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Abstract

Alzheimer’s disease (AD) studies on animal models, and humans showed a tendency of the brain tissue to become
hyperexcitable and hypersynchronized, causing neurodegeneration. However, we know little about either the onset of this
phenomenon or its early effects on functional brain networks. We studied functional connectivity (FC) on 127 participants
(92 middle-age relatives of AD patients and 35 age-matched nonrelatives) using magnetoencephalography. FC was
estimated in the alpha band in areas known both for early amyloid accumulation and disrupted FC in MCI converters to AD.
We found a frontoparietal network (anterior cingulate cortex, dorsal frontal, and precuneus) where relatives of AD patients
showed hypersynchronization in high alpha (not modulated by APOE-ε4 genotype) in comparison to age-matched
nonrelatives. These results represent the first evidence of neurophysiological events causing early network disruption in
humans, opening a new perspective for intervention on the excitation/inhibition unbalance.
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Introduction
There is still a debate regarding the initial factors triggering the
cascade of neuropathophysiological events leading first to cog-
nitive impairment and later to dementia along the continuum
of sporadic (or late-onset) Alzheimer’s disease (AD). The current
dominant hypothesis suggests that soluble amyloid-beta (Aβ)
protein or its aggregates in Aβ plaques induce toxic effects in
neuronal cells, leading to synaptic dysfunction, phosphoryla-
tion of tau protein, brain atrophy, and neuroinflammation (Jack
et al. 2010; Sperling et al. 2011; Bateman et al. 2012; Jack et al.
2013; Villemagne et al. 2013). These toxic amyloid forms have
been observed to cause the characteristic synaptic dysfunction
present in AD (Selkoe 2002; Cirrito et al. 2005). Stereological anal-
yses of human brain tissues have revealed how, in the vicinity of
the amyloid plaques, there is a reduction of GABAergic terminals
(Garcia-Marin et al. 2009). This loss of inhibitory inputs induces
the disruption of the excitation/inhibition balance (E/I balance),
as demonstrated in animal models (Busche and Konnerth 2016).
The main feature of the E/I imbalance is represented as neuronal
hyperactivity in the vicinity of Aββ plaques during the first
stages of AD (Busche and Konnerth 2016), hypoactivity in the
middle stages, and final collapse of the brain networks (Zott et al.
2018).

This E/I imbalance leads to hypersynchrony of the oscillatory
activity produced by neural assemblies, affecting the function
of different brain networks and, ultimately, causing cognitive
impairment. This result was shown by Bajo et al. (2010) in
patients with mild cognitive impairment (MCI), in a study
where a hypersynchronization of the oscillatory activity in
the alpha band over the prefrontal cortex was the main
difference between MCI patients and age-matched controls.
A later study (López-Sanz, Bruña, et al. 2017a) showed that
this anterior hypersynchronization in the alpha band was also
present in subjects with subjective cognitive decline (SCD).
Nakamura et al. (2017, 2018) associated such functional changes
with the accumulation of the amyloid protein in frontal and
parietal regions. Besides, the synchronicity between the anterior
cingulate cortex (ACC) and the medial temporal lobe correlated
with the level of phosphorylated tau in the cerebrospinal
fluid (Canuet et al. 2015). Furthermore, in a previous study
from our group, we found hypersynchronization in the alpha
band between ACC and posterior brain regions in MCI to AD
converters compared with nonconverters (López et al. 2014).

In an attempt to unify the above results with those obtained
in their longitudinal study, Pusil et al. (2019) proposed a model
of progression from MCI to AD: the ‘X’ model, according to
which “the hypersynchronization would precede the conversion
from MCI to Alzheimer’s disease. Therefore, it could be consid-
ered a biomarker for the increased risk for the development of
dementia”.

Although the above-described profiles were mainly identi-
fied in the prodromal stages, pathophysiological features show
decades before the main cognitive symptoms appear. Therefore,
it is of great interest to assess whether the hypersynchronization
phenomenon is already present in populations at risk. One pop-
ulation at increased risk are first-degree relatives of AD patients,

at a 2- to 3-fold increased risk for developing dementia. This
probability increases if relatives are carriers of the apolipopro-
tein E (APOE) ε4 allele (Bendlin et al. 2010). In previous studies,
AD relatives with SCD showed alterations in the medial visual
network (Hafkemeijer et al. 2013) and in the posterior default
mode network (DMN) and medial temporal memory system
(Verfaillie et al. 2018). However, young AD relatives without SCD
have not been evaluated yet under the framework of the E/I
unbalance hypothesis and the “X” model. The present study
aims to strengthen and enhance the “hyperexcitability model,”
evaluating functional connectivity (FC) in young first-degree rel-
atives of AD patients (without SCD), decades before the average
age of clinical onset in sporadic Alzheimer (Huff et al. 1987).
Therefore, in the present study we will examine the degree
of FC, using magnetoencephalographic recordings, in a sample
of healthy young adults at increased risk of developing AD:
APOE ε4 carriers and/or individuals with a family history of AD
(Martinez et al. 1998; Bendlin et al. 2010). In a hypothesis-guided
approach, we will select brain areas known for early amyloid
accumulation, namely the precuneus and the ACC (Rowe et al.
2007; Aizenstein et al. 2008). Such regions were also found to
exhibit hypersynchrony in MCI to AD converters (López et al.
2014; Pusil et al. 2019). We will study FC between these areas
and the rest of the brain in the alpha band, known to be the
most affected in the preclinical stages of sporadic AD (Jelic
et al. 2000; Adler, Brassen, and Jajcevic 2003; Babiloni et al. 2006;
Nakamura et al. 2018; López et al. 2014; López-Sanz, Bruña, et al.
2017a; Nakamura et al. 2017). As this is a hypothesis-driven study
where we want to evaluate, in our population, results previously
found in other works, we have mimicked their approach, using
the same source reconstruction algorithm and the same FC
metric. Finally, we will check the possible correlation between
the FC results, and neuropsychological tests and measurements
of hippocampal volume. To the best of our knowledge, this is
the first magnetoencephalography (MEG) study of FC in young
adults with a family history of AD. We hypothesize that young
relatives of AD patients will show increased synchronization in
the alpha band in the regions selected compared to nonrelatives
age- and education-matched controls.

Material and Methods
Participants

Two hundred and sixty-two healthy older adults were recruited
from local hospitals, via advertisements in the Fulbright alumni
association, in the “Asociación Española de Ingenieros de Tele-
comunicación Delegación de Madrid,” as well as in public media.
Exclusion criteria for the current study comprised: (1) history
of psychiatric or neurological disorders or drug consumption
in the last week that could affect MEG activity; (2) evidence
of infection, infarction, or focal lesions in a T2-weighted mag-
netic resonance image (MRI) scan; (3) alcoholism or chronic
use of anxiolytics, neuroleptics, narcotics, anticonvulsants, or
sedative-hypnotics; (4) being younger than 50 or older than
65 years old; (5) Mini-Mental State Examination (MMSE) score
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Table 1 Sample characteristics

Relatives Controls P value Effect size

N 92 35
Age 56.58 ± 4.11 57.20 ± 4.35 0.454 0.149
APOE ε4 carriers 34(+)/58 (−) 8(+)/27 (−) 0.194 0.134
Sex 36(M)/56(F) 16(M)/19(F) 0.637 0.060
MMSE 29.23 ± 0.82 29.14 ± 0.84 0.592 0.103
Years of education 16.48 ± 4.53 17.48 ± 5.86 0.114 0.203
Left hippocampus volume 3812.02 ± 508.00 3819.19 ± 447.62 0.927 0.014
Right hippocampus volume 3935.48 ± 440.24 3959.31 ± 398.07 0.337 0.056

Note: Values are presented as mean ± standard deviation. We performed a t-test for age, MMSE, and years of education, and hippocampal volume. Also, we conducted a
chi-square test for the percentage of APOE ε4 carriers and sex distribution. The effect size for the t-test was obtained using Cohen’s D. The effect size of the chi-square
test was obtained by means of Cramer’s V.

below 27; (6) subjective cognitive complaints; (7) unusable MEG
recording or T1-weighted image. All participants underwent
a comprehensive battery of neuropsychological tests, a blood
extraction procedure, a MEG recording, and an MRI scan.

All participants signed informed consent. The “Hospital
Clínico San Carlos” Ethics Committee approved this study, and
the procedure was performed following international accepted
guidelines and regulations.

The final sample in this study consisted of 127 participants:
92 first-degree relatives and 35 nonrelatives. First-degree rela-
tives were defined as being direct descendants or siblings of
a patient with AD. Relatives of AD patients were required to
provide a medical report indicating the diagnosis of the patient
following the NINCDS-ADRDA criteria (McKhann et al. 1984).
The characteristics of the sample are displayed in Table 1. Cog-
nitive functions were assessed through the administration of
the following neuropsychological battery: Digit Span and Logical
Memory II subscales from the Wechsler Adult Intelligence Scale
III (Wechsler 1997) and the F-A-S test (Patterson 2011). The scores
obtained in the different neuropsychological tests can be found
in Supplementary Table S1.

APOE Genotype Test

DNA was extracted from whole-blood samples of the partici-
pants of this study. As previously described in (Cuesta et al.
2015), APOE haplotype was determined by analyzing SNPs rs7412
and rs429358 genotypes with TaqMan assays using an Applied
Biosystems 7500 Fast Real-Time PCR machine (Applied Biosys-
tems, Foster City, CA). A genotyping call rate over 90% per plate,
sample controls for each genotype, and negative sample controls
were included in each assay. Three well-differentiated genotyp-
ing clusters for each SNP were required to validate results. Intra-
and interplate duplicates of several DNA samples were included.

Magnetic Resonance Image

Each subject T1-weighted MRI scan was acquired in a General
Electric 1.5 T system. A high-resolution antenna was employed
together with a homogenization Phased array Uniformity
Enhancement filter (Fast Spoiled Gradient Echo sequence,
TR/TE/TI = 11.2/4.2/450 ms; flip angle 12◦; 1 mm slice thickness,
256 × 256 matrix and FOV 25 cm). Since the hippocampus is
one of the first brain regions to show brain atrophy, the total
gray matter volumes of the left and right hippocampus were
included. The values were obtained from the T1-images using

FreeSurfer software version 5.1.0 (Fischl et al. 2002). The values,
expressed in cubic millimeter, are presented in Table 1.

MEG

Data Acquisition
Four minutes of eyes-closed resting-state MEG activity was
recorded from each participant at the Center for Biomedical
Technology (Madrid, Spain) with an Elekta Vectorview (Elekta
AB, Stockholm, Sweden) 306-sensor system. Two sets of bipolar
electrodes were used to record the ocular and cardiac activity.
Four head position indication (HPI) coils were placed on the
participants’ scalp, 2 on the forehead, and 2 on the mastoids.
The HPI coils position, together with around 200 points of
the participant’s head shape, was digitized using a Fastrack
Polhemus system (Polhemus, Colchester, VT, USA). During the
recording, these coils were fed to continuously determine
the head position with respect to the MEG helmet. During
the recordings, subjects sat inside a shielded room and were
instructed to keep still and relax.

Data were filtered (0.1–330 Hz) online and digitized with
a sampling rate of 1000 Hz. The spatiotemporal expansion of
the signal space separation (tSSS) method (Taulu and Simola
2006), implemented by Neuromag Software (MaxFilter version
2.2, correlation 0.90, time window 10s), was used to remove
external noise and to compensate for head movements inside
the MEG scanner.

MEG Preprocessing, Source Reconstruction and Functional
Connectivity
MEG recordings were preprocessed by a MEG expert using Field-
trip (Oostenveld et al. 2011). The continuous data were seg-
mented into nonoverlapping artifact-free segments of 4 s. Only
subjects with at least 20 segments were kept for further anal-
ysis. Due to the high redundancy of the data after applying
the tSSS (Garcés et al. 2017), only data proceeding from the
magnetometers were used for the subsequent analysis.

We carried out source reconstruction using the T1-weighted
MRI of each subject. The source model was defined in MNI space,
utilizing a uniform three-dimensional grid with a spacing of
10 mm, and the source positions were labeled according to the
Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer
et al. 2002), resulting in 1210 cortical sources clustered in 80
regions of interest (ROIs). This source model was then linearly
transformed into the individual MRI of each participant. The
individual images were segmented using SPM12 (Penny et al.
2007), and the resulting brain mask was used to build a set of
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Figure 1. Estimation of the functional connectivity. (A) The PLV value is obtained for each of the 1210 cortical sources. (B) Based on the AAL atlas, the sources belonging
to the corresponding seed areas are selected. (C) The mean seed-with-all connectivity vectors are calculated and then averaged across subjects to perform the group
comparison. (D) Finally, a CBPT with a t-test as the basic statistic is performed.

individual single-shell realistic head models. Finally, this head
model, together with the individual source model, was used to
generate a lead field using a modified spherical solution (Nolte
2003).

Time series of each source location were obtained using Lin-
early Constrained Minimum Variance beamformers (Van Veen
et al. 1997) as an inverse model. The beamformers were cal-
culated using the covariance matrix of the data filtered in low
alpha (8–10 Hz) and high alpha (10–12 Hz) bands. A finite impulse
response filter of order 1800 designed with a hamming window
was used, adding 2 extra seconds of real data at each side of each
segment as padding.

The FC was estimated using the Phase Locking Value (PLV)
(Lachaux et al. 1999), ranging from 0 to 1, that is, no connectivity
to full connectivity. PLV shows high test–retest reliability (Garcés,
Martín-Buro, and Maestú 2016; Colclough et al. 2016), rendering it
adequate to estimate FC in a meaningful way. The connectivity
was calculated between the source locations belonging to the
seed areas under study (namely, right and left precuneus, and
right and left anterior cingulate) and the rest of the cortical
sources, resulting in a 1x1210 PVL vector for each area and band.
The intra-area connectivity values were ignored. We present a
visual overview in Figure 1.

The power spectrum of the 1210 cortical sources was calcu-
lated using averaged periodograms, a Hann window, and 0.25 Hz
of spectral resolution. The relative power of low alpha and high
alpha was calculated as the ratio between the power in each
band and the total broadband power between 2 and 45 Hz, result-
ing in a value ranging from 0 to 1. The mean power spectrum of
all the source locations belonging to that area was calculated to
obtain the power spectrum of a specific area.

Statistical Analysis

First, demographic characteristics were assessed. Age, MMSE,
and years of education distributions were compared with a
t-test, whereas sex and APOE ε4 carriage distributions were
compared with a chi-square test.

Differences in FC were addressed using a nonparametric
cluster-based permutation test (CBPT) (Bullmore et al. 1999).
This analysis reveals significant differences in cortical sources
without the spatial constraint of atlas-defined areas. We used
an independent sample t-test as a basis for CBPT, with both
the source-level and the cluster-level significance thresholds
set to 0.05. The CBPT deals with the multiple comparison prob-
lem for the multiplicity of sources, but not with the multitude
of frequency bands and areas. Therefore, we also applied a
false discovery rate (FDR) correction (Benjamini and Hochberg
1995) to the cluster significance level, taking into account the 2
frequency bands and the 4 seed areas under study.

PLV is known to be affected by source leakage, this is, the
spatial smoothing introduced while solving the inverse prob-
lem (Schoffelen and Gross 2009). If 2 nearby sources are spa-
tially smoothed, the activity of one can be observed in the
other, spuriously increasing the FC estimation. Two different
factors can originate differences in FC due to leakage: first,
the spatial smoothing in one group can be larger than in the
other, directly increasing the leakage; second, the strength of
the electrophysiological activity can be larger in one group than
in the other, causing the spatial smoothing to reach farther
distances before becoming negligible. The first effect can be esti-
mated from the correlation of the beamformer weights (Garcés
et al. 2014) between the 2 reconstructed sources. The second
can be calculated from the power of the reconstructed signal
(Muthukumaraswamy and Singh 2011). To control for these 2
proxies of source leakage, we checked all the results found in
the cluster-based procedure using an ANOVA contrast, where
the source power (in both the seed and the target) and the corre-
lation of beamformer weights, together with their interactions,
where used as covariates. This approach removes the effects of
these proxies for source leakage, thus allowing for a more precise
interpretation of the results.

We conducted a set of Pearson correlation tests to link
significant FC differences with neuropsychological perfor-
mances and cortical integrity. The mean PLV values of the
significant clusters were compared, separately, with those of the
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Table 2 Significant functional connectivity values

Seed areas PLV (mean ± SD) P value Effect size Ratio

Relatives Controls

Left anterior cingulate cortex 0.375 ± 0.016 0.359 ± 0.015 0.025 0.559 83.33%
Left precuneus 0.463 ± 0.032 0.436 ± 0.026 0.034 0.513 77.36%
Right precuneus 0.448 ± 0.034 0.420 ± 0.033 0.026 0.519 75.00%

Note: PLV values are presented as mean ± standard deviation (SD). The P values were obtained using a nonparametric cluster-based permutation test (CBPT) and with
FDR correction. The effect size was obtained through Cohen’s D, using the mean t-statistic of each cluster for the calculation. The ratio expresses the percentage of
sources that remain significant after the leakage correction. The ratio of leakage-corrected findings (last column) was calculated using an ANOVA model, including
the correlation of beamformer weights and the source power as covariates. For the sake of clarity, only significant results are presented.

neuropsychological tests and the volume of the left and right
hippocampus. An FDR correction was applied to each of the 3
correlation tests, taking into account the number of significant
clusters and the number of comparisons.

Finally, the influence of being an APOE ε4 carrier was
addressed. A two-way ANOVA test, with being relative and being
an APOE ε4 carrier as factors, was performed in the significant
clusters. Furthermore, we tested the influence of being an APOE
ε4 carrier in the risk group using an independent samples t-test
in the significant clusters.

Statistical analysis was performed using FieldTrip software
(Oostenveld et al. 2011) and a set of in-house MATLAB scripts.

Results
Sample Characteristics

We did not find between-group differences in any of the
characteristics controlled in this study. The results are displayed
in Table 1. As well, no differences between groups were found
in the neuropsychological test. Results are shown in the
Supplementary Table S1.

Functional Connectivity

As an overall result, we found a hypersynchronization in the
high alpha band in the group of first-degree relatives among
anterior and posterior areas and the dorsal and middle cingulate
cortex. Specifically, we found a hypersynchronization between
the left ACC and a posterior cluster comprising both left and
right posterior cingulate cortex, the left inferior occipital area,
and a part of the left precuneus (Fig. 2A). Also, a hypersyn-
chronization between the left precuneus and the left poste-
rior and middle cingulate cortices, the posterior segment of
the superior frontal gyrus, and the right precuneus was found
(Fig. 2B). Finally, we found a hypersynchronization between the
right precuneus and both left and right middle cingulate cor-
tices, the right posterior cingulate cortex, and both left and
right superior frontal gyri (Fig. 2C). We found no significant
results using the right ACC as seed. We found no significant
results in the low alpha band. We present the results in Table 2.
For the sake of clarity, we only included significant effects. To
get a better intuition of the results, we also pictured them in
Figure 2.

PLV Leakage Problem

Table 2 shows the ratio of links (i.e., members of the identified
cluster), which remained significant, for each seed, after includ-
ing the proxies for source leakage in the ANOVA model. In all the
cases, this ratio was above 75%.

Correlation Analyses

No significant correlations were found between the FC clusters
and the scores in any of the neuropsychological tests admin-
istered. Besides, there were no significant correlations between
the FC clusters and the hippocampal volumes. The results are
displayed in Supplementary Table S2.

APOE ε4 Factor

The ANOVA results (with being a relative and an APOE ε4 carrier
as factors) showed that the influence of being APOE ε4 carrier
is no significant in the obtained clusters. Yet, being a relative
is still significant in those clusters even when controlling for
APOE genotype. In the same way, there is no difference between
APOE ε4 carriers and noncarriers within the relatives’ group. The
results are displayed in Table 3.

Discussion
The present study demonstrates that young and cognitive
healthy adults at increased risk of developing sporadic AD
increased the synchronization of their anterior–posterior
functional networks in the higher alpha band. This profile of
hypersynchronization was found mainly between the left ACC
and both left and right precuneus with the rest of the brain.

The group of first-degree relatives of AD patients did not dif-
fer in neuropsychological performance, or hippocampal volume
from the control group of age, and educational level matched
participants. Therefore, group differences cannot be attributed
to cognitive or morphological factors. The study of 2 risk factors
combined, being an APOE ε4 carrier and being a first-degree
relative, showed that being APOE ε4 carrier does not affect
the hypersynchronization pattern. These results suggest that
decades before the typical age at onset of cognitive impairment,
a brain network dysfunction could be identified.

Studies in human tissue and animal models of AD showed, in
the vicinity of amyloid plaques, a reduction of GABAergic inhi-
bition of hyperactive neurons and enhanced GABAergic inhi-
bition of silent neurons (Garcia-Marin et al. 2009; Busche and
Konnerth 2016). This E/I imbalance produces hyperactivity lead-
ing to increased synchronization. Furthermore, the presence of
Aβ oligomers impairs the oscillatory activity between widely
distributed cortical areas. In this sense, the increased synchrony
of the oscillatory activity found in the current study could be
a consequence of an early amyloid deposition leading to an E/I
unbalance.

The seed areas selected for this study (ACC and precuneus)
are some of the earliest and most affected regions in AD. They
are also critical nodes of the DMN, which has been proven to
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Figure 2. Functional connectivity results among the areas under study, namely (A) left anterior cingulate cortex, (B) left precuneus, and (C) right precuneus. On the left
panel, the clusters with significant differences in functional connectivity are presented. Green areas represent the seed area under study, and the red ones represent

the clusters with significant differences in connectivity with the seed area. The red color map indicates a hypersynchronization in the relatives’ group between the
seed area and the cluster. The red color map represents the t-statistic values of each source of the significant cluster obtained using an independent samples t-test. On
the right panel, the mean functional connectivity between the seed area and the significant cluster is presented. The plot shows each subject’s PLV value (the crosses
represent outlier values), the probability density estimates of the data, the sample median, and the boundaries of the quartiles.

accumulate Aβ in its key nodes (Rowe et al. 2007; Aizenstein et al.
2008). Increased alpha band synchrony in both local (Nakamura
et al. 2018) and long-range networks (Nakamura et al. 2017) has
been associated with an increased Aβ burden in the frontal lobe
and posterior regions, respectively. Therefore, our results sug-
gest that the accumulation of Aβ in certain brain regions alters
brain networks within this specific frequency band. Also, the
particular brain regions under study are areas where previous

works showed hypersynchronization in AD (Ranasinghe et al.
2014; Koelewijn et al. 2017, 2019), MCI (Bajo et al. 2012; López
et al. 2014; Canuet et al. 2015; Nakamura et al. 2017), and SCD
populations (Hafkemeijer et al. 2013; López-Sanz, Bruña, et al.
2017a).

Taking all these works into account, we proposed in previous
work the “X” model (Pusil et al. 2019), which predicts the pat-
tern of change in the dynamics of brain synchrony from MCI
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Table 3 Significance of being relative and being APOE ε4 carrier

ANOVA t-test (only relatives)

Relatives APOE ε4 carrier Interaction APOE ε4 carrier

Left anterior
cingulate cortex

P values <0.001 0.361 0.749 0.195
Effect size 0.138 0.005 <0.001 0.281

Left precuneus P values <0.001 0.678 0.890 0.780
Effect size 0.096 0.001 <0.001 0.060

Right precuneus P values <0.001 0.610 0.707 0.353
Effect size 0.090 0.001 0.001 0.201

Note: The mean PLV value of each significant cluster is compared. P values obtained from the two-way ANOVA test and the independent samples t-test are presented.
The effect size was obtained using Cohen’s D. The area names are defined by the AAL atlas.

to dementia. In the same direction, the sample in this study
presented a profile of hypersynchronization in the alpha band in
the same brain networks described by the “X” model, indicating
an early network disruption without brain atrophy or cognitive
impairment. The subjects included in this study were all in the
range of 50–65 years old and well adapted to their social or
work activities, not reporting cognitive complaints. Therefore,
this neurophysiological pattern could be classified as a sub-
clinical sign of network disruption. Besides, this hypersynchro-
nization could be reflecting a personal neurophysiological trait
that increases the risk for dementia, and it might be incorpo-
rated into other factors such as diet, physical exercise, cognitive
reserve, or genetics. The sample used in this study is currently
enrolled in a longitudinal study to evaluate a possible clini-
cal progression over time; therefore, some of these hypotheses
could be better evaluated during the follow-up period.

It is also interesting to notice that being an APOE ε4 carrier
seems to not affect at such an early stage of the continuum. Our
first guess was that the effect could have been diluted due to
the low sample of control APOE ε4 noncarriers (8 subjects). For
this reason, we investigated the impact of being APOE ε4 carrier
within the group of first-degree relatives, where the number of
participants was similar in both groups. This comparison did
not provide statistically significant results, indicating a more
substantial effect of being a first-degree relative than being a
carrier of the APOE ε4.

To conclude, the neuronal hyperactivation by itself can cause
cell damage due to calcium toxicity. Therefore, increased brain
synchrony early in time could be one of the factors contributing
to cell death, brain atrophy, and cognitive impairment (de Haan
et al. 2017). It is then essential to further evaluate whether
an early intervention over brain hypersynchronization can
delay the process of the disease. FC obtained from noninvasive
neurophysiological recordings may become an important
biomarker to characterize the AD continuum, even in preclinical
stages.

Limitations
Unfortunately, Aβ deposition biomarkers could not be obtained
for this study. Therefore, it should be a matter of future research
to evaluate the effect of Aβ in FC in this same population of
first-degree relatives of AD patients. Nevertheless, the people
of this study are significantly younger than the average onset
age of sporadic AD (Huff et al. 1987). Therefore, it is reasonable
to suspect that the presence of Aβ would probably be in an
oligomeric form, which is harder to detect (Yamin and Teplow
2017).

LCMV source reconstruction is known to have problems
when reconstructing highly correlated brain activities, as is
the case of bilateral auditory stimulation (Dalal, Sekihara, and
Nagarajan 2006; Popescu et al. 2008; Gascoyne et al. 2016).
However, when dealing with resting-state data, there is no
reason to expect highly correlated brain activities among distant
brain areas, rendering this issue unlikely to affect us. Although
there are alternative approaches, such as MCMV beamforming
(Moiseev et al. 2011; Nunes et al. 2020), that directly addressed
the signal leakage, this method is only valid for scenarios where
no more than 10 sources are estimated (Nunes et al., 2020).
This constraint makes this approach unsuitable for the type of
analysis presented in this work. However, it would be interesting
to address this issue in a more direct manner sing different
analysis under a similar FC framework.

Also, the estimation of FC by means of PLV might be affected
by source leakage (Popescu et al. 2008), and thus being spuriously
overestimated. This study took into account 2 different proxies
for source leakage, namely the correlation of the beamformer
weights and the power of the reconstructed activity. More than
75% of the results remained significant. These results, although
do not guarantee that our findings are free from the effects of
source leakage, indicate that they are unlikely to be driven by
them. Although the methodology in this work has been suc-
cessfully employed in the past (López-Sanz, Garcés, et al. 2017b;
López et al. 2014; Pusil et al. 2019; Nakamura et al. 2017; Garcés
et al. 2014), it is important to point out the methodological
caveats to obtain a complete intuition of the results.

Supplementary material
Supplementary material can be found at Cerebral Cortex online.
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