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A B S T R A C T   

Resting-state eyes-closed electroencephalographic (rsEEG) alpha rhythms are dominant in posterior cortical 
areas in healthy adults and are abnormal in subjective memory complaint (SMC) persons with Alzheimer’s 
disease amyloidosis. This exploratory study in 161 SMC participants tested the relationships between those 
rhythms and seed-based resting-state functional magnetic resonance imaging (rs-fMRI) connectivity between 
thalamus and visual cortical networks as a function of brain amyloid burden, revealed by positron emission 
tomography and cognitive reserve, measured by educational attainment. The SMC participants were divided into 
4 groups according to 2 factors: Education (Edu+ and Edu-) and Amyloid burden (Amy+ and Amy-). There was a 
statistical interaction (p < 0.05) between the two factors, and the subgroup analysis using estimated marginal 
means showed a positive association between the mentioned rs-fMRI connectivity and the posterior rsEEG alpha 
rhythms in the SMC participants with low brain amyloidosis and high CR (Amy-/Edu+). These results suggest 
that in SMC persons, early Alzheimer’s disease amyloidosis may contrast the beneficial effects of cognitive 
reserve on neurophysiological oscillatory mechanisms at alpha frequencies and connectivity between the thal
amus and visual cortical networks.  
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1. Introduction 

It is well-known that in patients with Alzheimer’s disease (AD) and 
high education attainment, cognitive performance is typically better 
than expected based on the burden of brain neuropathology and neu
rodegeneration (Stern et al., 2018). This resilience of the cognitive status 
was attributed to a sort of cognitive reserve (CR) accumulated by per
sons with high education attainment whose life is typically character
ized by many occasions and opportunities to learn new knowledge and 
exercise cognitive functions in their job and social environment (Are
naza-Urquijo et al. 2015 and Stern et al. 2018). 

The neural basis of CR would rely on protective and compensatory 
mechanisms inducing effective recruitment and interactions among 
brain neural populations (Arenaza-Urquijo et al. 2015, Stern et al. 
2018). These mechanisms are considered protective in healthy older 
adults based on previous evidence showing that high education attain
ment is typically associated with a delayed onset of dementia onset over 
aging in those adults (Bennett et al., 2014; Valenzuela and Sachdev, 
2006; Sachdev, Valenzuela, 2009; Reed et al., 2010; Buchman and 
Bennett, 2012; Zahodne et al., 2013, 2015; Stern, 2012; Arenaza-Urquijo 
and Vemuri, 2018; Garibotto et al., 2008; Morbelli and Nobili, 2014; 
Stern et al., 2018; Hampel et al., 2019). At the same time, they are 
considered compensatory in AD patients based on previous evidence 
showing that even if the global cognitive status is equal, AD patients 
with high education attainment are typically characterized by greater 
brain atrophy as whether their cognitive neural systems were more 
resilient to the neuropathological and neurodegenerative burden (Stern 
et al., 2018). 

The neural mechanisms underlying the CR can be conceptualized as 
a sort of brain reserve. Concretely, the brain reserve may include 
greater brain size, white matter integrity, cerebrovascular health, syn
apsis density, and dendritic branching (Foubert-Samier et al., 2012; 
Cammisuli et al., 2022). Globally, they will allow good neural efficiency 
and capacity even when a certain degree of neuropathology and neu
rodegeneration can be observed (Pettigrew and Soldan, 2019). 
Enhanced brain functional connectivity patterns would also characterize 
the brain reserve. Resting-state functional magnetic resonance imaging 
(rs-fMRI) studies showed that CR proxies (e.g., educational attainment) 
were positively related to an enhanced cortical default mode network 
(DMN) and cognitive performances in healthy seniors (Arenaza-Urquijo 
et al., 2013). They were also positively correlated with enhanced func
tional connectivity in the posterior cingulate cortex (PCC) and temporal 
lobes in patients with dementia due to AD (Bozzali et al., 2015). 
Furthermore, they were positively correlated with enhanced functional 
connectivity in prefrontal, premotor areas, and parietal networks in 
healthy controls (Franzmeier et al., 2018a) and in patients with mild 
cognitive impairment (ADMCI) and dementia (Serra et al., 2015; 
Franzmeier et al., 2017a, b; Franzmeier et al., 2018b). 

The brain reserve includes neurophysiological brain oscillatory 
mechanisms regulating the vigilance and wake-sleep transitions probed 
by the recording of resting-state electroencephalographic (rsEEG) 
rhythms. In previous studies, the CR (e.g., years of education and verbal 
IQ scores) was positively related to the spectral coherence of posteriorly 
dominant rsEEG alpha rhythms (8–12 Hz) between electrodes placed at 
occipital and other scalp regions in young and old healthy persons, 
reflecting interrelated synchronization of neural activity between 
cortical areas (Fleck et al., 2017, 2019). The CR (i.e., educational 
attainment) was also positively related to posterior rsEEG alpha power 
density in the old cognitively unimpaired persons of the multicenter 
PDWAVES cohort (www.pdwaves.eu) (Babiloni et al., 2020a). Similar 
results were observed in persons with subjective memory complaints 
(SMC) and negative brain amyloid-β biomarkers of positron emission 
tomography (SMCneg) from the French INSIGHT cohort (Dubois et al., 
2018). The CR (i.e., educational attainment) was positively related to 
posterior rsEEG alpha power density (Babiloni et al., 2020b). Those 
results could reflect neuroprotective mechanisms associated with the 

CR. Along the same line, the CR (i.e., educational attainment) was 
negatively related to the posterior rsEEG alpha power density in the 
ADMCI patients of the multicenter PDWAVES cohort (www.pdwaves. 
eu) (Babiloni et al., 2020a). Furthermore, the CR (i.e., educational 
attainment) was negatively related to posterior rsEEG alpha power 
density in the SMC persons with positive brain amyloid-biomarkers 
(SMCpos) of the French INSIGHT cohort (Babiloni et al., 2020b). 
Those results were speculatively explained in terms of compensatory 
mechanisms associated with the CR. Furthermore, they extended to the 
SMC condition previous findings in AD patients with MCI and dementia, 
pointing to the dependence of posterior rsEEG alpha rhythms from AD 
neuropathology. In those findings, amyloid β42, p-tau, and total tau 
levels from cerebrospinal fluid (CSF) were positively associated with 
widespread rsEEG alpha and beta rhythms in AD patients with MCI and 
dementia (Smailovic et al., 2018). Similarly, rsEEG alpha rhythms were 
associated with CSF p-tau and p-tau/Aβ42 in AD patients with MCI 
(Jovicich et al., 2019; Cecchetti et al., 2021) and dementia (Kouzuki 
et al., 2013). 

The above data and considerations suggest that the brain reserve 
associated with the CR (e.g., education attainment) may be at least in 
part reflected by rsEEG alpha rhythms and the brain functional con
nectivity estimated from rs-fMRI. In humans, these two neurophysio
logical correlates were related to each other. Previous multimodal 
rsEEG-rs-fMRI studies showed a substantial association between poste
rior rsEEG alpha rhythms and rs-fMRI (BOLD) signals. In healthy adults, 
parietal-occipital rsEEG alpha rhythms were associated with rs-fMRI 
signal, positively in the thalamus and negatively in cortical visual re
gions (Feige et al., 2005; Goldman et al., 2002; Gonçalves et al., 2006; 
Moosmann et al., 2003; Jaeger et al. 2023). In cognitively intact older 
participants, the occipital rsEEG alpha reactivity during eye-opening 
was associated with lesions in the subcortical white-matter connectiv
ity from the cholinergic basal forebrain to the occipital cortex as 
revealed by the MRI (Wan et al., 2019). Finally, this strict rsEEG-rs-fMRI 
relationship was also informative in the AD model. In ADMCI patients, 
abnormalities in the rsEEG theta/alpha rhythms were associated with 
reduced rs-fMRI connectivity from the posterior nodes of the cortical 
default mode network (Jovicich et al., 2019). In ADD patients, there was 
a loss of the normal positive association between the rsEEG alpha 
rhythms and the rs-fMRI signal in the posterior cortex (Brueggen et al., 
2017). Notably, no previous studies tested the hypothesis of an associ
ation between posterior rsEEG alpha rhythms and fMRI signals in SMC 
persons at the preclinical stage of AD. 

In the present study, we used the database of the INSIGHT cohort 
(Dubois et al., 2018) to test the novel hypothesis that in SMC persons, 
posterior rsEEG alpha rhythms may be associated with the functional 
connectivity in the visual thalamus-cortical network as a part of the 
brain reserve due to the CR (i.e., educational attainment). Such associ
ation may be dependent on the brain amyloid burden and structural 
integrity. To test that hypothesis, an advanced multimodal methodo
logical approach included biomarkers derived from rsEEG recordings, 
amyloid positron emission tomography (amyPET), structural MRI, and 
rs-fMRI. 

2. Materials and Methods 

The general methodology of the EEG data analysis used in the pre
sent study has been developed in the framework of a research line of the 
Eurasian PDWAVES Consortium (www.pdwaves.eu). This research line 
aims to contribute to a better understanding of the neurophysiological 
brain oscillatory mechanisms underlying the regulation of vigilance as a 
relevant layer of information on the traditional neurobiological and 
neuroanatomical AD model. That EEG methodology allowed the 
comparability of the results of the research line across the experimental 
series. More explanations of the methodology and previous representa
tive results can be found elsewhere (Babiloni et al., 2017, 2018a, 2018b, 
2020, 2021, 2022a, 2022b). 
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2.1. Participants 

Participants were recruited at the Pitié-Salpêtrière University Hos
pital in Paris, France, in the framework of the INSIGHT-preAD study to 
investigate the earliest preclinical stages of AD and its development, 
including influencing factors and markers of disease progression (Dubois 
et al., 2018). The INSIGHT-preAD study currently includes baseline data 
in 318 cognitively intact individuals, between 70 and 85 years old, with 
SMC status confirmed by an affirmative answer to both of the following 
questions: 1) "Are you complaining about your memory?" and 2) "Is it a 
regular complaint which lasts more than six months"? Indeed, cognition 
was unimpaired as revealed by MMSE score ≥ 27, Clinical Dementia 
Rating score equal to 0, and no evidence of episodic memory deficit 
measured by the total recall at the Free and Cued Selective Reminding 
Test (mean 46.1 ± 2.0; Dubois et al., 2018). 

At the baseline recording session, other measurements (i.e., de
mographic, cognitive, functional, nutritional, biological, genetic, 
genomic, imaging, electrophysiological, etc.) were performed (see 
Dubois et al., 2018 for details). 

All experiments were performed with each participant or caregiver’s 
informed and overt consent, per the Code of Ethics of the World Medical 
Association (Declaration of Helsinki) and the standards established by 
the local Institutional Review Board. Local institutional Ethics Com
mittee approved data sharing for scientific purposes. 

2.2. Amyloid Positron emission tomography (amyPET) data acquisition 
and processing for participants’ grouping 

The SMC participants were stratified into two groups labeled 
amyloid-positive (SMCpos) and amyloid-negative (SMCneg), using the 
standard diagnostic markers of Alzheimer’s neuropathology based on 
cortical-to-cerebellum standardized uptake value ratio (SUVR) from 
amyPET imaging. 

PET scans were acquired 50 min after injection of 370 MBq (10 mCi) 
18F-florbetapir. Reconstructed PET images were analyzed with a pipe
line developed by the CATI (http://cati-neuroimaging.com). Structural 
MRI images were co-registered to 18Florbetapir-PET images using SPM8 
(https://www.fil.ion.ucl.ac.uk/spm/software/spm8/) with visual in
spection to detect any co-registration errors. Inverse deformation fields 
and matrix transformation from MRI data processing were used to derive 
composite cortical ROIs (left and right precuneus, posterior and anterior 
cingulate, parietal, temporal, and orbitofrontal cortex; according to 
Clark et al., 2012) and a reference region (in the pons and whole cere
bellum) were placed in the individual native PET space. RBV-sGTM 
method was used to correct for the partial volume effect (Thomas 
et al., 2011). Parametric PET images were created for everyone by 
dividing each voxel with the mean activity extracted from the reference 
region. 

SUVR values were calculated by averaging the mean activity of all 
the cortical ROIs in the individual PET native space. The two groups 
(SMCneg, N = 230, SMCpos, N = 88) were defined using the specific 
SUVR threshold of 0.79 to determine abnormality uptake identified in 
previous investigations of this Workgroup focused on those biomarkers 
(Habert et al., 2018; Chiesa et al., 2019a, b). Those procedures identified 
a more conservative (0.88) and a more liberal (0.79) threshold. The 
more conservative threshold was used in the previous reference study 
investigating functional brain connectivity from rsEEG alpha and beta 
rhythms in the INSIGHT-preAD cohort (Teipel et al., 2018). The liberal 
threshold has been adopted for several parallel rsEEG and neuroimaging 
studies in the INSIGHT-preAD cohort (Dubois et al., 2018). Therefore, 
for the present study, we opted for the value of 0.79 for the main rsEEG 
data analysis. 

2.3. Stratification of the subjective memory complaint (SMC) seniors 
based on the education attainment 

As a proxy of the CR, we used the education attainment score 
adopted in the original INSIGHT-preAD project protocol (Dubois et al., 
2018). In this score, the level of education ranged from 1 to 8; 1 means 
the attendance of the only infant school (8 years of education), and 8 
means the attendance of a higher education level in the population (i.e., 
bachelor, master’s degree, or doctorate; at least 16 years of education). 
Based on this score, all SMC participants were stratified according to the 
median value computed in two sub-groups. The SMC participants with a 
low-to-moderate education level, from 1 to 6 of the education attain
ment score, were denoted as SMC Edu-. In contrast, the SMC participants 
with education attainment scores ranging from 7 to 8 were marked as 
SMC Edu+ (Dubois et al., 2018). 

2.4. Magnetic resonance imaging (MRI) acquisition and preprocessing 

For the cortical signature of the SMC participants, MRI acquisitions 
of the brain were conducted using a 3 Tesla scanner with parallel im
aging capabilities (Siemens Magnetom Verio, Siemens Medical Solu
tions, Erlangen, Germany). The scanner used a quadrature detection 
head coil with 12 channels (transmit-receive circularly polarized CP- 
head coil). For the anatomical study, 3D TurboFLASH sequences were 
performed (orientation sagittal; repetition time [TR] = 2300 ms; echo 
time [TE] = 2.98 ms; inversion time = 900 ms; flip angle = 9◦; 176 
slices; slice thickness = 1 mm; field of view = 256*240 mm; matrix =
256*240; bandwidth = 240 Hz/Px). Cavedo et al. (2018) reported the 
technical details concerning the preprocessing for the cortical signature 
of prodromal AD and the automated calculation of HP and BF volumes. 

2.5. Resting-state functional MRI (rs-fMRI) acquisition and preprocessing 
for seed-to-seed connectivity estimate 

The SMC participants were tested for the specific association be
tween the posterior rsEEG alpha rhythms and the rs-fMRI-based func
tional connectivity from subcortical and visual cortical networks 
relevant to their generation. 

Scanning was performed on a 3-T Verio system MRI with the 12- 
channel head coil (Siemens Medical Systems, Erlangen, Germany) at 
the Center for Neuroimaging Research (Centre de NeuroImagerie de 
Recherche, CENIR) at the Brain & Spine Institute (ICM, CNRS/Inserm/ 
Sorbonne Université), Pitié-Salpêtrier̀e University Hospital, Paris, 
France. During the rs-fMRI scan, participants were instructed to keep 
their eyes closed and stay as still as possible. 

The rs-fMRI images were collected by using an echo-planar imaging 
sequence (TR=2460 ms, TE=30 ms, slice thickness=3 mm, 
matrix=64×64, voxel size=3×3×3 mm, number of volumes=250, 
number of slices=45, run=1). The rs-fMRI data were preprocessed using 
Data Processing Assistant for Resting-State fMRI (DPARSF, Yan et al., 
2016) implemented in Data Processing & Analysis for Brain Imaging 
(DPABI, available at http://rfmri.org/dpabi), based on SPM8. The first 
ten volumes for each participant were excluded to avoid potential noise 
related to the equilibrium of the magnet and the participant’s adaptation 
to the scanner. The remaining 240 volumes were preprocessed in steps, 
including slice-timing correction, realignment, and segmentation using 
SPM priors for cerebrospinal fluid (CSF) and white matter. We regressed 
out the global mean and the confounding effects of CSF and white matter 
to reduce the impact of physiological noise. The Friston 24-parameter 
model, which includes six head motion parameters, six head motion 
parameters one-time point before, and the 12 corresponding squared 
items, was used to regress out head motion effects (Friston et al., 1996). 
The maximum displacement allowed was >2.5 mm in one or more 
orthogonal directions or >2.5◦ rotation. The motion-corrected func
tional volumes were spatially normalized to the T1 unified segmentation 
template in Montreal Neurological Institute coordinates derived from 

S. Lopez et al.                                                                                                                                                                                                                                    



Neurobiology of Aging 137 (2024) 62–77

65

SPM8 software and resampled to 3×3×3 mm voxels. A temporal 
bandpass filtering (bandpass 0.01–0.1 Hz) was applied to reduce the 
effect of low-frequency drift and high-frequency physiological noise. A 
smoothing procedure with a 4 mm FWHM Gaussian kernel was used. 

Rs-fMRI functional connectivity was analyzed in a-priori selected 
regions of interest (ROIs) defined by the Automated Anatomical Label
ing (AAL) atlas (Tzourio-Mazoyer et al., 2002). To test the specific as
sociation between posterior rsEEG alpha rhythms in the SMC 
participants and the connectivity from the cholinergic basal forebrain, 
thalamus, and core resting-state cortical networks relevant for the 
generation of posterior rsEEG alpha rhythms as a function of the brain 
amyloid burden and educational attainment (CR). The rs-fMRI analysis 
modeled the brain functional connectivity from the cholinergic basal 
forebrain (BF), the thalamus, and the visual network (VN), including 
bilateral calcarine, occipital superior, middle occipital, fusiform, infe
rior temporal, and middle temporal regions (Shirer et al., 2012). To test 
the specificity of the effects, we also considered the default mode 
network (DMN), including the posterior cingulum, precuneus, angular 
gyrus, thalamus, frontal medial orbitalis, frontal superior medial, tem
poral middle, and hippocampus (Shirer et al., 2012) and another control 
network (CNTR) including the parietal inferior, middle frontal, intra
parietal, right caudate, frontal superior, frontal middle orbitalis, right 
supramarginal, left parietal superior, left temporal middle, left inferior 
temporal region. 

The DPARSF toolbox was used to create individual seed-to-seed 
connectivity maps. Firstly, the mean regional time series was extrac
ted from each seed region and correlated (Pearson’s correlation) with 
that of the second seed region, which resulted in a square 5×5 corre
lation matrix. Then, Fisher’s r-to-z transform was applied to standardize 
the resulting correlation values (Lowe et al., 1998). Fisher’s z values 
were extracted for each pairwise functional connectivity for everyone. 
The spatial resolution of the present rsEEG spectral variables was rela
tively low (i.e., several centimeters), so the two hemispheres’ homolo
gous thalamus rs-fMRI connectivity values were averaged. 

Specifically, the following rs-fMRI connectivity indexes were 
considered:  

• Thalamus-BF as rs-fMRI connectivity values between thalamus and 
BF regions;  

• VN as an average of the rs-fMRI connectivity values within all VN 
regions;  

• Thalamus-VN as an average of the rs-fMRI connectivity values 
evaluated between the thalamus and each VN region (mean between 
left and right thalamus), and the average of the rs-fMRI connectivity 
values within all the VN regions;  

• BF-VN: average of the rs-fMRI connectivity values evaluated between 
BF and each VN region, and the average of the rs-fMRI connectivity 
values within all the VN regions. 

The same procedure was applied to DMN and CNTR networks. 

2.6. Resting-state electroencephalographic (rsEEG) recordings 

EEG data were recorded while the participants sat comfortably and 
relaxed with eyes closed in a standard resting state condition. At least 
120 s of rsEEG (e.g., two periods of eyes-closed condition lasting 30 s 
each, intermingled with two periods of eyes-open condition) were ac
quired using a high-density 256-channel EGI system (Electrical Geo
desics Inc., USA) with a sampling rate of 250 Hz and anti-aliasing 
bandpass analogic filtering. In this EGI system, the electrodes used are 
sponge-based to have a quick application time (10–20 min), which is 
ideal for seniors. Among the 256 electrodes, 224 electrodes cover the 
whole scalp. In contrast, the remaining ones are placed on the front, the 
top of the neck, and the face, allowing the measurement of electro
oculographic (EOG) and muscular electromyographic (EMG) activity. 
The impedances of all scalp electrodes were kept below 50 KΩ. The 

reference electrode was placed at the Cz site. A cephalic ground was 
used. 

2.7. Spectral and quality analysis of the rsEEG data 

In line with a previous study on the same rsEEG data (Babiloni et al., 
2020a), we applied a semiautomatic "pruning" procedure of preliminary 
rsEEG data analysis to minimize the inter-individual variance of rsEEG 
rhythms to diminish 1) confounding effects of border electrodes with 
high impedance; 2) rsEEG data with residual artifacts provoked by the 
head or eye muscle activities; and 3) individual variability in the alpha 
frequency power peak (i.e., using individual alpha frequency peak, IAFp, 
as a benchmark; Klimesch, 1999; Gonzalez-Escamilla et al., 2015, 2016). 
With this procedure, blind to the amyloid status of the SMC seniors, two 
experts (Dr. Susanna Lopez and Prof. Claudio Del Percio) discarded in
dividual rsEEG segments, single electrodes, or the whole rsEEG datasets 
with long periods (> 20 s) of irremediable artifacts. They considered in 
their analysis 68 scalp electrodes of the 10–10 montage system (i.e., 
AF7, AF3, AFz, AF4, AF8, FP1, FPz, FP2, F10, F9, F7, F5, F3, F1, Fz, F2, 
F4, F6, F8, FC5, FC3, FC1, FCz, FC2, FC4, FC6, FT9, FT7, FT8, Ft10, C5, 
C3, C1, C2, C4, C6, CP5, CP3, CP1, CPz, CP2, CP4, CP6, P9, T5-P7, P5, 
P3, P1, Pz, P2, P4, P6, T6-P8, P10, T9, TP7, T3-T7, T4-T8, TP8, T10, 
PO7, PO3, POz, PO4, PO8, O1, Oz and O2) from the whole array of 256 
electrodes available. 

After this "pruning" procedure, 105 SMCneg, and 56 SMCpos seniors 
with MMSE scores ≥ 28, accepted rsEEG datasets, and available rs-fMRI 
data were identified. rsEEG frequency bands of interest were individu
ally determined based on the following frequency landmarks: the tran
sition frequency (TF) and the IAFp (Klimesch et al., 1996, Klimesch, 
1999, Klimesch et al., 1998). The TF marks the transition frequency 
between the theta and alpha bands, defined as the minimum rsEEG 
power density between 3 Hz and 8 Hz (i.e., between the delta and the 
alpha power peak). The IAFp is the maximum power density peak be
tween 6 Hz and 14 Hz. The reference values to compute TF and IAFp on 
an individual basis were obtained by averaging rsEEG power density 
across Fz, Cz, Pz, O1, and O2 electrodes, which ensures the recording of 
scalp EEG signals with low biological noise (e.g., the scalp midline is 
relatively far from temporal and frontal muscles) and optimal electrical 
contacts using a standard EEG helmet. Furthermore, those selected 
electrodes were especially suitable for recording rsEEG rhythms at del
ta/theta (Fz and Cz) and alpha (Pz, O1, and O2) frequencies in our 
previous reference field studies (Babiloni et al., 2017, 2018, 2020b). 

In detail, the following individual frequency bands were used in the 
present study considering a frequency resolution of 0.5 Hz:  

• Delta from TF − 4 Hz to TF − 2 Hz.  
• Theta from TF − 2 Hz to TF.  
• Alpha 1 from TF to the midpoint of the TF-IAFp range.  
• Alpha 2 from the middle of the TF-IAFp range to IAFp.  
• Alpha 3 from IAFp to IAFp + 2 Hz. 

The above subdivision in alpha 1, alpha 2, and alpha 3 was per
formed for their different putative functions (for more clarifications, see 
Klimesch, 1999, and Pfurtscheller and Lopes da Silva, 1999). The rsEEG 
low-frequency alpha rhythms (alpha 1 and alpha 2) may denote the (de) 
synchronization of widespread cortical neural populations regulating 
the fluctuation of participants’ global wakefulness and vigilance states 
(Klimesch, 1999). In contrast, the rsEEG high-frequency alpha rhythms 
(alpha 3) may denote the (de)synchronization of selective cortical 
neural populations processing modal-specific or semantic information 
during event-related paradigms (Klimesch, 1999; Pfurtscheller and 
Lopes da Silva, 1999). 

In the present study, the mean TF was = 5.4 Hz (± 0.1 SE) in SMCneg 
and = 5.2 (± 0.1 SE) in SMCpos groups. The mean IAFp was = 9.3 Hz (±
0.2 SE) in the SMCneg group and = 9.2 Hz (± 0.1 SE) in the SMCpos 
group, with the maximum value of IAFp = 11 Hz. No statistically 

S. Lopez et al.                                                                                                                                                                                                                                    



Neurobiology of Aging 137 (2024) 62–77

66

significant differences between the two groups were observed for TF and 
IAFp (t-test, p > 0.05). Fixed beta 1 (13–20 Hz), beta 2 (20–30 Hz), and 
gamma (30–40 Hz) bands were also considered. 

Five regions of interest (ROIs) were used considering the frontal, 
central, parietal, occipital, and temporal electrodes of the 10–10 elec
trode montage system. Specifically, these ROIs included the electrodes, 
as reported in Table Supplementary Material 1 (SM1; see Supplementary 
Materials). The evaluation of the whole-scalp topographic rsEEG pat
terns allowed us for an overall final quality evaluation and compara
bility of the results with previous studies. 

2.8. Statistical analysis 

The ANOVAs with Duncan test for post-hoc comparisons were per
formed by the commercial tool STATISTICA 10 (StatSoft Inc., www. 
statsoft.com). In contrast, the regression and moderation analyses with 
false discovery rate (FDR) for correcting for multiple comparisons were 
performed using R software (https://www.r-project.org/) to test the 
study hypotheses (p < 0.05). As the Kolmogorov-Smirnov test showed 
that several rsEEG power density distributions did not approximate to 
Gaussian distributions (null hypothesis of non-Gaussian distributions 
tested at p < 0.05), all rsEEG power density distributions underwent the 
log transformation and re-tested. The same procedure was used for the 
MRI data used as inputs for comparing SMC groups. The procedure’s 
outcome approximated all rsEEG power density distributions to 
Gaussian distributions, allowing the use of the ANOVA models. The 
same was true for the MRI markers. As already transformed to Fisher’s z 
values, rs-fMRI data did not undergo the normalization procedure. We 
checked for the achieved effect sizes and power of all the statistical 
analyses by the freeware G*Power 3.1.9.6 version (Faul et al., 2007, 
2009). 

2.9. Effect of brain amyloidosis and CR on posterior rsEEG alpha rhythms 

The first statistical analysis was performed as a control analysis to 
evaluate the hypothesis that the posterior rsEEG power density at the 
individual alpha 2 and alpha 3 bands might differ between the Edu- and 
Edu+ sub-groups of the SMCneg and SMCpos seniors (p < 0.05), as 
shown in a previous reference study in the same cohort sub-sampling 
rsEEG activity based on 19 electrodes of the 10–20 electrode montage 
(Babiloni et al., 2020a). 

To this aim, an ANOVA used the regional spectral rsEEG power 
density as a dependent variable. The ANOVA factors were Education 
(Edu- and Edu+), Group (SMCneg and SMCpos), Band (delta, theta, 
alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, 
central, parietal, occipital, and temporal). The MRI markers resulting 
from being statistically different between the SMC sub-groups from the 
previous statistical analysis were used as covariates. The degrees of 
freedom were corrected by the Greenhouse-Geisser procedure when 
appropriate. For the planned contrasts, Duncan’s test was used for post- 
hoc comparisons using a confirmatory statistical threshold of p < 0.05. 
The study hypothesis may be confirmed by a statistically significant 
ANOVA interaction among the factors Edu, Group, Band, and ROI (p <
0.05), associated with post-hoc solutions showing differences between 
the Edu- and Edu+ sub-groups for both SMCneg and SMCpos seniors in 
the alpha 2 and alpha 3 power density (p < 0.05, one tail). The signif
icant effects of the above statistical analysis were controlled by the 
iterative (leave-one-out) Grubbs’ test, detecting the presence of one or 
more outliers in the distribution of the regional rsEEG power density 
computed in the Edu- and Edu+ individuals for both SMCneg and 
SMCpos groups (Null hypothesis of non-Gaussian distributions tested at 
the arbitrary threshold of p < 0.001, to remove only individual values 
with high probability to be outliers and maintain the random sampling 
of the SMC population with the rsEEG features described above). 

2.10. Effect of brain amyloidosis and CR on the association between the 
rs-fMRI connectivity in the extended resting-state brain networks and the 
posterior rsEEG alpha rhythms 

The second statistical analysis was performed to evaluate the asso
ciation between the mentioned rs-fMRI connectivity calculated in the 
extended resting-state brain networks and the posterior rsEEG alpha 
rhythms in the SMC participants. To this aim, several linear regression 
models were implemented (one model for each rsEEG and the corre
sponding rs-fMRI connectivity index) having the following features:  

• Dependent rsEEG variables: parietal, occipital, temporal alpha 2 and 
alpha 3 spectral power density (one model for each variable);  

• Predictors: Group (SMCneg, SMCpos), Education (Edu+, Edu-), rs- 
fMRI connectivity between the Thalamus/BF and the visual 
network, i.e., Thalamus-BF, Thalamus-VN, BF-VN), 2 and 3-way in
teractions among Group, Education, and rs-fMRI connectivity. 

The corresponding models used the structural cortical thickness 
revealed by MRI measures in the parietal, occipital, and temporal re
gions as covariates. The study hypothesis may be confirmed by a sta
tistically significant beta coefficient for each predictor and their 2 and 3- 
way interactions (i.e., the beta coefficient of the predictor is significantly 
different from zero, p < 0.05). The model accuracy was assessed by 
evaluating the residual standard error (RSE) and adjusted R-squared. 
The residuals’ distribution was checked for heteroscedasticity, 
normality, and influential observations in the data (p < 0.05). The same 
statistical models were applied to the DMN and CNTR networks (see 
Supplementary Materials). 

2.11. Moderation effect of brain amyloidosis and CR on the association 
between the rs-fMRI connectivity and the posterior rsEEG alpha rhythms 

The third statistical analysis evaluated whether the brain amyloid 
deposition may moderate the association between the mentioned rs- 
fMRI connectivity and the posterior rsEEG alpha rhythms. This moder
ation effect may be, in turn, moderated by educational attainment as a 
proxy of CR. To this aim, we used the PROCESS tool available on https:// 
haskayne.ucalgary.ca/CCRAM/resource-hub to perform the moderated 
moderation analysis. We limited the moderated moderation analyses 
only to statistically significant associations between the rs-fMRI con
nectivity of interest and the posterior rsEEG alpha power density, as 
evaluated by linear regression models, to make the results of the study as 
consistent as possible in the framework of the reported methodological 
limitations. This moderated moderation analysis included the following 
parameters for each of the following dependent variables:  

• Dependent variable (one for each model): parietal, occipital, and 
temporal rsEEG alpha 3 power density;  

• Independent variable: Visual Network (VN)-Thalamus rs-fMRI 
connectivity;  

• Moderator variable 1: Group (SMCneg, SMCpos);  
• Moderator variable 2: Educational attainment (Edu-, Edu+);  
• Covariate: temporal thickness (only for the model involving the 

temporal rsEEG alpha 3 power density). 

Specifically, we performed a moderated moderation analysis, which 
was equivalent to testing a 3-way interaction among the factors rs-fMRI 
connectivity, Group (SMCneg, SMCpos), and Education (Edu-, Edu+) 
considering both the Group and Education (p < 0.05) as moderators. The 
goodness of fit of all models on the rsEEG biomarkers was evaluated by 
Akaike Information Criterion (AIC). At the same time, the maximum 
likelihood estimation was obtained by the nlminb optimization method 
(Fox et al., 1978). 
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2.12. Effect of brain amyloidosis and CR on the association between the 
rs-fMRI connectivity in the VN and DMN and the posterior rsEEG alpha 
rhythms 

The fourth statistical analysis used linear regression models (p <
0.05 uncorrected), testing the effect of the Group (SMCneg and SMCpos) 
and Education (Edu- and Edu+) predictors on the association between 
the rs-fMRI-based functional connectivity within the visual network 
(VN) and the rsEEG-dependent variables of interest, such as the parietal, 
occipital, and temporal rsEEG alpha 2 and alpha 3 power density. 

2.13. Compensatory effect of CR on brain amyloidosis 

The fifth statistical analysis tested the hypothesis of a CR compen
satory effect on brain amyloid burden in SMCpos seniors. The regional 
and global PET SUVR values between the SMCneg and SMCpos groups 
were compared. The hypothesis was that the SMCpos seniors with 
higher CR (educational attainment) might be characterized by higher 
PET SUVR values, i.e., higher amyloid deposition, in several brain re
gions. To this aim, we performed an ANOVA having as dependent 

variable the regional PET SUVR values and as factors the Group 
(SMCneg, SMCpos), the Education (Edu-, Edu+), and the ROI (Left/ 
Right Posterior Cingulum, Left/Right Inferior parietal lobe, Left/Right 
Precuneus, Left/Right Anterior Cingulum, Left/Right Superior frontal 
orbital lobe, and Left/Right Middle temporal lobe). 

Fig. 1 illustrates the analytical plan followed in the present study, 
including SMC participant’s enrolment, the amyPET, rs-fMRI, rsEEG, 
and core statistical procedures in the early preclinical stages of AD. 

3. Results 

3.1. Characterization of demographic, neuropsychological, and genetic 
markers in the SMCneg and SMCpos groups (based on amyloid PET 
biomarkers) and the effect of education attainment 

Table 1 reports the relevant demographic, neuropsychological 
(MMSE score), and genetic (Apolipoprotein ε genotype, APOE) markers 
in the SMCneg Edu-, SMCneg Edu+, SMCpos Edu-, and SMCpos Edu+
sub-groups. It also reports the results of the statistical analyses (p <
0.05) computed to evaluate the presence or absence of statistically 

Fig. 1. Flow-Chart Of The Analytical Plan Followed In The Present Study It provides an overview of the amyPET, rs-fMRI, rsEEG, and core statistical procedures in the 
early preclinical stages of AD, characterizing the proposed advanced multimodal methodological approach based on participants’ enrolment, molecular neuro
imaging, functional neuroimaging, neurophysiology of brain rhythms, and statistical modeling. PET = Positron Emission Tomography; rs-fMRI = resting-state 
functional Magnetic Resonance Imaging; rsEEG = resting-state electroencephalography; SMC = subjective memory complaint; SUVR = standardized uptake value 
ratio; DPARSF = data processing assistant for resting-state fMRI; BF = basal forebrain; VN = visual network; DMN = default mode network; CNTR = con
trol network. 
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significant differences between the Edu- and Edu+ sub-groups for both 
SMCneg and SMCpos seniors as age (t-test), sex (Fisher test), education 
(t-test), MMSE score (Mann Whitney U test), APOE genotype (Chi-square 
test), and APOE ε4 carriers/non-carriers. Based on the stratification 
criterion, as expected, a statistically significant difference in education 
was found between the Edu- and Edu+ sub-groups for both SMCneg and 
SMCpos seniors considered separately (p < 0.00001). On the contrary, 
no statistically significant difference was found for the age, sex, MMSE 
score, APOE genotype, and APOE ε4 carriers/non-carriers between the 
Edu- and Edu+ sub-groups for both SMCneg and SMCpos seniors 
considered separately (p > 0.05). 

3.2. Effect of the education attainment on the amyPET in the SMCneg and 
SMCpos groups 

Fig. 2 illustrates the results of a statistically significant ANOVA 3- 
way interaction effect (F(11, 1727) = 2.335, p = 0.008) among the 
factors Group (SMCneg, SMCpos), Education (Edu-, Edu+), and ROI. 
The planned Duncan’s post-hoc testing revealed higher values of the 
amyPET SUVR both at the regional and global levels in the SMCpos 
Edu+ group than in the SMCpos Edu- group (p < 0.05), in line with the 
assumption of compensatory processes associated with higher education 
attainment. In contrast, no difference was observed between the 
SMCneg Edu- and Edu+ groups. The analysis resulted in a partial-eta 
squared of 0.015, with an effect size of 0.12 and an achieved power of 
0.95. 

3.3. Effect of the education attainment on the structural MRI markers in 
the SMCneg and SMCpos groups 

Table SM2 (see Supplementary Materials) reports the mean values (±
SE) of the following eight relevant structural MRI markers for the Edu- 
and Edu+ sub-groups in the SMCneg and SMCpos seniors: 1) the 
normalized gray matter, white matter, and CSF volume (based on the 
total intracranial volume); 2) the adjusted hippocampal and BF volumes; 
and 3) the occipital, temporal, and inferior parietal cortical thicknesses. 
A statistically significant difference was found only in the SMCpos group 
for the temporal thickness (p < 0.003 uncorrected). It was lower in the 
Edu+ than the Edu- sub-groups, in line with compensatory processes 
associated with higher education attainment. 

3.4. Effect of the education attainment on the posterior rsEEG alpha 
power density in the SMCneg and SMCpos groups 

Figure 3 shows the mean values (± SE, log-transformed) of the 
regional rsEEG power density spectra for the Edu- and Edu+ sub-groups 
in the SMCneg and SMCpos seniors. The ANOVA showed a statistically 
significant 3-way interaction effect (F(28, 4032) = 2.0204, p = 0.00116; 
mean temporal thickness as a covariate) among the factors Group 
(SMCneg, SMCpos), Education (Edu-, Edu+), Band (delta, theta, alpha 1, 
alpha 2, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal, 
occipital and temporal). 

The Duncan planned post-hoc test (p < 0.05) showed that as 
compared to the SMCneg Edu- sub-group, the SMCneg Edu+ sub-group 
exhibited higher parietal (p < 0.05), occipital (p < 0.0005), and tem
poral (p < 0.05) rsEEG alpha 2 power density as well as higher occipital 
(p < 0.01) rsEEG alpha 3 power density, in line with a neuroprotective 
effect of CR. 

The opposite effect was observed in the SMCpos group, in which 
Edu+ sub-groups showed lower frontal and occipital rsEEG alpha 2 (p <
0.05 and 0.005, respectively) and 3 (p < 0.01 and 0.05, respectively) 
power density as compared to the Edu- sub-group, in line with a 
compensatory effect of CR. The analysis resulted in a partial-eta squared 
of 0.014, with an effect size of 0.12 and an achieved power of 0.999. 

Figure SM1 (see the Supplementary Materials) illustrates the topo
graphic distribution of the alpha rsEEG power density at 8.5, 9.5, and 
10.5 Hz as those frequency bins closer to the IAFp values in the SMCneg 
group (mean IAFp of 9.3 Hz, ± 0.2 SE) and in the SMCpos group (mean 
IAFp of 9.2 Hz ± 0.1 SE). The SMCneg Edu+ over the Edu- group 
showed a slightly higher rsEEG alpha power density, especially at 8.5 
and 9.5 Hz frequency bins. 

The above effects of the educational attainment were due to neither 
the presence of outliers (statistical threshold of Grubbs’ test at p <
0.001; Figure SM2, see the Supplementary Materials) nor a different 
number of artifact-free rsEEG epochs included in the analysis (no sta
tistically significant differences between the SMC Edu- and Edu+ groups 
according to t-test, p > 0.05). 

3.5. Effect of covariates on the posterior rsEEG alpha power density in the 
SMCneg and SMCpos groups 

Concerning the effect of the covariates on the rsEEG variables and 
their relationships with educational attainment, the results of the con
trol regression analysis showed no statistically significant effect (p >

Table 1 
Demographic, Neuropsychological, And Genetic Data.   

SMCneg Edu- SMCneg Eduþ SMCpos Edu- SMCpos Eduþ Statistical analysis(Edu- VS Eduþ) 

N 49 56 30 26 - 
Age 76.1 (±0.4 SE) 75.6 (±0.4 SE) 77.4 (±0.6 SE) 76.2 (±0.8 SE) T-test: SMCneg: t-value (103) = 0.68, n.s. 

SMCpos: t-value (54) = 1.28, n.s. 
Sex (M/F) 11/38 27/29 9/21 12/14 Fisher test: SMCneg: n.s.SMCpos: n.s. 
Education 4.3 (±0.2 SE) 7.8 (±0.05 SE) 4.1 (±0.2 SE) 7.6 (±0.08 SE) T-test: SMCneg: t-value (103) = − 16.86,p < 

0.0001SMCpos: t-value (54) = − 14.48, p < 
0.0001 

MMSE 28.8 (±0.12 SE) 29.1 (±0.11 SE) 28.6 (±0.11 SE) 28.1 (±0.11 SE) Mann Whitney U test: SMCneg: U = 1114.5, n. 
s.SMCpos: U = 330.0, n.s. 

APOE genotype 
(N) 

ε2/ε2 (1)ε2/ε3 (10), ε3/ 
ε3 (33) ε2/ε4 (0)ε3/ε4 
(5)ε4/ε4 (0) 

ε2/ε2 (0)ε2/ε3 (6), ε3/ 
ε3 (40)ε2/ε4 (1)ε3/ε4 
(9)ε4/ε4 (0) 

ε2/ε2 (0)ε2/ε3 (3), ε3/ 
ε3 (16) ε2/ε4 (0)ε3/ε4 
(9)ε4/ε4 (2) 

ε2/ε2 (0)ε2/ε3 (2), ε3/ 
ε3 (18)ε2/ε4 (0)ε3/ε4 
(6)ε4/ε4 (0) 

Chi-square test (2×5):SMCneg: Chi-square =
4.367, n.s.Chi-square test (2×4): SMCpos: 
Chi-square = 0.845, n.s. 

APOE ε4 
carriers/ non- 
carriers 

5/44 10/56 11/19 6/26 Fisher test: SMCneg: n.s.SMCpos: n.s. 

Table 1. Mean values (± standard error mean, SE) of the demographic, neuropsychological (MMSE score), and genetic (Apolipoprotein ε genotype, APOE) data, 
together with the results of their statistical comparisons (p < 0.05) in the groups of seniors with subjective memory complaint (SMC) found to be amyloid negative 
(SMCneg) and positive (SMCpos) to the marker of ’Alzheimer’s amyloid neuropathology derived from 18 F-florbetapir positron emission tomography (amyPET). The 
SMC seniors were stratified according to lower (Edu-) or higher (Edu+) educational attainment. The SMC seniors with Edu+ received bachelor, ’master’s degrees or Ph. 
D., while the SMC seniors with Edu- completed lower education programs. Legend: MMSE = Mini-Mental State Examination; M/F = males/females; APOE =
Apolipoprotein E; n.s. = not significant (p > 0.05, uncorrected). 
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0.05) of the demographic, neuropsychological, genetic, and structural 
MRI variables on parietal and occipital rsEEG alpha 2 and alpha 3 power 
density. On the contrary, there was a statistically significant effect of the 
temporal thickness MRI variable on the temporal rsEEG alpha 2 and 
alpha 3 power density (Table SM3, see Supplementary Materials). 

Specifically, the intrahemispheric temporal thickness was lower in the 
SMCpos Edu+ group than in the Edu- group, in line with the compen
satory processes associated with higher education attainment (p <0.05). 
We reported the estimate of the β coefficients (± standard error of the 
mean, SE) in Table SM3, together with the p-values relative to the post- 

Fig. 2. Regional Pattern Of AmyPET Standard Uptake Value Ratio (SUVR)Mean values (± SE) of the regional patterns and global values of amyloid positron emission 
tomography (PET) standard uptake value ratio (SUVR), showing a statistically significant ANOVA interaction (F(11, 1727) = 2.335, p = 0.008) between the factors 
Group (SMCneg, SMCpos), Education (Edu-, Edu+) and ROI (Left/Right Posterior Cingulum, Left/Right Inferior parietal lobe, Left/Right Precuneus, Left/Right 
Anterior Cingulum, Left/Right Superior frontal orbital lobe, and Left/Right Middle temporal lobe). Duncan’s post-hoc showed statistically higher SUVR values in 
subjective memory complaint (SMC) persons with Edu+ compared to SMC persons with Edu- (p < 0.05). 

S. Lopez et al.                                                                                                                                                                                                                                    



Neurobiology of Aging 137 (2024) 62–77

70

Fig. 3. Effect Of Amyloidosis And Cognitive Reserve On Posterior Resting-State Electroencephalographic (rsEEG) Alpha Power Density. Mean values (± standard error of the 
mean, SE, log-transformed) of normalized resting-state electroencephalographic (rsEEG) power density in persons with subjective memory complaint negative 
(SMCneg) and positive (SMCpos) to the biomarker for Alzheimer’s disease amyloidosis in the brain measured by positron emission tomography (amyPET). More 
specifically, those values refer to 1) two groups (SMCneg and SMCpos seniors), 2) two education levels, namely lower and higher (Edu- and Edu+), 3) five regions of 
interest (ROIs; frontal, central, parietal, occipital, and temporal), and 4) eight frequency bands (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). 
The ANOVA showed a statistically significant 3-way interaction effect (F(28, 4032) = 2.0204, p = 0.00116) among the factors Group, Education, Band, and ROI. The 
rectangles indicate the scalp regions and frequency bands in which the rsEEG power density presented a statistically significant pattern: Edu+ ∕= Edu- in the SMCneg 
and SMCpos senior groups (Duncan post hoc test, p < 0.05). The rsEEG results of the present study were based on the analysis performed from those 68 scalp 
electrodes of the 10–10 montage system. 
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hoc analysis (using FDR correction for multiple comparisons, p < 0.05). 

3.6. Effect of the education attainment on rs-fMRI connectivity in the 
SMCneg and SMCpos groups 

No statistically significant interaction effects were observed among 
Group, Education, and ROI factors (p > 0.05) for the rs-fMRI connec
tivity between the thalamus/BF and the resting-state cortical networks 
(VN, DMN, and CNTR). The Grubbs’ test showed no outlier in the dis
tribution of the rs-fMRI connectivity (p < 0.001; Figure 4). To describe 
available data analytically, we reported the rs-fMRI connectivity 
matrices in the four groups of participants among all the 119 regions in 
the Supplementary Materials (Figure SM3, see Supplementary 
Materials). 

3.7. Effect of education attainment and brain amyloid accumulation on 
the association between rs-fMRI connectivity and posterior rsEEG alpha 
rhythms 

As core findings of the present study, the linear regression models 
showed a statistically significant interacting effect of both Group 
(SMCneg and SMCpos) and Education (Edu- and Edu+) predictors on the 
positive association between the Thalamus-VN rs-fMRI connectivity and 
the posterior (parietal, temporal, and occipital) rsEEG alpha 3 power 
density (p < 0.05). Table 2 illustrates the details of these statistically 
significant results. These results are illustrated in Figure 5. For the 
SMCneg seniors, the Edu+ group showed a significantly positive asso
ciation between the global vertical-horizontal Thalamus-VN rs-fMRI 
connectivity and the parietal, occipital, and temporal rsEEG alpha 3 
power density (p < 0.05; FDR corrected). Along the same line, a sta
tistically significant effect of the Group (SMCneg and SMCpos) predictor 
in the regression analysis unveiled the positive association between that 
“intrinsic” rs-fMRI connectivity within the VN nodes and the occipital 
rsEEG alpha 3 power density (p < 0.05; Table SM4, see the Supple
mentary Materials). Finally, the moderation analysis showed a statisti
cally significant moderated moderation of Group and Education 
moderators on the above association between the VN-Thalamus rs-fMRI 

connectivity and the parietal, occipital, and temporal alpha 3 rsEEG 
power density (p < 0.05). In Table 3, the effect size of the moderated 
moderation effect, as estimated by R-squared change, evaluated by the 
test of highest-order unconditional interactions, is reported. 

Notably, these effects could not be explained by the following biases. 
The Gaussian features, linearity, homoscedasticity, and lack of outliers 
in residuals’ distributions were all confirmed (p < 0.05). The residual 
standard errors were low for all the above linear regression models, 
namely between 0.20 and 0.25. The mean temporal cortical thickness 
showed no statistically significant effect in the above models (p > 0.05). 

Interesting secondary findings resulting from the control analysis of 
the study were the following. A statistically significant effect of the 
Group (SMCneg and SMCpos) predictor in the regression analysis un
veiled the positive association between the BF-DMN rs-fMRI connec
tivity and the parietal and occipital rsEEG alpha 3 power density (p <
0.05; Table SM5, see the Supplementary Materials). For the SMCneg 
participants, there was a significant positive association between the BF- 
DMN rs-fMRI connectivity and the parietal rsEEG alpha 3 power density 
(p < 0.05; FDR corrected; Figure SM4, see the Supplementary Mate
rials). In contrast, the opposite association was observed for the SMCpos 
participants, even if this effect was not statistically significant (p >
0.05). Furthermore, a statistically significant effect of the Group 
(SMCneg and SMCpos) predictor in the regression analysis unveiled the 
positive association between the “intrinsic” rs-fMRI connectivity within 
the DMN nodes and the occipital rsEEG alpha 3 power density (p < 0.05; 
Table SM4, see the Supplementary Materials). 

No statistically significant effects were observed for the CNTR brain 
network (p > 0.05). 

4. Discussion 

In a previous study using the INSIGHT database collected in SMC 
persons (Dubois et al., 2018), CR (i.e., educational attainment) was 
associated with posterior rsEEG alpha rhythms (i.e., rsEEG power den
sity) as a function of the brain amyloid deposition measured by 
18F-florbetapir PET (amyPET; Babiloni et al., 2020b). In the present 
exploratory study, the same database was re-investigated to test the 

Fig. 4. Resting-State Functional Magnetic Resonance Imaging (rs-fMRI) Connectivity In The Extended Resting-State Brain Networks.Individual values of the global vertical- 
horizontal resting-state functional magnetic resonance imaging (rs-fMRI) connectivity involving the thalamus, BF, DMN, and VN. No statistically significant ANOVA 
interaction was observed among the factors Education (Edu- and Edu+), Group (SMCneg and SMCpos), and Node Pair (Thalamus-BF, Thalamus-DMN, Thalamus-VN 
for the first ANOVA; Thalamus-BF, BF-DMN, BF-VN for the second ANOVA; p > 0.05). Noteworthy, the Grubbs’ test showed no outliers from those individual values 
of the intrahemispheric rs-fMRI connectivity (arbitrary threshold at p < 0.001). SMC = subjective memory complaint,VN = visual network, DMN = default mode 
network, BF = basal forebrain. 
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novel hypothesis that posterior rsEEG alpha rhythms may be related to 
the rs-fMRI-based functional connectivity from (cholinergic) BF and 
thalamus to cortical visual networks supposed to be involved in the 
generation of those rhythms (Babiloni et al., 2020c). A particular in
terest was devoted to the possible interacting effects of the brain amy
loid burden and CR (i.e., educational attainment).. The multimodal 
methodological approach using molecular neuroimaging, structural and 
functional neuroimaging, and neurophysiological biomarkers allowed 
us to investigate the association between the posterior rsEEG alpha 
rhythms and the mentioned functional connectivity at an early stage of 
preclinical AD better to understand the brain reserve related to the CR in 
the disease model. 

In the present study, the SMC participants showed more brain 
amyloidosis burden and temporal lobe atrophy when they had higher 
CR, in line with the assumption of the compensatory processes associ
ated with high CR. These processes would avoid the manifestation of 
cognitive deficits despite brain neuropathology and neurodegeneration. 
Furthermore, the results showed a positive association between the rs- 
fMRI-based thalamic functional connectivity with the VN and the pos
terior rsEEG alpha rhythms in the SMC participants. Such an effect was 

affected by both brain amyloidosis and CR. In the SMC participants with 
high CR and negligible brain amyloidosis, the thalamic functional con
nectivity with the VN was positively correlated with the magnitude of 
the posterior rsEEG alpha rhythms. Notably, brain amyloidosis and CR 
moderated the association between the thalamic functional connectivity 
with the VN and those posterior rsEEG alpha rhythms. 

The present results extend to a preclinical stage of AD previous rsEEG 
and magnetoencephalographic (MEG) evidence showing abnormal 
cortical functional connectivity, especially in the posterior cortical 
areas, in AD patients with prodromal (i.e., MCI) and overt clinical 
manifestations of dementia (Babiloni et al., 2008, 2009; Blinowska et al., 
2017, Lopez et al., 2023; Koelewijn et al., 2017). Such abnormalities 
were further documented with higher spatial information content in rs- 
fMRI studies (Wang et al., 2021, Demirtaş et al., 2017; Skouras et al., 
2019). 

The present results also extend to a preclinical stage of AD previous 
multimodal rsEEG and rs-fMRI registrations showing that abnormalities 
in the rsEEG theta/alpha rhythms were associated with reduced rs-fMRI 
connectivity seeded in the posterior cortical areas in MCI patients with 
Alzheimer’s pathological burden (Jovicich et al., 2019). Furthermore, 
there was a loss of the normal positive association between the rsEEG 
alpha rhythms and the rs-fMRI signal in the posterior cortex in patients 
with dementia due to AD neuropathology (Brueggen et al., 2017). 

Keeping in mind these data, it can be speculated that the association 
between posterior rsEEG alpha rhythms and rs-fMRI-based functional 
connectivity in the thalamic and visual networks may represent a sub
stantial aspect of the brain reserve associated with the CR (e.g., educa
tion attainment) in the SMC persons unaffected by the Alzheimer’s 
amyloid pathology. Notably, they showed posterior rsEEG alpha 
rhythms higher compared to the SMC persons affected by Alzheimer’s 
amyloid pathology and a certain medial temporal lobe atrophy. There
fore, such brain reserve might have a neuroprotective effect. As a nov
elty of the present results, this aspect of the brain reserve (i.e., the 
association between the rsEEG alpha rhythms and functional connec
tivity in the visual networks) may be affected by Alzheimer’s amyloid 
pathology even at an early preclinical AD stage. However, at that stage, 
the brain reserve may still be able to compensate for Alzheimer’s amy
loid pathology. Indeed, the SMC persons affected by Alzheimer’s amy
loid pathology showed posterior rsEEG alpha rhythms lower compared 
to the SMC persons unaffected by that pathology. Along this speculative 
line, it can be hypothesized that brain reserve due to the CR may 
partially counteract the clinical effects of brain neurodegeneration and 
white-matter dysconnectivity in SMC persons, thus delaying the onset of 
MCI and dementia over time (Mortamais et al. 2014; Pettigrew et al., 
2017). This hypothesis should be tested in future longitudinal studies 
using the present methodological approach. 

The above data and speculations suggest that the brain reserve 
associated with high CR (e.g., education attainment) may be at least in 
part reflected by the association between the posterior rsEEG alpha 
rhythms and the functional connectivity within the visual network 
estimated from rs-fMRI signals. Along this line, previous multimodal 
rsEEG-rs-fMRI studies in healthy adults showed that these two neuro
physiological correlates were related to each other. Parietal-occipital 
rsEEG alpha rhythms were associated with rs-fMRI signal in the thal
amus and in cortical visual regions (Feige et al., 2005; Goldman et al., 
2002; Gonçalves et al., 2006; Moosmann et al., 2003; Jaeger et al. 2023). 
Furthermore, the occipital rsEEG alpha reactivity during eye-opening 
was associated with the subcortical white-matter connectivity to the 
occipital cortex (Wan et al., 2019). 

At the present early stage of the research, we cannot draw a 
conclusive interpretation of the neurophysiological mechanisms un
derlying the brain reserve due to high CR, reflected in an enhanced as
sociation between the posterior rsEEG alpha rhythms and the functional 
connectivity within the visual networks. We can only provide the 
following tentative neurophysiological model based on established 
neuroscientific knowledge. In the condition of resting state with eyes 

Table 2 
Effect Of Amyloidosis And Cognitive Reserve On The Association Between The 
Resting-State Functional Magnetic Resonance Imaging (rs-fMRI) Connectivity And 
The Posterior Resting-State Electroencephalographic (RsEEG) Alpha Rhythms.   

F 
value 

p-value β 
coefficient 

Standard 
Error 

(a) Parietal alpha 3 rsEEG power density 
Intercept  0.9245  0.33814  0.52427  0.54524 
Group  0.1127  0.73762  0.02632  0.07839 
Education  2.6268  0.10759  0.11703  0.07221 
Thalamus-VN  0.1771  0.67464  -0.20085  0.47733 
Inferior Parietal 

Thickness  
0.0074  0.93167  0.02024  0.23564 

Group*Education  3.8202  0.05  -0.24311  0.12438 
Group* Thalamus-VN  1.1103  0.29404  0.77204  0.73268 
Education* Thalamus-VN  4.1018  0.04  1.20467  0.59481 
Group*Education* 

Thalamus-VN  
5.4895  0.02  -2.45397  1.04737 

(b) Occipital alpha 3 rsEEG power density 
Intercept  0.0561  0.81312  0.16448  0.69427 
Group  0.1926  0.66153  0.04125  0.09400 
Education  3.1245  0.07956  0.15311  0.08662 
Thalamus-VN  0.0679  0.79490  -0.14994  0.57555 
Occipital Thickness  0.5831  0.44652  0.27176  0.35588 
Group*Education  3.3739  0.06861  -0.27367  0.14899 
Group* Thalamus-VN  1.1784  0.27978  0.94852  0.87379 
Education* Thalamus-VN  3.2380  0.07436  1.28594  0.71463 
Group*Education* 

Thalamus-VN  
5.1463  0.02501  -2.77174  1.22181 

(c) Temporal alpha 3 rsEEG power density 
Intercept  0.0074  0.93165  -0.04402  0.51223 
Group  0.3757  0.54105  -0.03558  0.05804 
Education  1.9689  0.16305  0.07497  0.05343 
Thalamus-VN  0.0271  0.86951  -0.05840  0.35474 
Temporal Thickness  1.3770  0.24285  0.22199  0.18918 
Group*Education  0.4203  0.51800  -0.06123  0.09446 
Group* Thalamus-VN  1.6126  0.20649  0.68561  0.53990 
Education* Thalamus-VN  2.6183  0.10816  0.71263  0.44041 
Group*Education* 

Thalamus-VN  
4.5614  0.03465  -1.61048  0.75406 

Table 2. Results of linear regression models showing the effect on the resting- 
state electroencephalographic (rsEEG) power density dependent variable (pa
rietal, occipital, and temporal alpha 3rsEEG power density) of the following 
predictors: Group (SMCneg and SMCpos), Education (Edu- and Edu+), Parietal, 
Occipital, and Temporal Lobe Thickness, Thalamus-VN resting-state functional 
Magnetic Resonance Imaging (rs-fMRI) connectivity, and their 2- and 3-way 
interactions. Statistically significant effects are highlighted in red (p < 0.05; 
uncorrected). The rsEEG results of the present study were based on the analysis 
performed from those 68 scalp electrodes of the 10–10 montage system. VN =
visual network. 
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closed, dominant rsEEG alpha rhythms in posterior scalp regions would 
mainly reflect a global inhibition of the visual-spatial cortical regions 
through a significant 8–12 Hz oscillatory synchronization of the activity 
in diffuse neural populations within (visual-spatial) sensory thalamo
cortical as well as (visual-spatial) sensory and associative cortico
thalamic inhibitory and control circuits that (1) dampen the global 
arousal in posterior visual-spatial cortical areas and (2) gate and filter 
out irrelevant external sensory information during quiet levels of 

vigilance/consciousness with mind wandering, introspection, etc. and in 
task-related conditions (Klimesch, 1999; Pfurtscheller and Lopes da 
Silva, 1999; Pineda, 2005; Jansen and Mazaheri, 2010; Clayton et al., 
2018; Babiloni et al., 2020c). Given the neurophysiological model of 
alpha rhythm generation, the present results suggest that in SMC persons 
with no significant brain amyloidosis, neuroprotective processes un
derpinning high CR may empower such synchronization in the 8–10 
oscillatory activity of those brain neural populations generating the 

Fig. 5. Effect Of Amyloidosis And Cognitive Reserve On The Association Between Thalamus-Visual Network (VN) rs-fMRI Connectivity And The Posterior rsEEG Alpha 
Rhythms In SMC Sub-Groups. Plots of the parietal (upper left), occipital (upper right), and temporal (lower) resting-state electroencephalographic (rsEEG) alpha 3 
power density (estimated marginal means by Linear Regression Model) in the subjective memory complaint (SMC)neg (left) and SMCpos (right) groups expressing the 
association with the Thalamus-VN resting-state functional magnetic resonance imaging (rs-fMRI) connectivity. Resting-state functional magnetic resonance imaging 
(rs-fMRI) connectivity values are defined as the bilateral ’Fisher’s z-scores. Inside each graph, the statistically significant association calculated by the subgroup 
analysis using estimated marginal means are highlighted in red (p < 0.05; false discovery rate, FDR, corrected), as well as the slope coefficients and p-values. Il
lustrations are adjusted for inferior parietal and occipital thickness using estimated marginal means. 

Table 3 
Moderated Moderation Analysis.  

Moderated Moderation model Constant Coefficient t-value p-value LLCI ULCI R-squared change 

(a) Parietal alpha 3 rsEEG power density 
VN-Thalamus XGroup X Edu  0.9245  0.33814  0.52427  0.54524  -4.2524  -0.4500 0.0398 

(b) Occipital alpha 3 rsEEG power density 
VN-Thalamus XGroup X Edu  -2.7291  1.1641  -2.3443  0.0205  -5.0310  -0.4273 0. 0370 

(c) Temporal alpha 3 rsEEG power density 
VN-Thalamus XGroup X Edu  -1.6105  0.7541  -2.1357  0.0347  -3.1029  -0.1181 0. 0330 

Table 3. Results of the moderated moderation analysis on the association between the resting-state functional magnetic resonance imaging (rs-fMRI) connectivity and 
resting-state electroencephalographic (rsEEG) biomarkers using both Group (SMCneg, SMCpos) and Education (Edu-, Edu+) as moderators. Statistically significant 
associations are highlighted in red (p < 0.05). R-squared change values are reported to describe the test of highest-order unconditional interaction. Legend: LLCI: lower 
limit confidence interval at 95%; ULCI: upper limit confidence interval at 95%. 
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dominant rsEEG alpha rhythms in posterior visual and visuospatial 
cortical areas, as inhibitory modulation of their cortical arousal from 
thalamocortical inputs. This empowered neurophysiological oscillatory 
mechanism might be neuroprotective for the brain and cognitive status 
along with aging (Jovicich et al., 2019; Babiloni et al., 2020a). 

At the spatial macroscale level, it was previously shown that 
compared to SMC persons with low CR, those with high CR were char
acterized by a greater cerebral cortex thickness (Vaqué-Alcázar et al., 
2017). Furthermore, the CR modulated the effects of subcortical lesions 
in the white matter on the risk of developing deficits from MCI to 
mild-to-moderate dementia in a large cohort of healthy older persons 
(Mortamais et al., 2014). Overall, CR may be associated with an 
ensemble of structural and functional neuroprotective factors that may 
delay the onset of cognitive deficits along with aging. 

At the spatial mesoscale and microscale levels, neuroprotective 
processes underpinning the CR may induce a beneficial effect for AD on 
the neuronal membrane ionic channels and local thalamic circuits, 
generating rhythmic action potentials at the alpha frequency range. This 
circuit and the alpha rhythms would be modulated from cholinergic 
basal forebrain neurotransmission by after-depolarization potentials due 
to the opening of sodium ionic channels in those thalamocortical neu
rons (Hughes and Crunelli, 2005). Furthermore, the Pulvinar nucleus of 
the thalamus would modulate alpha rhythms in several posterior visual 
cortical areas concerning attention processes (Liu et al., 2012). 

Considering the above neurophysiological model and the findings of 
the present study, we may speculate that in physiological conditions, 
neuroprotective processes underpinning the CR may promote plasticity, 
making more efficient the communication and coordination between 
glutamatergic corticothalamic pyramidal neurons, cholinergic basal 
forebrain neurons, and thalamocortical relay neurons, so preserving 
global cognitive status in aged persons (Nicolas et al., 2020). Its effect 
may be disrupted by Aβ neuropathology, which may impair metabo
tropic glutamatergic neurotransmission to cholinergic BF neurons with 
excitotoxicity due to abnormal calcium homeostasis (Gu et al., 2014). 

4.1. Methodological limitations 

The present results should be interpreted keeping in mind the 
methodological limitations discussed in the following paragraphs. 

This is a monocentric clinical study with a relatively limited enroll
ment of SMC participants and relatively poor statistical power for their 
stratification based on brain amyloidosis and educational attainment. 
Indeed, the size effect of these findings may be relatively low due to the 
intrinsic variability of the posterior rsEEG alpha rhythms and the mea
sures of rs-fMRI connectivity between the thalamus and visual cortical 
networks. This explanation would be supported by the relatively low- 
middle effect size achieved (it was measured by partial eta-squared for 
ANOVA and R-squared change for moderated moderation analysis). 
Therefore, we reported a statistical threshold with p < 0.05 corrected 
and an exploratory liberal threshold of p < 0.05 uncorrected for multiple 
comparisons. We did not preregister the study analytic plan in the public 
domain for its exploratory nature. For mature clinical studies, such 
registration is a good practice for transparency and replicability of 
experimental results. 

The neuroimaging method for brain amyloid quantification was 
conservative to avoid false positive detection of AD neuropathology (i. 
e., it was chosen on its performance in distinguishing clinical AD from 
controls rather than for its detection of modestly but significantly 
elevated amyloid). 

The study database included only rs-fMRI and rsEEG data recorded 
separately, so the association between the "true" associations between rs- 
fMRI functional connectivity and posterior rsEEG rhythms may be 
stronger and more extended from simultaneous rs-fMRI and rsEEG 
recordings. 

Only baseline datasets were available in the enrolled SMC partici
pants. Therefore, we could not experimentally test the "neuroprotective" 

and "compensatory" hypotheses following the evolution of the clinical 
status over time. In this article, we used those theoretical constructs for 
the tentative explanation of some effects observed in the rsEEG rhythms 
based on quoted literature findings. 

Due to the limited human resources available, the EEG data were 
analyzed only at the scalp electrode level, and we could not perform a 
control whole-brain connectivity analysis from the rs-fMRI data. 

Considering the above limitations, the present results should be 
cross-validated by a future multicentric, longitudinal study with (i) 
simultaneous rs-fMRI and rsEEG recordings performed in a larger cohort 
of SMC participants and (ii) more resources for data analysis and 
modeling. Such a study will allow (i) greater statistical power, (ii) a 
complementary whole-brain connectivity analysis from rsEEG-fMRI 
datasets, (iii) the analysis of rsEEG source activity and connectivity, 
and (iv) more conservative post-hoc tests with the correction for mul
tiple comparisons. 

In that future cross-validation study, the follow-ups will allow testing 
of the "neuroprotective" value of high posterior rsEEG alpha rhythms 
recorded in the SMCneg participants. The increased amplitude of these 
rhythms may predict a relatively stable SMC condition at long-term 
follow-ups. Similarly, the follow-ups will also allow testing of the 
"compensatory" processes inferred from low posterior rsEEG alpha 
rhythms recorded in the SMCpos participants with high CR (Edu+). The 
low amplitude of these rhythms, reflecting abnormal brain neural syn
chronization mechanisms compensated by the high CR, may predict a 
relatively fast decline from SMC to cognitive deficits at long-term follow- 
ups. 

We are not in the position to perform whole-brain partial-last-square 
cross-validation in the EEG-fMRI datasets, so we are not able to modify 
the seed-to-seed connectivity approach. We hypothesize an association 
between posterior rsEEG rhythms and integrity of a "global" vertical- 
horizontal network involving the ascending cholinergic neuro
modulatory systems, including BF and thalamus, and VN, which is in 
line with the seminal study by Wan et al. (2019). 

The non-simultaneous acquisition of the rsEEG and fMRI signals and 
the intrinsic low spatial resolution of rsEEG techniques and global 
vertical-horizontal rs-fMRI connectivity approach limits this 
interpretation. 

5. Conclusions 

The present study tested the hypothesis that in SMC seniors, the as
sociation between the functional connectivity involving the (cholin
ergic) BF, thalamus, and visual cortical networks and the posterior 
rsEEG alpha rhythms may be affected by brain amyloid burden and 
educational attainment, as a proxy of CR. 

The main results can be summarized as follows. In the SMC partici
pants with lower brain amyloidosis and higher CR, there was a positive 
association between the thalamic functional connectivity with the VN 
and the posterior rsEEG alpha rhythms. 

These results suggest that CR was associated with thalamocortical 
functional connectivity and arousal in the visual and visuospatial pos
terior cortical areas in cognitively unimpaired old persons, as revealed 
by rsEEG alpha rhythms. Alzheimer’s disease neuropathology disrupted 
this CR influence. Overall, early AD stages with SMC may affect the 
thalamic-cortical neurophysiological oscillatory mechanisms underpin
ning the regulation of quiet vigilance/consciousness levels despite the 
CR. Notably, this dimension of the clinical manifestations is presently 
neglected and untreated in the AD clinical guidelines despite its well- 
known impact on patients’ quality of life (Babiloni, 2022a). Future 
studies may use the present methodological multimodal approach to 
improve our brain’s neurophysiological and connectome model of vig
ilance dysregulations in the early AD stages. 
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