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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is to examine how variations in the microtubule-associated protein tau (MAPT) gene
Alzheimer’s disease affect the brain functional network. For this purpose, resting-state electroencephalogram (EEG) data from
Electr?encephalogram 155 participants were acquired. This database included healthy controls and Alzheimer’s disease patients
genencs carrying seven MAPT alleles associated with risk or protective effects against neuropathologies or abnormal
au

tau levels. To assess the impact of each genotype on brain function, a multiplex network analysis quantified the
connectivity contribution of each brain region across multiple EEG frequency bands (delta, theta, alpha, and
beta). To this end, brain functional connectivity was first calculated for each brain region and frequency band
using the phase lag index (PLI) parameter. The PLI adjacency matrices in each frequency band corresponded to
the layers conforming the multiplex network. Subsequently, the participation coefficient (P) was computed in
each brain region to reflect node degree diversification among frequency bands. Carriers of risk and protective
alleles exhibited distinct values of P, especially in the left default mode network in healthy controls. In addition,
carriers of the risk alleles generally presented higher network disruptions. Finally, significant differences in
node degree values were observed across SNPs in the theta and beta frequency bands. These results suggest
that different MAPT variants may lead to diverse tau species that influence brain function, particularly in brain
regions involved in information flow management in preclinical states. These insights may help understanding
network disturbances caused by molecular factors.

Brain connectivity
Microtubule-associated protein tau (MAPT)

1. Introduction (AD) [1]. Previous studies have suggested that tau alterations may

contribute to AD pathology through multiple biological pathways [2,3],

Tauopathies are a group of neurodegenerative disorders that are
characterized by the abnormal accumulation of tau protein in the
brain [1]. Tau is a critical component in stabilizing cytoskeletal micro-
tubules, which are essential for maintaining the structure and function
of neurons [1]. However, in tauopathies, tau protein becomes hyper-
phosphorylated, leading to its detachment from microtubules and the
formation of abnormal intracellular aggregates known as neurofibril-
lary tangles (NFTs) [1]. These tangles are considered to disrupt the
normal functioning of neurons and are one of the histological hallmarks
of multiple neurodegenerative diseases, such as Alzheimer’s disease

indicating the significance of tau in various physiological mechanisms
beyond cytoskeletal stabilization. Moreover, NFTs have been observed
to exhibit cytotoxic properties and are associated with atrophy [4],
cortical neurodegeneration [4], and cognitive impairment [5].

Human tau is encoded by the microtubule-associated protein tau
(MAPT) gene, which spans approximately 133.9 kb of nucleotide se-
quence on chromosome 17q21 [6]. This protein is expressed in six
major isoforms, assembled by the alternative splicing of exons 2, 3, and
10 [7]. Depending on the inclusion or exclusion of exon 10, tau is com-
posed of three (3R-tau) or four (4R-tau) microtubule-binding domains,
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and abnormal splicing has been associated with several tauopathies [6].
The sophisticated process of RNA splicing is catalyzed by genetic sig-
nals located mainly in intronic sequences [8]. Therefore, spontaneous
mutations or genetic inheritance could potentially modify tau structure
and behavior by altering the genetic information. Single-nucleotide
polymorphisms (SNPs) are the most common form of genetic modifi-
cations, which are single-base changes in specific genetic loci [9]. The
effects of SNPs on various diseases have been assessed through multiple
genome-wide association studies. Previous research has found statis-
tical associations between specific genotypes and neurodegeneration
as well as changes in plasma tau levels [10-12]. Different variants of
the MAPT gene have been linked to these disorders, suggesting that
certain MAPT alleles may confer a higher risk or protective effect.
Although the molecular mechanisms affected by specific base variations
in the genetic code are diverse, individual gene changes have been
proposed to exert pleiotropic effects that influence tau misfolding [13].
This insight implies that SNPs may have a significant impact on tau
molecular properties, which could affect its aggregation capacity and
lead to more profuse NFT formation.

NFTs are not only associated with physiological disturbances, but
also exhibit specific spatial deposition patterns. These molecules have
consistently revealed a hierarchical propagation across the AD brain
[7]. Moreover, it has been discovered that NFTs and other tau species
spread throughout the brain by prion-like transfer mechanisms [14],
that occur more frequently in regions with higher synaptic density [15].
Consequently, neural populations that act as central sites in the brain
connectome may assimilate higher concentrations of NFTs. In fact, this
predisposition has been suggested in other studies, with the default
mode network (DMN) identified as the common region for all NFT
propagation patterns [16]. The DMN is a characteristic brain region
particularly activated during resting state and displaying high central-
ity in the brain network [17]. Additionally, the DMN is considered
a brain “hub” that manages high-level cognitive functions, such as
emotional processing, self-referential mental activity, and the evocation
of previous experiences [18]. From a connectivity standpoint, brain
hubs are defined as regions functionally connected to multiple clusters
or occupying central positions within a single functional cluster [19].
Hubs balance the integration of information from different sources and
its segregation into multiple, specialized pathways [20].

Since hubs consist of central nodes in the brain connectome, these
regions suffer increased vulnerability. Damage to these nodes causes
severe alterations in the structural integrity of the functional net-
work [21]. Neurodegeneration states such as AD have been associated
with abnormal DMN activation [22-24]. For this reason, obtaining
information from cortical network functioning is crucial. Fortunately,
brain functional connectivity can be studied by means of a relatively
simple technique called electroencephalography (EEG). EEG captures
spontaneous electrical activity in the cortex by measuring the synchro-
nized fluctuations of pyramidal neurons using a set of electrodes placed
on the scalp. Due to its high temporal resolution, EEG is sensitive
to rapid and transient changes in neural rhythms, making it useful
for assessing relationships between multiple brain oscillators. EEG is
commonly used in the study of neurological disorders because of its
low cost, portability, and non-invasiveness, and has been shown to be
useful in detecting abnormalities in physiological patterns [25-27].

Some of the most notable changes of the EEG in AD are the shift
of spectral power to slower frequency bands [28], lower entropy and
complexity [29], and alterations in functional connectivity [30-32].
This last point is particularly important since it describes communi-
cations between different brain systems. Metrics such as amplitude
envelope correlation [33], coherence [34], phase locking value [35],
and phase lag index (PLI) [36] are used to study the connectivity
between pairs of nodes. The latter two metrics are based on the
relationship between the instantaneous phase properties from two se-
quences, which contain useful information to characterize changes
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in the brain functional network in pathological or stimulatory con-
ditions [37-39]. For this reason, phase-derived metrics are suitable
to study anomalies in diverse network properties calculated through
graph theory parameters. On the other hand, graph parameters such as
small-world features [40-42], path length [36,43,44], and clustering
coefficient [45] are used to characterize AD-induced perturbations
in the brain connectome. These observations suggest that the brain
functional organization in AD is shaped towards more randomized, less
efficient network configurations. In fact, AD has been even conceived
as a “disconnection syndrome” in terms of functional and structural
connectivity [46], also transcending into molecular disruptions re-
sulting in selective hub vulnerability [47]. However, the interactions
between multiple frequency bands are often neglected despite their
importance in high-level cognitive processes [48-50]. Multiplex net-
work analysis (MNA) is a novel technique that allows evaluating the
integration of connectivity patterns across different frequency bands,
enabling the assessment of nodal interactions through inter-layer cou-
pling [51,52]. This technique demonstrated that functional networks
activating in diverse frequency bands do not act as independent entities
but rather in a more integrated manner [52]. MNA has been used
to identify selective disruptions of hub regions in neurodegenerative
states and cognitive disorders [51,53-57], providing useful evidence
for understanding pathological mechanisms.

Since MNA has proven its ability to characterize relevant features of
functional neural networks, it can be used to investigate how clinical
factors, such as genetic features, could contribute to brain connectivity
alterations. Based on this, we hypothesize that MAPT genotypes asso-
ciated with neurodegeneration or tau anomalies may have an impact
on brain electrical activity, particularly in regions located in the most
active functional networks during resting-state. These changes would
manifest as disruptions in the hub capacity across the brain, depending
on the contribution of each region to the structure of the functional
network. Thus, we aim to analyze the inter-layer properties of the brain
functional connectivity between various MAPT variants to evaluate
the impact of genetic sequencing on brain dynamics. To accomplish
this, we propose applying MNA to EEG data from healthy control
(HC) subjects and AD patients carrying risk and protective alleles of
multiple SNPs located in MAPT. We anticipate that variations that are
consistent among SNPs will be more closely related to tau properties
and their effects on neurophysiology than to other aspects. To the best
of our knowledge, no other study has used MNA to characterize the
impact of several variants of the same gene on the brain functional
network. As a result, this study combines advanced computational
techniques with biological information to elucidate neurophysiological
changes, which reflects a remarkable level of novelty. This manuscript
is organized as follows: First, the “Materials and methods” section
describes in detail the characteristics of the used database, the genetic
analysis and selection criteria, and the stages of EEG processing and
analysis. The “Results” section presents the findings obtained using the
proposed methodology. Subsequently, the “Discussion” section offers
physiological interpretations of the MNA alterations associated with the
examined genetic variants. Finally, the “Conclusions” section is devoted
to summarizing the main contributions of this work.

2. Materials and methods
2.1. Subjects

This study enrolled 155 elderly participants, who were classified
in two groups: HC subjects (n = 45) and AD patients (n = 110). The
latter were diagnosed according to the National Institute on Aging
— Alzheimer’s Association (NIA-AA) criteria [58]. Participants with
specific clinical conditions, such as recent surgery, vascular pathology,
hypercatabolic states, clinical history of neoplasia (active or under
treatment), and chronic alcoholism were excluded. AD patients with
atypical signs of disease progression were also excluded to minimize
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Table 1
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Demographic and genetic data. X, average; SD, standard deviation; Ref, reference allele; Alt, altered allele; M, male; F, female; MMSE, Mini-
Mental State Examination score; Eff, effect of the allele; R, risk allele; P, protective allele; HC, healthy control subjects; AD, Alzheimer’s disease
patients; In, intronic variant; Ex, exonic variant; 3’'UTR, 3’ untranslated region; A, adenine; T, thymine; C, cytosine; G, guanine.

SNP Base Eff Subjects Sex (M:F) Age (x +SD) (yrs.) MMSE (x + SD)
HC AD HC AD HC AD HC AD

. T@®eH P 27 75 14:13  40:35 800 +7.4 799+75 289+11 160 + 7.6
12258689 (In/Ex) c@ly R 18 35 8:10 20:15 792 +7.2 820+6.6 288+1.2 133 %82
15242557 (In) G (Ref) P 18 44 8:10 22:22  813+81 791+7.2 288+12 144+ 83
AAlD R 27 66 1413 3531 787 +66 816+72 289+11 156+ 7.6
11656151 (In) A@Ref) P 33 76 17:16  40:36 806 + 8.0 80.8+7.2 286+11 153 +76
G@lH R 12 34 6:6 2014 773+43 801+7.4 205+07  14.6 + 85
G (Ref) P 20 52 911 25:27 804+79 804+63 201+11 133+ 83
12435207 (In) A@AlY R 25 58 1411  30:28 792469 807 +81 287 +11 167 +7.2
C@Ref) P 31 69 1615  37:32 801 +69 80.6+73 29110 143 +8.1
1516940758 (In) T@l R 14 a1 8:6 23118 789 +82 806 +72 284+12 164+ 7.4
, CRef) P 17 41 8:9 22:19 820+84 800+7.3 286+12 162+ 80
rs7521 (FUTR) Al R 28 69 1513  37:32 783 +63 80973 200+11 145+78
158070723 (In) A(Ref) R 23 62 1211 3428 777 +62 811x70 287+12 157 +75
G(Al) P 22 48 11:11 2424 818+7.8 798 +7.6 290+ 10 144 + 84

2 152258689 belongs to exon 6 or to an intron depending on the splicing process.

bias against other forms of dementia. The assessment of the cognitive
state was carried out by means of the Mini-Mental State Examination
(MMSE) test [59]. Each participant, relative, or legal representative
provided informed consent, according to the recommendations of the
Code of Ethics of the World Medical Association. This study was con-
ducted in compliance with the Declaration of Helsinki and its protocol
was approved by the Ethics Committee of the University of Porto
(Porto, Portugal, Report n® 38/CEUP/2018).

2.2. Genetic analysis

In this study, biological material for genetic characterization was
obtained from each subject through either a sample of saliva or buccal
mucosa. Saliva samples (2 ml) were preferred and collected using
the Oragene DNA 500 collection kit (DNAgenotek). For patients at
advanced stages of the disease unable to voluntarily spit, we obtained
buccal mucosa by means of three buccal swabs as an alternative. DNA
extraction and quality control assessments were performed on all sam-
ples prior to analysis with the genome-wide Axiom Spain Biobank Array
(Thermo Fisher Scientific) at the Spanish National Center for Geno-
typing (CEGEN). Variant calling quality control (QC) procedures were
developed for both individuals and markers, according to Affymetrix
best practices guide [60]. All analyses were performed using either
Affymetrix Power Tools or PLINK [61]. Variants of the probes belonging
to the recommended calling categories were annotated accordingly to
the Genome Reference Consortium Human Build 37 (GRCh37) SNP
assembly. Individual QC analyses were performed considering the sex
of the individuals, duplications or relatedness, as well as divergent
ancestry. In per-marker QC analysis, deviation from Hardy-Weinberg
equilibrium and missingness rates were assessed.

Previous studies have shown significant associations between MAPT
polymorphisms and neuropathologies or alterations in phosphorylated
and total tau presence in cerebrospinal fluid (CSF). Matching them with
those available in our database, the following 11 SNPs were selected:
rs2258689 [62], rs242557 [63,64], rs11656151 [11], rs2435207 [62,
65], rs16940758 [66], rs7521 [67], rs8070723 [68], rs242562 [62,
65], rs1052553 [69], rs62063857 [69], and rs9468 [11]. A linkage
disequilibrium (LD) test was conducted to assure no significant associ-
ations between these polymorphisms, resorting to the informatics tool
LDlink [70], hosted by the Division of Cancer Epidemiology and Ge-
netics site (National Institutes of Health, https://ldlink.nci.nih.gov; ac-
cessed February 15, 2023). The latter four SNPs (rs242562, rs1052553,
1s62063857, and rs9468) showed high correlation values with other
SNPs and were therefore disregarded to avoid redundant informa-
tion. The remaining seven SNPs (rs2258689, rs242557, rs11656151,
rs2435207, rs16940758, rs7521, and rs8070723) showed pairwise R2

values lower than 0.25 and were selected for further analysis. Het-
erozygotic and homozygotic subjects with altered alleles were classi-
fied in the same class. The SNPs rs242557, rs11656151, rs2435207,
rs16940758, and rs8070723 were designated as variants in intronic
loci; rs7521 was assigned as a variant in the 3’ untranslated region
(3’UTR); and rs2258689 is located at an intron or an exon depending on
the splicing process according to GRCh37 patch release 13 (consulted at
National Institutes of Health, https://www.ncbi.nlm.nih.gov; accessed
February 20, 2023). Genetic and demographic data regarding each SNP
are displayed in Table 1.

2.3. EEG recordings and pre-processing

For each subject, a 5-min EEG recording was acquired with a
sampling frequency of 500 Hz and common average reference using
a 19-channel Nihon Kohden Neurofax JE-921A EEG system. Electrodes
were placed according to the international 10-20 system at Fpl, Fp2,
F3, F4, F7, F8, T3, T4, T5, T6, C3, C4, P3, P4, 01, 02, Fz, Cz,
and Pz. EEG recordings were obtained under resting-state conditions
with closed eyes in a relaxed and noise-free environment. The skin
impedance was attempted not to exceed 5 kQ in each channel. The
researchers controlled the state of vigilance of each subject to mini-
mize drowsiness. The resulting data were stored in ASCII format on a
personal computer.

Next, the EEG signals were pre-processed using a series of steps [71-
73]: (i) mean removal; (ii) 1-30 Hz Hamming-window band-pass finite
impulse response (FIR) filter, order 1000; (iii) removal of noise caused
by electrode impedance and other biosignals using independent compo-
nent analysis; (iv) signal segmentation into 5-s epochs, which provides
a trade-off between stable statistical estimations and reliable feature
extraction; (v) visual inspection of the signal and rejection of epochs
contaminated with artifacts. The average number of artifact-free epochs
among all subjects was 39.95 + 12.74 (mean + standard deviation, SD).

Once the EEG data were pre-processed, source-level signals were
estimated using the standardized low resolution brain electromagnetic
tomography (sLORETA) algorithm [74]. This algorithm estimates the
distribution of electrical activity by maximizing the correlation be-
tween neighboring sources. Noise covariance was established as an
identity matrix since no noise information was available. Noteworthy,
this transformation may introduce bias in the calculation of the source-
level activity if an atlas with higher number of sources than electrodes
is used. For this reason, the Yeo-7 Network altas [75] with 14 regions
of interest (ROIs) was proposed (7 ROIs in each hemisphere). This
atlas defines each ROI according to distinct connectivity profiles from
local networks named as: (i) visual network, (ii) somatomotor network,
(iii) dorsal attention network, (iv) ventral attention network, (v) limbic
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network, (vi) frontoparietal network, and (vii) DMN [75]. The EEG
processing and pre-processing were performed digitally with MATLAB®
(R2021b version, Mathworks, Natick, MA).

2.4. EEG analysis

First, the connectivity between each pair of ROIs was estimated
from source-level EEG at each frequency layer. In this study, each
layer corresponded to the classical frequency bands, defined as delta (6,
1-4 Hz), theta (0, 4-8 Hz), alpha (a, 8-13 Hz), and beta (8, 13-30 Hz).
When calculating connectivity, it is important to consider primary and
secondary leakage as they can lead to spurious estimations [76,77]. To
address this issue, PLI was used since it is relatively insensitive to the
effects of volume conduction [36,78]. PLI measures the asymmetry of
the distributions of instantaneous phase differences between two time
series [36], and it is defined as follows:

PLI = |(sign[sin(Ap(t,))]), @

where A¢(t,) is the phase difference for each sample between two
signals and (-) indicates the mean value [36]. The resulting PLI values
range between 0 and 1, with O denoting lack of coupling or a phase
difference centered in zero (or x), and 1 a perfect, non-zero-centered,
phase locking [36]. PLI was computed for each epoch, frequency band,
and subject. Each PLI calculation resulted in a 14 x 14 adjacency
matrix, representing pairwise connections between every ROI within
the brain. This matrix captures the functional connectivity strength
between different ROIs, indicating the degree of synchronization or
correlation in neural activity. Finally, the average of all adjacency
matrices of all the epochs at each frequency band was calculated;
therefore, 4 matrices (i.e., frequency layers), were assigned for each
subject. The integration of these layers, consisting of the PLI-based
functional connectivity between each pair of ROIs at each frequency
band, yielded the multiplex network. In this study, the analysis focused
on the relationships between each single node and the remaining nodes
of its own layer, as well as itself in other layers, without considering
inter-layer connections between different nodes [51,52,57].

In order to reveal multiplex features of specific nodes in a network,
the calculation of the participation coefficient (P) was proposed. P
quantifies the heterogeneity of the connectivity contribution of a node
to the different communities of a network [79]. In this case, each com-
munity refers to each layer of the multiplex network. In other words,
P allows to determine to what extent a node allocates its connectivity
links to either a single layer or multiple layers homogeneously. P has
previously been used to assess hub disruption in AD [53,57], aiding in
characterizing the network alterations caused by the disease. To obtain
this parameter, the degree of the node i on a layer w must first be
computed [57,79]:

n

s = E w,
i ij

j=1

v ={6,0,a. 8}, (2

where w;; is the PLI value between node i and j, and n = 14 is the num-
ber of nodes. Each layer (defined as ) corresponds to the PLI network
obtained from the source-level signals filtered at each frequency band.
Subsequently, the overlapped weighted degree was calculated as the
sum of the PLI values between a node and its neighbors across layers.
The overlapped weighted degree for the node i is

0 = z S}[w]’

7

v =1{6,0,a,p}. 3)

The overlapped weighted degree was computed for each node
resulting in 14 values for each subject. Finally, the value of the P
coefficient associated with the node i was calculated as follows [57,79]:

w1 \?
L 1—Z<SO—> . w=ls6.ap), @

i
v
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where M = 4 is the number of layers. P values are ranged between
0 and 1. P = 0 indicates that connections between i and the rest of
nodes lie in a single layer, whilst P = 1 corresponds to a perfectly
homogeneous distribution of connectivity across all the layers [79]. To
provide a clearer understanding, Fig. 1 illustrates the methodological
process carried out to compute P. Subsequently, the obtained values of
P coefficient in each ROI were categorized as risk-related or protective-
related values depending on whether the subject was listed as carrying
risk or protective alleles for each SNP. Finally, the grand average of
the P values by subjects is calculated, yielding two values for each ROI
and SNP: the risk- and the protective-related values. This process was
conducted for both groups: HC subjects and AD patients.

After quantifying the heterogeneity of the connectivity contribution
of each node with the P coefficient, the hub disruption was evaluated
by means of the hub disruption index (k), proposed by Achard and
colleagues [80]. The k parameter reflects the gradient of the regression
line (least-squares first-order polynomial fit) that fits the P values of
AD patients minus the average of the P values among HC subjects
vs. the mean from the HC subjects. Values of k close to zero would
imply similar impact exerted by genotypes in both healthy and patho-
logical conditions, since variations of P in healthy subjects would be
associated with equivalent variations in AD patients. Therefore, the k
parameter allows to compare hub properties of a functional network
between different groups. In this study, this process was repeated for
each genetic variant of each SNP, and the results were displayed in
a scatter-plot. The y-axis values in the chart represent P disruption,
which we have defined as the difference between P values from AD
patients and HC subjects [57]. Each SNP was represented by two
sets of 14 ROIs, one for the risk allele and one for the protective
allele populations. This representation allowed visual comparison of
the differences between HC subjects and AD patients among different
genotypes. Finally, the degree values of the nodes were analyzed in
each layer individually, enabling a comparison of changes in func-
tional connectivity between genotypes within each frequency band.
This last step was conducted by calculating the node degree for each
ROI within every layer. This parameter provides an absolute view of
“gross” connectivity associated with each brain region and frequency
band. Together with the P coefficient, which estimates the uniformity
of connectivity value distribution across layers, both metrics allow a
more exhaustive inspection of the multiplex network configuration. The
methodological approach previously described represents an innovative
application of MNA to elucidate alterations in the brain functional
network, as the P coefficient and the node degree in each layer are used
simultaneously to characterize the effects of various MAPT variations
on cortical activation.

2.5. Statistical analysis

The Kolmogorov-Smirnov and Levene tests were performed to eval-
uate the normality and homoscedasticity of P and node degree values.
Neither of these parameters met parametric assumptions. Thus, statis-
tically significant differences between genotypes were identified using
the non-parametric Mann-Whitney U-test (« = 0.05). Additionally,
multiple comparisons problem was dealt by means of false discovering
rate (FDR) controlling procedure [81].

3. Results

In this study, the P coefficient was calculated from EEG data of
HC subjects and AD patients. This metric was then used to determine
differences in connectivity between subjects with risk and protective
alleles in seven genetic MAPT loci. First, the hub disruption scatterplot
was displayed in Fig. 2, where each point represents the P disruption
value (i.e., P in AD minus P in HC) vs. the average P value in HC
subjects across ROIs. Protective allele carriers generally had lower P
disruption values than risk allele carriers, with the former exhibiting
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EEG
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b)

PLI matrices

Epoch n

Epoch‘.Z
Epoch 1

Filter (6,0, o, B) +

PLI calculation

i

Representation of the
epoch grand-average
PLI values by ROI for
each layer (i.e.,
frequency band)

Multiplex network

Fig. 1. Processing pipeline used to compute the participation coefficient (P): (a) The process begins with the segmentation of the 14-source EEG data into 5-s epochs, which
have been pre-filtered in each frequency band; (b) Then the PLI matrices (14 x 14 size) are calculated for each epoch; subsequently, all the PLI matrices are averaged by epochs,
resulting in a single 14 X 14 matrix for each frequency band; (c) Finally, the multiplex network is built from the four grand-averaged matrices (delta, theta, alpha, and beta),

from which a value of P per ROI is calculated.
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Fig. 2. Scatterplot of P disruption values vs. P values obtained from the HC group. Each symbol corresponds to an SNP. The symbols related to each SNP are as follows: circle
for rs242557, square for rs7521, diamond for rs8070723, upward-pointing triangle for rs2258689, downward-pointing triangle for rs11656151, pentagram for rs2435207, and
hexagram for rs16940758. Symbols with a black border represent the left DMN region. Red and blue colors display risk and protective alleles, respectively. The black dashed line

indicates the zero crossing.

a grand average of —0.0010 + 0.0015 and the latter showing a grand
average of 0.0018 + 0.0012 (mean + SD). Noteworthy, a quick inspec-
tion of Fig. 2 reveals some SNPs whose protective alleles are related to
the lowest values of P disruption averaged by ROIs, which are rs7521
(—0.0032 + 9.688 - 1074), rs8070723 (—0.0019 + 0.0015), and rs2435207
(=0.0022 + 0.0016). In addition, these SNPs showed the highest values
of the P coefficient averaged by ROIs in HC subjects for these alleles
(0.9729 + 0.0013, 0.9717 + 0.0016, and 0.9722 + 0.0011, respectively).

Particularly, the SNP rs7521 presented the highest value of P coefficient
in the controls’ left DMN (0.9756).

Differences in P disruption values between genotypes may be due
to three causes: (i) different connectivity patterns in controls, (ii)
different connectivity patterns in AD patients, or (iii) both. To solve
this question, the distribution of the P values in each SNP and genotype
was obtained (Fig. 3). In the HC group, five of the seven SNPs reported
significantly higher values of P in the protective alleles than in the risk
alleles (rs7521, rs8070723, rs11656151, rs2435207, and rs16940758),
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Fig. 3. Average P distribution between genotypes for all ROIs in (a) HC group and (b) AD group for each SNP. Also, P disruption values were displayed in (c). Statistically
significant differences between genotypes were indicated with a red asterisk (p-values < 0.05, Mann-Whitney U-test with FDR correction). A black cross in each distribution

indicates the value in the left DMN region.

one SNP showed the opposite relation (rs2258689), and one SNP did
not show statistically significant differences between both subgroups
(rs242557). In the AD group, significantly higher P values were ob-
tained in the risk group in four SNPs (rs242557, rs7521, rs8070723,
and rs2435207). The rest of the SNPs showed no statistically significant
differences. These results suggest that different connectivity patterns
in both HC subjects and AD patients contribute to the discrepancy in
P disruption values between genotypes, as can also be observed in Fig.
3c. Fig. 3 also displayed the P and P disruption values regarding the left
DMN (black crosses in each boxplot). This ROI was not only associated
with the highest values of P in HC carriers of the protective alleles in
most cases, but also with low values of P disruption (even the lowest
in some SNPs). In fact, the absolute mean value of the P disruption
across SNPs was highest in the left DMN (4.6 - 10~3). In addition, the
left DMN exhibited higher P values in HC protective carriers in each
SNP, with the highest mean across SNPs (0.974) in this allele. These
observations suggest that this ROI is generally the most sensitive to
genotype variations.

To evaluate the connectivity implications from each layer in the
multiplex network, each frequency band was assessed individually.
Theta and beta bands showed the most consistent trends in node degree
between HC and AD patients, whilst delta and alpha bands exhibited
more diverse patterns. Theta and beta band results were displayed in
Fig. 4. In HC subjects, the protection allele group generally had lower
node degree in the theta band, except for the SNPs rs2435207 and
rs16940758. The opposite trend was observed in the beta band in all
SNPs, except for rs11656151. In addition, AD patients showed generally
lower and less consistent differences in node degree across all frequency
bands.

Finally, the P-derived parameter k was obtained for each SNP and
genotype from Fig. 2 and presented in Table 2. It is noteworthy that
every SNP exhibited a negative value of k, which reflects an association
between regions with high values of P in HC subjects and negative
values of P disruption (i.e., higher values of P in AD than HC). Also,
significant differences were found between k values from risk and

Table 2

Hub disruption index (k) obtained from the gradient coefficient of the regression line
from the P disruption scatterplot in each SNP. The statistical significance (Mann-—
Whitney U-test) of the differences between genotypes was also displayed.

SNP Kyisk Kproect
1s242557 -1.112 —-0.595
1s7521 -0.733 —0.352
rs8070723 —-0.864 —0.704
rs2258689 -1.135 —0.660
rs11656151 -0.989 —-0.628
152435207 -0.837 -0.108
rs16940758 -1.001 —0.402
Mean -0.953 —-0.631
p-value 0.011

protective alleles (p-value = 0.011, Mann-Whitney U-test). This result
indicates that ROIs with high P in a healthy brain functional network
show more evident relative decreases of P in AD carriers of risk alleles.

4. Discussion

MNA of resting-state EEG activity was conducted for HC subjects
and AD patients with different MAPT variants. Seven SNPs were stud-
ied in order to ascertain common alterations, which would be more
likely to be associated with changes in the structural or biochemical
properties of the tau protein.

4.1. Implications of MAPT variation on the global connectivity patterns

The P disruption values (P values in AD patients minus P values
in HC subjects) were obtained for each SNP and ROI, and displayed in
Fig. 2. Also, the P coefficient distribution across ROIs was expressed
according to each SNP in Fig. 3. The analysis revealed that the P
disruption values tended to be positive for risk alleles and negative for
protective alleles. This observation suggests that the P coefficient in
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Fig. 4. Average node degree distribution in the theta and beta bands between subjects for all ROIs in each SNP: (a) HC group in theta band, (b) AD group in theta band, (c)
HC group in beta band, and (d) AD group in beta band. Statistically significant differences between genotypes were indicated with a red asterisk (p-values < 0.05, Mann-Whitney

U-test with FDR correction).

the AD group is higher in subjects with risk alleles compared to those
with protective alleles, while the tendency is just the opposite for HC
subjects. This disparity may arise due to the fact that the P coefficient
in the AD group is significantly higher in subjects with risk alleles than
in those with protective alleles, or that the P coefficient in the HC group
is significantly higher in subjects with protective alleles than in those
with risk alleles. At least, one of these premises is supported in every
SNP, except in rs2258689, as it can be observed in Fig. 3. Moreover, the
results of the analysis suggest that the effect of MAPT gene variations
could differ depending on the clinical status. It was observed that
different genotypes have a greater impact on the global network in
healthy states, as shown in Fig. 3a, but milder effects in dementia
states, as shown in Fig. 3b, resulting in an overall lower P disruption
for protective groups, as shown in Fig. 3c. It is noteworthy that all
SNPs of interest, except rs2258689, are located in non-coding regions,
suggesting that these modifications are not related to translational
processes that could directly affect the amino acid sequence. However,
intronic variants have been previously linked to disruptions in splicing
mechanisms that result in the inclusion of fragments of intronic code
as pseudo-exons during mRNA maturation [82]. This phenomenon may
lead to different tau isoforms that could have varied impacts, which
may be more beneficial in preclinical stages but more detrimental in
pathological stages. Since distinct sets of tau isoforms have been linked
to different pathologies [6], it is plausible that structural changes could
influence their cytotoxic behavior. Lastly, the SNPs rs7521, rs8070723,
and rs2435207 reported the lowest P disruption values and the highest
P coefficient values in controls. This observation implies that specific

alterations to the tau protein hold a more pronounced influence on
cerebral electrical activity, resulting in more evident deviations within
the neural functional network. The SNP rs7521 was especially remark-
able for the highest value of P coefficient associated with the left DMN
in HC subjects. This finding could reflect the relation between some
SNPs and physiological implications intimately related to maintaining
healthy cognition or overall brain functioning. Previously, variations
in rs7521 have been related to differences in 4R-tau expression, which
contributes to altering the ratios between 4R and 3R tau [83]. In this
way, the protective allele of rs7521 may play a crucial role in managing
the balance of different tau isoforms with the aim of maintaining
healthy ratios. This insight confirms that genetic variations do not
affect physiological mechanisms in isolation, but rather interact in a
non-linear and convoluted manner with other genetic features.

Furthermore, Table 2 displays the k coefficient for each SNP. This
parameter reflects the impact of each genotype on the hub disruption
of a network, which allows quantifying the loss of global ability of all
the nodes to behave as hubs. The k values obtained from P in all SNPs
showed statistically significant differences between genotypes. Also, the
risk alleles were associated with lower values of k. This observation
indicates that nodes that reported more homogeneous contributions
across layers on the multiplex functional network in HC subjects ex-
hibited less homogeneous contributions in AD patients when evaluating
carriers of risk alleles. This insight suggests that the protective alleles
of various SNPs could be generating a damping effect on the network
disruptions, especially in hub regions.
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4.2. Higher sensitivity to disruption and hub capacity in the left DMN region

The protective carriers subgroup of HC subjects shows the highest
values of P in most of the SNPs, particularly in the left DMN region, as
seen in Fig. 3a. Additionally, Fig. 3a reveals that HC subjects carrying
protective alleles exhibit higher P coefficients in the left DMN than
those with risk alleles, which indicates that the left DMN of HC subjects
with protective alleles has greater inter-layer connectivity. This sug-
gests that the protective allele helps to maintain the hub properties of
the DMN when communicating with other brain regions during resting
states, even in preclinical circumstances. Furthermore, the P disrup-
tion associated with the left DMN showed the lowest values in most
cases (Fig. 3c) and was also negative in contrast to the risk genotype
subgroups. Low P disruption values imply a more concentrated node
contribution in a single layer. Therefore, we can infer that the left DMN
of HC subjects carrying risk alleles may be associated with neuronal
populations lacking the ability to integrate information from different
layers, possibly due to their diminished hub capabilities.

As different frequency bands have been suggested to participate in
brain functions at different spatio-temporal scales [84], lower values of
P associated with HC carriers of risk alleles may indicate a slight deficit
in functional specialization of the left DMN. Additionally, negative
P disruption values in the left DMN could mean that this region is
particularly sensitive to different isoforms of tau, altering its neural
activity more significantly depending on the cytotoxic characteristics
of this molecule. While only rs2258689 can be part of an exon during
mRNA maturation, intronic variations are able to trigger alternative
splicing processes. In fact, alternative splicing of pre-mRNAs is a major
contributor to proteomic diversity [8]. Regarding AD groups, greater
similarity between genotypes in patients may be due to the fact that
the effect that tau may exert in neurodegenerative states is overshad-
owed by other physiological disruptions. Furthermore, the observed P
fluctuations between ROIs could be a manifestation of compensatory
mechanisms in specific brain regions in processes involving flow and
management of neural information. Previously, this idea was proposed
when obtaining an increase of P in frontal areas in AD [53]. In this
sense, brain regions that are not typically acting as hubs could be
adopting this role with the aim of maintaining the functional integrity
of the network.

An anatomical explanation for the multiplex disruptions in the DMN
is demyelination. Histological examinations have shown a correlation
between the spread of AD pathology and the reversed myelination pro-
cess during brain development [85]. Since this propagation is similar
to NFT deposition along the AD continuum, these neuronal populations
may be more resistant to the cytotoxic effects of hyperphosphorylated
tau. In fact, a previous study has suggested a relationship between
myelin and resistance against the detrimental effects of tau [86], which
complements the finding of a robust association between decreased
myelin and elevated tau concentrations [87]. Given the late myeli-
nation displayed by the DMN during brain development [88], these
regions may be notably more sensitive to MAPT variability.

Another effect behind the obtained results is related to greater sen-
sitivity of the DMN to tau cytotoxicity, which could be associated with
a greater predisposition to accumulate elevated levels of this protein.
NFTs and other tau by-products are known to spread between neuronal
populations by means of prion-like transfer mechanisms [14], which
are more likely to activate in regions of high synaptic density [15].
Recently, resting-state networks, such as the DMN, have reported in-
creased synaptic density compared to other brain regions [89]. Since
this feature reflects greater structural connection between diverse neu-
ral populations, the likelihood to collect higher concentrations of tau
is expected to increase. Conversely, brain regions with lower synaptic
density may be less affected not due to resistance to cytotoxicity, but
simply because of lower protein presence. Typically, genetic variations
in expression quantitative trait loci (eQTL, see [90]) have been asso-
ciated with differences in transcript abundance. The SNP rs8070723 is
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the only one previously cataloged as an eQTL for the MAPT gene in the
brain (p-value < 0.001, consulted at GTEx Portal v8, Broad Institute
of MIT and Harvard, https://www.gtexportal.org; accessed February
21, 2023). However, alternative genetic traits associated with different
protein concentrations have been suggested [12], implicating that not
only eQTLs may cause alterations in genetic expression levels.

4.3. Consistent changes in specific frequency bands may be directly related
with different tau species

After applying MNA to the EEG data, the contribution of each indi-
vidual layer to the functional network was assessed. For this purpose,
the node degree at each frequency band was obtained by averaging
across subjects. This approach can identify which layers are most
affected by genotype variations. Theta and beta bands showed mostly
consistent results, which are presented in Fig. 4. The theta band has
been widely studied in neurodegenerative processes, with multiple
pieces of evidence linking alterations in theta activity to cognitive im-
pairment [25]. Previous research examining brain activity disruptions
has also reported a strong association between tau/amyloid ratios and
an increase in relative theta activity in healthy subjects [91]. Addition-
ally, evidence linking different tau species to the theta frequency band
has been documented in mice models, suggesting that the sequence of
tau can modulate the power of specific brain oscillations [92]. These
insights could explain the alterations in node degree values found in
the theta band between genotypes in the HC group. On the other
hand, brain beta oscillations are also affected in the slowing of brain
activity associated with neurodegeneration progression [25]. Again,
further evidence has shown that abnormal tau levels are correlated
with decreased functional connectivity [93] and global power [94] in
fast frequencies. As different MAPT variants may be associated with
an increase of tau levels [12], beta activity could also be affected by
genetic variations. We suggest these mechanisms could be partially
the reason for the consistent trends in beta and theta bands between
genotypes obtained in this study.

4.4. Potential physiological repercussions of diverse tau configurations in
the brain functional network

There are various potential explanations as to why different alleles
of MAPT could be disrupting functional connectivity in the brain.
Firstly, it is possible that these disruptions could be a result of the quan-
tity of tau produced. It has been suggested that distinct MAPT alleles
are associated with different concentrations of CSF tau in amyloid-
positive individuals [95]. In fact, one of the studied SNPs (rs16940758)
has been related with this alteration, although it was not the case for
rs7521, rs242557, and rs2258689 [95]. However, it is plausible that
the other selected SNPs could also have a similar impact. Furthermore,
it is worth noting that different variants in MAPT may not necessarily
be associated with increased tau synthesis, as certain isoforms may
be more susceptible to degradation or removal from brain tissue than
others. This may be related to the ubiquitin-proteasome system, which
recognizes and degrades proteins with abnormal folding patterns [96].

Another potential explanation for the disruption of functional con-
nectivity is the abnormal folding of tau. An earlier study suggested that
alterations in tau folding can result in increased protein aggregations
due to elevated tau-tau interactions [97]. While this study linked these
abnormal folds to the presence of beta-amyloid, it is possible that tau
configurations that affect its folding could lead to higher concentra-
tions of this molecule and more intense cytotoxic and immunological
responses.

In addition, multiple tau variants may have significant effects on
their spreading pathways through the brain. A previous study reported
evidence of heterogeneous tau pathology propagation resulting from
different tau species [98]. This factor may be important in elucidating
why certain SNPs are associated with more pronounced disruptions in
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the DMN than others. This relationship can also be explained by the
folding of tau, as evidence suggests that distinct structural configura-
tions of tau are associated with different propagation patterns in the
brain [99]. This supports the idea that changes in the primary structure
of tau can lead to alterations in tau folding.

Finally, it is worth noting that different tau species may lead to a
variety of physiological disruptions, such as reduced binding to micro-
tubules resulting in decreased tubulin assembly [6]. Other sources have
linked specific structural configurations with impaired functionality.
For instance, paired helical filaments of tau were shown to be nearly
incompetent in terms of microtubule assembly [100], demonstrating
that the structure of tau can affect its physiological properties. Even
small changes, such as the substitution of serine and threonine residues
with glutamate, can have significant impact on tau cytotoxicity [101].
This point supports the idea that minimal alterations in the peptide
chain of a protein can result in significant perturbations in cell function.

In order to minimize the damage derived from tau isoforms associ-
ated with disruptions in the brain connectome, tau-targeted therapies
could be applied. These clinical approaches obtained promising results
in detecting and removing specific tau species from the brain tissue.
Immunotherapy is able to facilitate tau clearance from the brain to
the periphery, as evidenced by increased tau concentrations in blood
following immunization [102]. In addition, various tau species can be
targeted, including amino- and carboxy-termini, proline-rich areas, and
microtubule-binding domains [103]. Therefore, tau isoforms diverging
from the wild variant in specific amino acids may be potentially tar-
getable and removed in the near future. During the past years, clinical
trials have been conducted to evaluate the safety and efficacy of tau-
targeted immunotherapies in humans [103,104]. These applications
show potential to diminish the impact of the most pathogenic tau
species that could be trackable by genetic screenings.

4.5. Limitations and future research

While this study found significant associations between MAPT vari-
ants and changes in the brain functional network, some limitations
are necessary to be pointed out. First and foremost, the study was
conducted exclusively using EEG and genetic data, and as such, there
is no direct evidence confirming the link between MAPT sequence
and neurophysiological alterations. The factors proposed in this work
relating to genotypes, tau properties, and EEG disruptions are not
intended to describe causal relationships, but rather suggest a variety
of possible implications that could explain the results obtained. To
validate these associations, additional clinical data, such as medical
imaging, would be required to determine tau-related alterations. Sec-
ondly, the participants were classified into genetic subgroups for each
category, which resulted in relatively sparse sample sets, especially for
the HC subgroups. This issue could lead to outliers and bias in the data
provided by the MNA. For this reason, efforts directed towards obtain-
ing larger datasets should be encouraged. Furthermore, our database
consists in 19-channel EEG data, which is relatively lacking in spatial
resolution. While we aimed to keep costs low for the sake of feasibility,
our goal in future research is to gain access to more sophisticated means
of acquisition. Increasing the spatial resolution would allow the use
of more detailed atlases, thus providing more accurate information on
specific brain regions. Finally, only SNPs were considered in this study,
despite other polymorphisms, such as insertions or deletions, may also
provide interesting insights when analyzing EEG alterations.

In future research, we plan to expand the methodological frame-
work established in this study by incorporating additional perspectives.
Specifically, we will examine a broader set of metrics derived from
EEG signals, including spectral and nonlinear metrics, as well as graph
theory parameters computed across multiple frequency bands. These
features have been shown to capture anomalies resulting from both
pathological and non-pathological brain perturbations [53,105].
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5. Conclusions

This study analyzed resting-state EEG data from HC subjects and
AD patients carrying risk and protective variants of MAPT against neu-
rodegeneration or tau anomalies using MNA. The main contributions
of this work are twofold. First, we proposed a relationship between
hub behavior and alterations in MNA-derived parameters; and second,
we identified genetically driven associations linking these two key
aspects with tau potential anomalies. This insight may be related to
the effects of different tau structural properties on the configuration of
the brain functional network. The most evident differences in the left
DMN between genotypes were observed in HC subjects, which indicates
that the effect of genetic factors may be more prominent in preclinical
states than in pathological ones. This could be due to the fact that the
impact of alterations caused by different tau isoforms diminishes as the
level of structural disruption increases. Additionally, this observation
suggests that the detrimental effects of different tau species in the left
DMN can influence brain electrical activity before any AD symptoms
develop. However, further investigation is needed to fully understand
the mechanisms that play a role in these disruptions.
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