
an amyloid burden, while in Aβ-positive individuals the 
τ pathology spreads to the neocortex [54]. Increasing τ in 
the inferior temporal cortex, as a neocortical region in 
which early τ propagation to the neocortex occurs, is as-
sociated with DMN hypoconnectivity in Aβ-positive 
healthy adults. In contrast, in Aβ-negative individuals, 
DMN hyperconnectivity related to τ has been observed 
[7]. 

As a total interpretation, amyloid pathology could be 
associated with hyperconnectivity, which is assumed as a 
signal for compensatory activity if τ has not yet propa-
gated to the neocortex, but the spread of τ in neocortical 

regions leads to a loss of FC [54]. It may suggest that both 
a high amyloid deposition and a high τ deposition are un-
likely to leave an individual clinically healthy [55]. The 
issue that should be considered concerning hyperconnec-
tivity is whether compensation is a correct interpretation 
for increased FC [56]. An important study proposed an-
other explanation, stating the hyperconnectivity may in-
dicate a reduction in the dynamicity of FC in networks 
[7]. Moreover, the work by Elman et al. [13] demonstrat-
ed that an amyloid-related higher FC might reflect a de-
crease in anticorrelation between networks. Therefore, to 
have a more secure conclusion about the compensatory 
interpretation of hyperconnectivity, the association be-
tween increased FC and a better cognitive performance in 
individuals should be investigated [56]. 

Conclusion

We conclude that most controversies detected when 
investigating the connectivity alterations accompanying 
amyloid and τ depositions might primarily be due to 
methodological variances. That is to say, when studying 
the connectivity alterations globally (between ROI or 
voxels across the brain), a positive correlation is detected. 
This positive correlation is hypothesized to be caused by 
the transneuronal spreading pattern of both amyloid and 
τ proteins. However, while examining FC locally (in a 
network or even on a smaller scale), the positivity or neg-
ativity of the association depends on the stage of the dis-
ease. This is due to the fact that Aβ and τ overload urges 
compensatory mechanisms that manifest as potentially 
repeatedly occurring hyper- and hypoconnectivity cycles, 
which mainly occur in the pDMN and other hub regions. 

Significance of the Study

Identification of distinct network features is of recent 
interest for early diagnosis and prognosis determination 
of neurological disorders. Among these are the connec-
tivity alterations in different stages of AD [57]. Therefore, 
our study was conducted to recognize the specific con-
nectivity alterations with τ and amyloid depositions, 
which might help to develop a network alteration pattern 
for early AD diagnosis and help to elucidate the network 
structure of the disease. 
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Future Directions

The recently developed τ PET tracers [58] have left 
many fundamental questions regarding the correlation 
between τ pathology and brain networks unanswered. 
More multimodal cross-sectional and longitudinal stud-
ies will be needed to illuminate the correlation and inter-
action between functional brain connectivity and AD 
pathogenic proteins. All 3 measures, i.e., amyloid and 
τ-PET and rs-fMRI, are to be investigated in all AD spec-
trum stages. Studying networks other than the DMN, 
connectivity between networks, and the dynamic feature 
of brain networks concerning both τ and amyloid deposi-
tion are pivotal quests to pursue [13, 30]. Eventually, the 
actuality of the compensatory role of hyperconnectivity is 
also to be assessed by examining whether higher FC is 
correlated with a more successful cognitive performance 
[56]. 
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