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ARTICLE INFO ABSTRACT

Keywords: Are posterior resting-state electroencephalographic (rsEEG) alpha rhythms sensitive to the Alzheimer’s disease
Resting state electroencephalographic (rsEEG) mild cognitive impairment (ADMCI) progression at a 6-month follow-up? Clinical, cerebrospinal, neuroimaging,
rh}’thms o o and rsEEG datasets in 52 ADMCI and 60 Healthy old seniors (equivalent groups for demographic features) were
x;l;sc:ir;gll\\/f[ecgnpalrmem due to Alzheimer’s available from an international archive (www.pdwaves.eu). The ADMCI patients were arbitrarily divided into
Alzheimer’s disease progression two groups: REACTIVE and UNREACTIVE, based on the reduction (reactivity) in the posterior rsEEG alpha
prog
Exact Low-resolution Brain Electromagnetic eLORETA source activities from the eyes-closed to eyes-open condition at > —10% and —10%, respectively. 75%
Source Tomography (eLORETA) of the ADMCI patients were REACTIVE. Compared to the UNREACTIVE group, the REACTIVE group showed (1)
less abnormal posterior rsEEG source activity during the eyes-closed condition and (2) a decrease in that activity
at the 6-month follow-up. These effects could not be explained by neuroimaging and neuropsychological bio-
markers of AD. Such a biomarker might reflect abnormalities in cortical arousal in quiet wakefulness to be used
for clinical studies in ADMCI patients using 6-month follow-ups.
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1. Introduction

Recent National Institute of Aging (NIA) and Alzheimer’s Association
(AA) guidelines posit that an AD diagnosis for research applications can
be based on biomarkers derived from in-vivo measurement of
amyloidosis (“A”), tauopathy (“T”), and neurodegeneration (“N”) from
the brain of patients living with AD, regardless their disease clinical
manifestations (Jack et al., 2018). Those “A” and “T” biomarkers can be
derived from cerebrospinal fluid (CSF) or positron emission tomography
(PET) mapping. In contrast, “N” biomarkers can result from structural
magnetic resonance imaging (sMRI) or fluorodeoxyglucose (FDG) PET
mapping (Jack et al., 2018). This interesting neural model of AD is
known as the NIA-AA Framework and is an important reference for field
research.

In the NIA-AA Framework, there is no reference to how AD-related
neuropathology and neurodegeneration may affect neurophysiological
oscillatory mechanisms involving neuromodulatory subcortical
ascending and cortical systems underpinning general cortical arousal
and sleep-wake cycle (Hughes and Crunelli, 2005; Crunelli et al., 2015).
Notably, these mechanisms promote the summation of action and
post-synaptic potentials at cortical pyramidal neurons, producing
detectable changes in the ongoing electromagnetic fields measured at
the scalp level during wakefulness (Pfurtscheller and Lopes da Silva,
1999). These fields may be probed by the recording of ongoing
scalp-recorded electroencephalographic (EEG) activity, which has a
modest spatial resolution of some centimeters but a very high temporal
resolution (milliseconds) to measure those rhythms spanning about
1-40 Hz during a resting state condition with eyes closed (Babiloni et al.,
2020a; Babiloni et al., 2021b), namely the resting-state EEG (rsEEG)
rhythms.

The rsEEG rhythms have been considered as candidate neurophysi-
ological biomarkers to integrate the neural AD model of the NIA-AA
Framework based on literature evidence (Babiloni et al., 2020a,
2020b, 2021a; Rossini et al., 2018, 2020). As compared to the control
seniors with intact cognition (Healthy), AD patients with mild cognitive
impairment (ADMCI) and dementia (ADD) were characterized by higher
magnitude in rsEEG rhythms at delta (< 4 Hz) and theta (4-7 Hz) fre-
quencies in widespread cortical regions as well as by lower magnitude in
rsEEG rhythms at alpha (8-13 Hz) and beta (14-30 Hz) frequencies in
central and posterior cortical regions; these effects were typically dis-
cussed as possibly due to the death of cortical neurons, axonal pathol-
ogy, and cholinergic neurotransmission deficits (Babiloni et al., 2020,
2021; Rossini et al., 2020). Regarding cholinergic neurotransmission,
posterior rsEEG alpha rhythms were lower in magnitude in ADMCI pa-
tients with greater than lower impairment in the cholinergic basal
forebrain tract to the posterior cortex (Babiloni et al., 2009). Further-
more, posterior rSEEG alpha rhythms were lower in magnitude at 1-year
follow-ups in ADD patients who did not clinically respond to the therapy
with Acetylcholinesterase inhibitors (Babiloni et al., 2006).

The rsEEG rhythms have optimal features as candidate neurophysi-
ological biomarkers of AD progression. In previous studies performed in
healthy adults, they were found to be reproducible and reliable over
time. It was shown that rsEEG power density spectra around the alpha
frequencies were highly correlated (> 90%) between two rsEEG re-
cordings performed with a retest interval of about 15 months (Napflin
et al., 2007). Similar correlations (> 90% for alpha bands) were
observed between two rsEEG recordings performed with retest intervals
of 25-62 months (Kondacs and Szabo, 1999). Furthermore, even
broadband rsEEG power density measures were highly correlated with a
retest interval from 5 min (> 90%) to about 1 month (> 80%) when 1
min of artifact-free EEG data was considered (Salinsky et al., 1991).
Notably, slightly lower correlations (> 75% for alpha and beta bands)
were reported in another study between two rsEEG recordings per-
formed with retest intervals of 90 min and 1 month (Duan et al., 2021).
The differences in the above findings may be mainly due to the different
study procedures for the preliminary and spectral analysis of rsEEG data.
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Several studies in AD patients have tested if rSEEG biomarkers can
track the disease progression at 12 months or longer follow-ups.
Compared to baseline recording sessions, ADD patients were charac-
terized by a higher magnitude in rsEEG delta-theta rhythms (Soininen
et al., 1989) at a follow-up of about 12 months, while ADMCI showed a
lower magnitude in posterior rsEEG alpha rhythms at that follow-up
(Babiloni et al., 2013). In another study, a group of ADMCI patients
showed higher magnitude posterior rsEEG theta-delta rhythms and
decreased rsEEG alpha-beta rhythms at a follow-up of 21 months (Jelic
et al., 2000). Compared to MCI patients unaffected by AD, the ADMCI
patients presented a higher magnitude in posterior rsEEG theta rhythms
at a follow-up of 24 months (Jovicich et al., 2019). Furthermore, ADD
patients were characterized by a higher magnitude in rsEEG delta-theta
rhythms and a lower magnitude in rsEEG alpha rhythms at a follow-up
of 24 months (Sloan and Fenton, 1993), while a higher magnitude in
posterior rsEEG theta-delta rhythms and a lower magnitude in rsEEG
alpha-beta rhythms were reported at a follow-up of 30 months (Coben
et al., 1985).

The above results suggest that rsEEG alpha rhythms may reflect
progressive abnormalities in the neurophysiological oscillatory mecha-
nisms underpinning quiet wakefulness in ADD and ADMCI patients,
although some variability in the spatial and frequency of the reported
effects, especially at the dominant rsEEG alpha frequencies, motivated
us to propose the following methodological approach (Babiloni et al.,
2022). We arbitrarily qualified alpha rhythms as those having (1) a
posterior maximum magnitude during the eyes-closed condition and (2)
a significant reduction in that magnitude during the eyes-open condition
according to the well-known phenomenon -called reactivity or
desynchronization of posterior rsEEG alpha rhythms, described for the
first time by Hans Berger in 1929 (Berger, 1929; Gloor, 1994). Specif-
ically, we arbitrarily defined a threshold for the rsEEG alpha-reactivity
from the eyes-closed to -open condition at equal or greater than —
10%. Furthermore, we defined the bands of the alpha rhythms indi-
vidually with the so-called individual alpha frequency peak, 1AFp
(Klimesch, 1999). In a reference study of our Consortium, this meth-
odological approach showed a lower percentage of participants with
substantial eyes-open reactivity in the posterior rsEEG alpha rhythms in
the ADD patients (77%) than in the Healthy (93%) seniors (Babiloni
et al., 2022).

The present study tested the hypothesis that in ADMCI patients
showing a consistent magnitude of rsEEG alpha rhythms in the eyes-
closed condition and a substantial reactivity in the transition to the
eyes-open condition (arbitrarily defined as equal or greater than —10%;
Babiloni et al., 2022), the posterior rsEEG alpha rhythms during the
eyes-closed condition may be sensitive to the disease progression at the
6-month follow-up. Three groups of participants were considered: (1)
the experimental group of ADMCI patients with rsEEG alpha reactivity
during the eyes-open condition > —10%; (2) the control group of ADMCI
patients with rsEEG alpha reactivity during the eyes-open condition <
—10%; and (3) the control group of matched cognitively unimpaired
(Healthy) participants. The two ADMCI groups received the rsEEG re-
cordings at the baseline and the 6-month follow-up, while the Healthy
group received only one rsEEG recording.

2. Materials and methods
2.1. Participants

We used the data from the PDWAVES Consortium archive (www.
pdwaves.eu) to test this hypothesis. Specifically, we used clinical, neu-
ropsychological, genetic, cerebrospinal fluid (CSF), magnetic resonance
imaging (MRI), and rsEEG data collected from 52 ADMCI patients and
60 Healthy participants matched for age, sex, and education. They were
previously recruited from the following clinical units: the Sapienza
University of Rome (Italy), the University of Genoa (Italy), the Medipol
University of Istanbul (Turkey), the Izmir University (Turkey), the
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Institute for Research and Evidence-based Care (IRCCS) “Fate-
benefratelli” of Brescia (Italy), the IRCCS SDN of Naples (Italy), the
IRCCS Oasi Maria SS of Troina (Italy), and the IRCCS San Raffaele Pisana
of Rome (Italy). All participants received (1) rsEEG recording in the
conditions of eyes closed and open, (2) clinical and neuropsychological
testing, and (3) structural MRIs at the baseline (T0) and a follow-up of 6
months (T6).

According to the NIA-AA guidelines, the diagnosis of AD was typi-
cally based on the positivity to the Ap1-42/phospho-tau ratio in the CSF
considering the APOEe4 status (See Supplementary Materials, 1. Cere-
brospinal fluid Ap42/P-tau cutoffs in patients with amnesic mild cognitive
impairment); in some cases, it was based on biomarkers of (1) brain
hypometabolism, derived from 18 F-fluorodeoxyglucose positron emis-
sion tomography (FDG-PET), and (2) atrophy of the hippocampus, pa-
rietal, temporal, and posterior cingulate regions as revealed by
volumetric MRIs (Albert et al., 2011; Jack et al., 2018). That positivity
was judged by the physicians in charge of releasing the clinical diagnosis
to the patients, according to the local diagnostic routine of the partici-
pating clinical Units.

The clinical inclusion criteria for the selection of the ADMCI patients
were as follows: (1) age of 55-90 years; (2) reported memory complaints
confirmed by a relative; (3) Mini-Mental State Evaluation (MMSE) score
of 24 or higher; (4) Clinical Dementia Rating (CDR) score of 0.5 (Morris,
1993); (5) logical memory test (Wechsler, 1987) score of 1.5 standard
deviations (SD) lower than the mean adjusted for age; (2) the cognitive
deficits had not to interfere significantly with the functional indepen-
dence in the activities of daily living; (6) Geriatric Depression Scale
(15-item GDS; Brown and Schinka, 2005) score of 5 or lower; (7)
modified Hachinski ischemia (Rosen et al., 1980) score of 4 or lower; (8)
education of 5 years or higher; and (8) amnesic syndrome within single
or multi-domain MCI status.

The clinical exclusion criteria for the selection of the ADMCI patients
were as follows: (1) other significant neurological, systemic, or psychi-
atric illness; (2) mixed dementing disease; (3) actual participation in a
clinical trial using disease-modifying drugs; (4) systematic use of anti-
depressant drugs, including those with anticholinergic side effects; (5)
chronic use of neuroleptics, narcotics, analgesics, sedatives or hypnotics
(i.e., benzodiazepines); (6) anti-parkinsonian medications (cholines-
terase inhibitors and Memantine allowed); (7) diagnosis of epilepsy or
report of seizures or epileptiform EEG signatures in the past; and (8)
major depression disorders described in the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5).

In all ADMCI patients, APOE4 genotyping and AD-relevant CSF
biomarkers were assessed in a neurobiological definition of AD in line
with the NIA-AA Research Framework (Jack et al., 2018). The CSF
samples were preprocessed, frozen, and stored in line with the Alz-
heimer’s Association Quality Control Programme for CSF biomarkers
(Mattsson et al., 2011). Dedicated single-parameter colorimetric enzy-
me-linked immunosorbent assay ELISA kits (Innogenetics, Ghent,
Belgium) were used to measure amyloid beta 1-42 (i.e., Ap42). Levels of
the protein tau (i.e., total tau, t-tau) and a phosphorylated form of tau at
residue 181 (i.e., p-tau) were also measured. From one frozen aliquot of
CSF, the assays were run parallel according to the manufacturer’s in-
structions. Each sample was assessed in duplicate. A standard sigmoidal
curve was plotted to allow the quantitative expression (pg ml™!) of
measured light absorbance. All ADMCI patients in the present study
were positive for the CSF Af42/p-tau biomarker with a threshold
defined in a previous investigation of our Workgroup (Marizzoni et al.,
2019). In that investigation, the positivity cut-off to that CSF Ap42/p-tau
biomarker was 15.2 for APOE4 carriers and 8.9 for APOE4 non-carriers.
In the present study, all ADMCI patients with APOE4 status had the CSF
Ap42/p-tau lower than 15.2, whereas the ADMCI patients without
APOE4 status had the CSF Af42/p-tau lower than 8.9.

Furthermore, in all ADMCI patients, relevant MRI markers were
measured at baseline and 6-month follow-up. All MRI scans were per-
formed using 3.0 Tesla machines. The MRI protocol consisted of several
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acquisitions, including two anatomical T1, anatomical T2, fluid-atten-
uated inversion recovery (FLAIR), and diffusion tensor imaging scans.
Only anatomical T1 scans were available for all units and were analyzed
in the present study. The centralized MRI analysis visually inspected all
data for quality assurance before extracting the MRI biomarkers. Spe-
cifically, we checked that there were no gross partial brain coverage
errors or major visible artifacts, including motion, wrap-around, radio
frequency interference, and signal intensity or contrast in-
homogeneities. The two anatomical T1 scans were averaged, and the
anatomical scans obtained were analyzed using FreeSurfer version 5.1.0
to automatically generate (1) MRI-based volumes of the hippocampus
and lateral ventricle (normalized with respect to the total intracranial
volume, TIV) for the left and right hemispheres and (2) MRI-based
cortical thicknesses of the parahippocampal gyrus, fusiform gyrus, en-
torhinal cortex, precuneus, and cuneus for the left and right
hemispheres.

In all ADMCI patients, global cognitive status and performances in
various cognitive domains (e.g., episodic memory, language, executive
function, attention, and visuospatial function) were assessed at the
baseline and the 6-month follow-up. Specifically, (1) global cognitive
status was tested by MMSE and Alzheimer’s Disease Assessment Sca-
le-Cognitive Subscale (ADAS-Cog; Folstein et al., 1975; Rosen et al.,
1984); (2) episodic memory was assessed by immediate and delayed
recall of Rey Auditory Verbal Learning Test (Rey, 1968); (3) language
function was evaluated by 1-min Verbal fluency test for letters (Novelli
et al., 1986) and 1-min Verbal fluency test for category (fruits, animals
or car trades; Novelli et al., 1986); (4) executive functions and attention
were tested by Trail making test (TMT) parts A and B (Reitan, 1958); and
(5) visuospatial functions were assessed by Clock drawing test
(Freedman et al., 1994).

The use of selective serotonin reuptake inhibitors (SSRIs),
noradrenaline reuptake inhibitors (SNRIs), acetylcholinesterase in-
hibitors (AChEIs), and inhibitors of N-methyl-D-aspartate receptors
(iNMDARs) were allowed in all ADMCI patients. The ADMCI patients
using those drugs could take their medications immediately after the
rsEEG experiments, which were planned in the late morning. Therefore,
the ADMCI patients delayed the intake of their medications only for a
few hours during their routine.

All Healthy seniors underwent a cognitive screening (including
MMSE and GDS) and physical and neurological examinations to exclude
subjective memory complaints (SMCs), cognitive deficits, and mood
disorders. They had an MMSE score equal to or greater than 27, a CDR
score equal to 0, and a GDS score lower than the threshold of 5 (no
depression) or were evaluated as having no depression after an inter-
view with a physician or a clinical psychologist at the time of the
enrolment. The Healthy seniors with previous or present neurological or
psychiatric disease were excluded. Furthermore, the Healthy seniors
affected by any chronic systemic illnesses (e.g., diabetes mellitus) were
excluded, as were the Healthy seniors taking chronically psychoactive
drugs. Unfortunately, the Healthy datasets were not available at the 6-
month follow-up.

Table 1 summarizes the most relevant demographic (i.e., age, sex,
and education attainment) and clinical (i.e., MMSE score) features
observed in the Healthy (N = 60) and ADMCI (N = 52) groups.
Furthermore, Table 1 reports the results of the presence or absence of
statistically significant differences (p < 0.05) between the two groups
for age (T-test), sex (Fisher test), educational attainment (T-test), and
MMSE score (Mann Whitney U test). As expected, a statistically signif-
icant difference was found in the MMSE score (p < 0.00001), showing a
higher score in the Healthy than the ADMCI group. On the contrary, no
statistically significant differences were found in the age, sex, and
educational attainment between the groups (p > 0.05).

Table 2 reports the most relevant clinical (i.e., GDS, CDR, and
Hachinski Ischemic Score), genetic (i.e., APOE genotyping), and CSF (i.
e., Ap42, t-tau, p-tau, and Ap42/ p-tau) features in the ADMCI group (N
= 52). Table 2 also reports the number and the percentages of ADMCI
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Table 1
Demographic and clinical data in healthy and ADMCI.

Healthy ADMCI Statistical analysis
N 60 52
Age (years, mean + SE) 69.1 + 69.6 + T-test = n.s.
0.9 0.9
Sex (M/F) 28/32 20/32 Fisher test = n.s.
Education (years, mean 11.0 + 11.3 + T-test = n.s.
+ SE) 0.6 0.6
MMSE (scores, mean + 28.6 + 26.5 + Mann-Whitney U test: p <
SE) 0.2 0.3 0.00001

Table 1. Mean values ( =+ standard error of the mean, SE) of the demographic and
clinical data as well as the results of their statistical comparisons (p < 0.05) in
the groups of cognitively normal older adults (Healthy, N = 60) and patients
with mild cognitive impairment due to Alzheimer’s disease (ADMCI, N = 52).
Legend: M/F = males/females; n.s. = not significant (p > 0.05); MMSE = Mini-
Mental State Evaluation.

Table 2
Clinical, genetic (APOE), cerebrospinal fluid markers, and drugs in the ADMCI
group.

Clinical markers

Geriatric depression scale (GDS) 2.6 £0.2
Clinical dementia rating (CDR) 0.5+ 0.0
Hachinski ischemic score (HIS) 0.8 +0.1
Genetic marker

APOE4 (%) 81%
Cerebrospinal fluid markers

AB42 (pg/ml) 502 + 20
p-tau (pg/ml) 84+5
t-tau (pg/ml) 592 + 44
Ap42/p-tau 7.0 + 0.4
Drugs

Selective serotonin reuptake inhibitors (SSRIs; N, %) 25% (N = 13)

Selective serotonin and noradrenaline reuptake inhibitors (SNRIs, 7.7% (N = 4)
N, %)
Acetylcholinesterase inhibitors (AChEIs; N, %) 15.4% (N =
8)
Antagonists of N-methyl-D-aspartate receptors (aNMDARs, N, %) 0% (N =0)

Table 2. Mean values ( + SE) of the clinical (i.e., Geriatric Depression Scale,
Clinical Dementia Rating, and Hachinski Ischemic Score), genetic (i.e., Apoli-
poprotein E genotyping, APOE), and cerebrospinal fluid (i.e., beta-amyloid 1-42,
AP 42; protein tau, t-tau; a phosphorylated form of the protein tau, p-tau; and Ap
42/ p-tau ratio) data in the ADMCI patients (N = 52). In line with the inclusion
criteria, all ADMCI patients had a CDR score of 0.5, a GDS score of < 5, and an
HIS score of < 4. The number and percentages of ADMCI patients assuming the
selective serotonin reuptake inhibitors (SSRIs), selective serotonin and
noradrenaline reuptake inhibitors (SNRIs), acetylcholinesterase inhibitors
(AChEIs), and antagonists of N-methyl-D-aspartate receptors (aNMDARs) are
also reported.

patients assuming the following drug classes: selective serotonin reup-
take inhibitors (SSRIs), noradrenaline reuptake inhibitors (SNRIs),
acetylcholinesterase inhibitors (AChEIs), and inhibitors of N-methyl-D-
aspartate receptors (iNMDAR:s).

The local institutional Ethical Committees approved the study. All
experiments were performed with each participant or caregiver’s
informed and overt consent, in line with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) and the standards estab-
lished by the local Institutional Review Board.

2.2. The rsEEG recordings

The electrophysiological data were recorded by professional digital
EEG systems licensed for clinical applications. The following digital EEG
systems were used: BrainAmp 32-Channel DC System (Brain Product
GmbH, Germany), Waveguard caps (ANT Neuro, The Netherlands), EB
Neuro-BE LIGHT (EB Neuro, Italy), Galileo NT Line - EB Neuro (EB
Neuro, Italy), and EB Neuro- Sirius BB (EB Neuro, Italy).
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As mentioned above, the rsEEG recordings were performed at the
baseline and the 6-month follow-up in the ADMCI patients and just at
the baseline in the Healthy seniors.

All rsEEG recordings were performed in the late morning. The rsEEG
recordings were performed in all participants using at least 19 scalp
exploring electrodes, placed according to the 10-20 system. The selected
electrode location is illustrated in the Supplementary Materials (see
Figure SM1).

The ground electrode was attached to the right clavicle or on the
forehead, while linked earlobes (A1 and A2) or Fpz were the active
reference for all the electrodes during recording. Electrode impedance
was maintained below 5 kQ; continuous EEG data were recorded at
128-1024 Hz sampling frequency and related antialiasing bandpass
between 0.01 Hz and 60-100 Hz. Horizontal and vertical electrooculo-
graphic (EOG) potentials (0.3-70 Hz bandpass) were also recorded to
control eye movements and blinking.

The participants were seated in a comfortable armchair during the
rsEEG recording and instructed to remain awake, psychophysically
relaxed (no movement), and with the mind freely wandering (no mental
planning or cognitive operations). Based on the instructions given by an
experiment, each rsEEG recording lasted 3-5 min in the condition of
eyes closed, followed by 3-5 min in the condition of eyes open. The
experimenter supervised participants during the rsEEG recording to
monitor adherence to the protocol. The experimenter instructed par-
ticipants to adhere to the protocol if needed. All deviations by the pro-
tocol and verbal interventions were annotated and used during the
phase of rsEEG data analysis.

2.3. Preliminary rsEEG data analysis

The rsEEG data were centrally analyzed by experts blinded to the
participants’ diagnosis by the Sapienza University of Rome unit. The
recorded rsEEG data were exported as a European data format (.edf) file
and then processed offline using the EEGLAB toolbox (Delorme and
Makeig, 2004; version eeglab14_1_2b) running in the MATLAB software
(Mathworks, Natick, MA, USA; version: R2014b). The rsEEG data were
divided into epochs lasting 2 s (i.e., 5 min = 150 rsEEG epochs of 2 s for
each experimental condition) and analyzed offline.

Afterward, the EEG datasets were analyzed by a 3-step procedure
aimed at detecting and removing (1) recording channels (electrodes)
showing prolonged artefactual rsEEG activity due to bad electric con-
tacts or other reasons, (2) rsEEG epochs with artifacts at recording
channels characterized by general good signals, and (3) intrinsic com-
ponents of the rsEEG epochs with artifacts.

The first step was based on a visual analysis of the recorded rsEEG
activity by two independent experimenters among six experts (i.e., C.D.
P, G.N,, S.L., F.T., and D.J.) for a first identification of the selected
electrodes affected by irremediable artifacts. Indeed, no more than 3
selected electrodes were removed for each participant. For the clinical
units with a digital EEG system using > 19 exploring electrodes, the
removed electrodes were substituted with the nearest electrodes not
included among the 19 selected electrodes. The added electrodes were
then used together with the artifact-free selected electrodes to compute
the interpolation of artifact-free rsEEG data at all scalp sites of the
removed electrodes (EEGLAB toolbox, Delorme A and Makeig S, 2004;
version eeglabl4_1_2b), thus ensuring that all participants had artifact-
free EEG data at the locations of the 19 selected electrodes.

The second step was based on a visual analysis of the recorded rsEEG
activity by two of the mentioned independent experimenters (i.e., C.D.P,
G.N,, S.L., F.T., and D.J.) for the first selection of artefactual rsEEG
epochs. The rsEEG epochs contaminated by muscular, ocular, head
movements, or non-physiological artifacts were removed.

The third step was implemented by an independent component
analysis (ICA) from the EEGLAB toolbox, applied to remove the ICA
components representing the residual artifacts due to (1) blinking and
eye movements, (2) involuntary head movements, (3) neck and shoulder
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muscle tensions, and (4) electrocardiographic activity (Crespo-Garcia
et al., 2008; Jung et al., 2000). For each rsEEG dataset, fewer than five
ICA components were removed from the original ICA solutions based on
19 ICA components. In the third step, the rsEEG datasets were recon-
structed with the remaining (artifact-free) ICA components. The puta-
tive artifact-free rSEEG epochs were visually double-checked again by
two of the mentioned independent experimenters (i.e., C.D.P, G.N., S.L.,
F.T., and D.J.) to confirm or make the final decision about the inclusion
or the exclusion of each of those rsEEG epochs.

The artifact-free EEG data for the common 19 electrodes were used
as input for two additional methodological steps. The first additional
step served to harmonize rsEEG data recorded by the clinical units using
different reference electrodes and sampling frequency rates. The rsEEG
data were frequency-band passed at 0.5-45 Hz and down-sampled,
when appropriate, to make the sampling rate of all artifact-free rSEEG
datasets in the Healthy and ADMCI participants equal to 128 Hz.
Furthermore, all those rsEEG epochs were re-referenced to the common
average reference.

The second additional step minimizes the habituation effects in the
rsEEG data recorded during the eyes-open condition. Only the first
minute of those rsEEG data (when the rsEEG alpha reactivity is supposed
to be well-represented) was considered in the further analyses.

As aresult of the above procedures, the artifact-free epochs showed a
similar proportion (> 75%) of the total amount of rsEEG activity
recorded in the two groups of participants (i.e., Healthy and ADMCI) and
all rsEEG recordings (baseline and 6-month follow-up for the ADMCI
participants).

2.4. Spectral analysis of the rsEEG epochs

A standard digital FFT-based analysis (Welch technique, Hanning
windowing function, no phase shift) computed the power density of
artifact-free rsEEG epochs at all 19 scalp electrodes (0.5 Hz of frequency
resolution). From those spectral solutions, the rsEEG frequency bands of
interest were individually identified based on the following frequency
landmarks: the transition frequency (TF) and the alpha-background
frequency (BGF) observed in the eyes-closed condition. In the eyes-
closed rsEEG power density spectrum, the TF was defined as the mini-
mum rsEEG power density between 3 and 8 Hz, while the individual
alpha-BGF peak was defined as the maximum power density peak be-
tween 6 and 14 Hz. As mentioned in the Introduction, that frequency is
also called IAFp (Klimesch, 1999). The TF and alpha-BGF were
computed for each participant involved in the study. Based on the TF
and alpha-BGF, we estimated the individual delta, theta, and alpha-BGF
bands as follows: delta from TF — 4 Hz to TF — 2 Hz, theta from TF — 2
Hz to TF, low alpha-BGF (BGF 1 and BGF 2) from TF to alpha-BGF peak,
and high-frequency alpha-BGF (or BGF 3) from alpha-BGF to BGF + 2
Hz. Specifically, the individual alpha-BGF 1 and alpha-BGF 2 bands were
computed as follows: BGF 1 from TF to the frequency midpoint of the
TF-BGF range and BGF 2 from that midpoint to the BGF peak. Suppose
IAFp is observed at 9 Hz in a given participant. In that case, the indi-
vidual alpha 1 sub-band typically ranges from 5 to 7 Hz, the individual
alpha 2 sub-band from 7 to 9 Hz, and the individual alpha 3 sub-band
from 9 Hz to 11 Hz. Notably, Dr. Klimesch’s work showed that these
individual alpha sub-bands are differently associated with (de)syn-
chronization of EEG alpha rhythms related to general vigilance (arousal)
level, attention, and memory functions (Klimesch, 1997, 1999; Vogt
et al., 1998). Notably, in the present study, the BGFs were arbitrarily
denoted as “alpha rhythms” if there was a substantial reduction in
magnitude (reactivity) of the rsEEG rhythms at the alpha range from the
eyes-closed to the eyes-open condition, as explained in another section
of this chapter on the methodology.

The other bands were defined based on the standard fixed frequency
ranges used in the reference rsEEG studies of our Consortium (Babiloni
etal., 2017a, 2017b, 2019, 2020b): beta 1 from 14 to 20 Hz, beta 2 from
20 to 30 Hz, and gamma from 30 to 40 Hz.
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Figure 1 illustrates an example of the global scalp normalized eyes-
closed rsEEG power density spectrum with frequency bands definition.

2.5. Cortical sources of rsEEG epochs as computed by eLORETA

Previous reference articles of our Consortium described the proced-
ures for the rsEEG cortical source estimations (Babiloni et al., 2017a,
2017b, 2019, 2020b). We used the official freeware tool called exact
LORETA (eLORETA) to linearly estimate the cortical source activity
generating scalp-recorded rsEEG rhythms (Pascual-Marqui, 2007). The
present implementation of the eLORETA freeware uses a head volume
conductor model composed of the scalp, skull, and brain. In the scalp
compartment, the exploring electrodes can be virtually positioned to
give EEG data as an input to the source estimation (Pascual-Marqui,
2007). The brain model is based on a realistic cerebral shape from a
template typically used in neuroimaging studies, namely that of the
Montreal Neurological Institute (MNI152 template). The eLORETA
freeware solves the so-called EEG inverse problem from scalp-recorded
EEG activity, estimating the associated “neural” current density values
at any cortical voxel of the mentioned head volume conductor model.
The cortical source solutions are computed at each voxel of the brain
model and each frequency bin.

For the estimation of EEG cortical source activities (i.e., the eLOR-
ETA solutions), the input is the EEG spectral power density computed at
the 19 scalp electrodes. This estimation is performed in the electrical
brain source space formed by 6239 voxels with 5 mm resolution,
restricted to the cortical grey matter of the head volume conductor
model. Into each voxel, an equivalent current dipole is located to
represent the mean ionic currents generated by the local populations of
cortical pyramidal neurons. The eLORETA package provides the
Talairach coordinates, the lobe, and the Brodmann area (BA) for each
voxel of the brain model.

The eLORETA solutions from the rsEEG data were normalized by the
following procedure. We averaged the eLORETA solutions across (1) the
two experimental conditions (i.e., resting-state eyes-closed and eyes-
open conditions), (2) all frequency bins from 0.5 to 45 Hz, and (3)
6239 voxels of the brain model volume to obtain the eLORETA “mean”
solution. Afterward, we computed the ratio between any original
eLORETA solution at a given condition/frequency-bin/voxel and the
eLORETA mean solution. As a result, any original eLORETA solution at a
given condition/frequency-bin/voxel changed to a normalized eLOR-
ETA solution.

In line with the general low spatial resolution of the current EEG
methodological approach (i.e., 19 scalp electrodes), we performed a
regional analysis of the eLORETA solutions. For this purpose, we sepa-
rately collapsed the eLORETA solutions within frontal, central, parietal,
occipital, temporal, and limbic macro-regions (ROIs). The BAs used for
the ROIs considered in the present study can be found in the supple-
mentary materials. (Table SM01).

For the present eLORETA cortical source estimation, a frequency
resolution of 0.5 Hz was used, namely, the maximum frequency reso-
lution allowed using 2-s artifact-free EEG epochs.

2.6. The computation of the rsEEG alpha-background frequency (BGF)
reactivity

To analyze the rsEEG alpha-BGF reactivity from the eyes-closed to
the eyes-open condition, we considered the eLORETA source solutions
estimated in the central, parietal, and occipital ROIs. Based on the
reference rsEEG studies of our Consortium (Babiloni et al., 2017a,
2017b, 2019, 2020b), the rsEEG alpha-BGF reactivity was measured at
the alpha-BGF 2 frequency band, which showed the maximum source
activities in the Healthy participants during the eyes-closed condition.

The reactivity-dependent variable for the statistical analyses was
obtained by averaging the eLORETA alpha-BGF 2 source solutions in the
central, parietal, and occipital ROIs. To avoid habituation effects in the
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Fig. 1. Example of global scalp normalized power density spectrum from eyes-closed resting-state electroencephalographic (rsEEG) rhythms in humans. For each
frequency bin (0.5-45 Hz), such a spectrum was calculated by averaging the normalized scalp rsEEG power density values across all 19 electrodes of a 10-20
montage system. The rsEEG frequency bands of interest were individually identified based on the following frequency landmarks: transition frequency (TF) and
alpha-background frequency (BGF) peak. According to Dr. W. Klimesch (1999), the alpha-BGF peak is also called the individual alpha frequency peak (IAFp). The
low-frequency alpha-BGF sub-bands, such as alpha 1 (BGF 1) and alpha 2 (BFG 2), range from the TF to the alpha-BGF peak (IAFp). Furthermore, the high-frequency
alpha sub-band, alpha 3 (e.g., BGF 3), ranges from the alpha-BGF peak to + 2 Hz. The delta and theta parts of the rSEEG power density spectrum denote the frequency
bands at lower frequencies with respect to the alpha (BGF) bands. In healthy adults, the rsEEG rhythms from the eyes-closed condition show a dominant, ample
power density peak at the alpha (BGF) band at parietal and occipital scalp electrodes. Furthermore, this peak significantly reduces its power density during the

eyes-open resting-state condition (not shown).

eyes-open condition, that reactivity was computed based on the eLOR-
ETA solutions estimated during the first minute of the rsEEG recordings
(when the rsEEG alpha-BGF reactivity is maximum). As no significant
habituation effect was described in the eyes-closed condition, eELORETA
solutions were estimated during all five minutes of the rSEEG recordings
in that condition.

The rsEEG alpha-BGF reactivity from the eyes-closed to the eyes-
open condition was computed by the following formula:

eyes open — eyes closed « 100

Reactivity (%) = eyes closed

According to this definition, the percent negative values (i.e., weaker
alpha-BGF source activities during the eyes-open than the eyes-closed
condition) indexed a reduction (reactivity) in the source alpha-BGF ac-
tivities from the eyes-closed to the eyes-open condition (Babiloni et al.,
2010; Del Percio et al., 2011). On the contrary, the percent positive
values (i.e., greater BGF source activities during the eyes-open than the
eyes-closed condition) indexed an increase in the source alpha-BGF ac-
tivities from the eyes-closed to the eyes-open condition.

The individual values of the reactivity (%) of the central-parietal-
occipital rsSEEG (eLORETA) alpha-BGF 2 source activity from the eyes-
open (1 min) to the eyes-closed (5 min) condition for all Healthy
(N =60) and ADMCI (N = 52) participants are illustrated in Supple-
mentary Materials (4. Details on individual rsEEG data analysis and the
statistical results of rsEEG source solutions; Figure SM2). For the ADMCI
participants, those individual values are plotted for the rsEEG recordings
at baseline and 6-month follow-up.

In the present study, we applied an arbitrary threshold for the alpha-
BGF source reactivity of — 10% (Babiloni et al., 2022). Based on this
threshold, we identified 5 Healthy participants and 13 ADMCI patients
who did not exhibit significant BGF reactivity at the baseline, such
reactivity defined above. Thus, the BGF-2 source reactivity was detected
in 55 out of 60 Healthy seniors and 39 out of 52 ADMCI patients at the
baseline. In the following analyses, we will refer to them as
alpha-reactive participants. Moreover, the BGF-2 source reactivity was
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detected in 32 out of 39 alpha-reactive ADMCI patients at the 6-month
follow-up. In the following analyses, we will refer to them as 6-month
follow-up alpha-reactive participants. Table SM2 of the Supplemetary
Materialals illustrates the relevant demographic (i.e., age, sex, and ed-
ucation attainment) and clinical (i.e., MMSE score) features in the sub-
groups of the alpha-reactive Healthy seniors (N =55) and
alpha-reactive ADMCI patients (N = 39). Furthermore, this table re-
ports the results of the presence or absence of statistically significant
differences (p < 0.05) between the two subgroups for age (T-test), sex
(Fisher test), educational attainment (T-test), and MMSE score (Mann
Whitney U test). As expected, a statistically significant difference was
found for the MMSE score (p < 0.00001), showing a higher score in the
alpha-reactive Healthy than the alpha-reactive ADMCI subgroup. On the
contrary, no statistically significant differences were found in age, sex,
and educational attainment between the subgroups (p > 0.05; see also
Supplementary Materials, 4. Details on individual rsEEG data analysis and
the statistical results of rsEEG source solutions; Table SM02).

The subgroups of alpha-reactive ADMCI participants (N = 39) clin-
ical (i.e., GDS, CDR, and Hachinski Ischemic Score), genetic (i.e., APOE
genotyping), and CSF (i.e., AB42, t-tau, p-tau, and Ap42/ p-tau) and
percentages of the ADMCI patients assuming the following drug classes:
selective serotonin reuptake inhibitors (SSRIs), noradrenaline reuptake
inhibitors (SNRIs), acetylcholinesterase inhibitors (AChEIs), and in-
hibitors of N-methyl-D-aspartate receptors (iNMDARs) is reported; see
Supplementary materials Table SMO03.

The relevant demographic (age, sex, educational attainment) clinical
(i.e., GDS, CDR, and Hachinski Ischemic Score), genetic (i.e., APOE
genotyping), CSF (i.e., Ap42, t-tau, p-tau, and Ap42/ p-tau), and the
percentages of the ADMCI patients assuming the drug classes mentioned
above for the subgroups of 6-month follow-up alpha-reactive ADMCI
patients (N = 32) is also reported; see Supplementary materials Table
SMO04.
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2.7. Statistical analysis of the rsEEG source activity

Three statistical sessions were performed by the commercial tool
STATISTICA 10 (StatSoft Inc., www.statsoft.com) to test the control
hypothesis and the two working hypotheses. In all the statistical ses-
sions, an ANOVA was computed using the eyes-closed rsEEG source
activities (i.e., regional normalized eLORETA solutions) as a dependent
variable (p < 0.05). Mauchly’s test evaluated the sphericity assumption,
and degrees of freedom were corrected by the Greenhouse-Geisser
procedure when appropriate (p < 0.05). Duncan test was used for
posthoc comparisons using a statistical threshold of p < 0.05 Bonferroni
corrected for the planned contrasts.

It is well-known that the use of ANOVA models implies that depen-
dent variables approximate Gaussian distributions, so we tested this
feature in the regional normalized eLORETA current densities of interest
by the Kolmogorov-Smirnov test. The hypothesis of Gaussian distribu-
tions was tested at p > 0.05 (i.e., p > 0.05 = Gaussian, p < 0.05 = non-
Gaussian). As the distributions of the regional normalized eLORETA
current densities were not Gaussian in several cases, all eLORETA var-
iables underwent the log10 (x + 1) transformation (log10 transformed)
and re-tested (p > 0.05 = Gaussian). Such a transformation is a popular
method to transform skewed data distribution with all positive values
(as regional normalized eLORETA current densities are) to Gaussian
distributions, thus augmenting the reliability of the ANOVA results.
Indeed, the outcome of the procedure approximated the distributions of
all regional normalized eLORETA current densities to Gaussian distri-
butions (p > 0.05 = Gaussian), allowing the use of the ANOVA model.

The results of the following statistical analyses were controlled by
the iterative (leave-one-out) Grubbs’ test detecting for the presence of
one or more outliers in the distribution of the eLORETA source solutions.
The null hypothesis of the non-outlier status was tested at the arbitrary
threshold of p < 0.01 to remove only individual values with a high
probability of being outliers.

The first ANOVA tested the control hypothesis that the eyes-closed
rsEEG source activities (i.e., regional normalized eLORETA solutions)
were abnormal in the ADMCI group (N =52) as compared to the
Healthy group (N = 60). The ANOVA factors were Group (Healthy and
ADMCI), Band (delta, theta, BGF1, BGF2, BGF3, beta 1, beta 2, and
gamma), and ROI (frontal, central, parietal, occipital, temporal, and
limbic). The confirmation of the control hypothesis may require the
following results: (1) a statistically significant ANOVA effect including
the factor Group (p < 0.05) and (2) a post-hoc Duncan test indicating
statistically significant (p < 0.05 Bonferroni corrected) differences in
the eyes-closed rsEEG source activities between the Healthy and ADMCI
groups (i.e., Healthy # ADMCI, p < 0.05 Bonferroni corrected).

The second ANOVA evaluated the first working hypothesis that the
eyes-closed rsEEG source activities (i.e., regional normalized eLORETA
solutions) were abnormal in the alpha-reactive ADMCI group (N = 39)
as compared to the alpha-reactive Healthy group (N = 55). The ANOVA
factors were Group (alpha-reactive Healthy and alpha-reactive ADMCI),
Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma),
and ROI (frontal, central, parietal, occipital, temporal, and limbic). The
confirmation of the control hypothesis may require: (1) a statistically
significant ANOVA effect including the factor Group (p < 0.05) and (2) a
post-hoc Duncan test indicating statistically significant (p < 0.05 Bon-
ferroni corrected) differences in the eyes-closed rsEEG source activities
between the alpha-reactive Healthy group and the alpha-reactive
ADMCI group (i.e., alpha-reactive Healthy # alpha-reactive ADMCI,
p < 0.05 Bonferroni corrected).

The third ANOVA evaluated the second working hypothesis that the
eyes-closed rsEEG source activities (i.e., regional normalized eLORETA
solutions) deteriorated across time (6 months) in the 6-month follow-up
alpha-reactive ADMCI group (N = 32). The ANOVA factors were Time
(baseline and 6-month follow-up), Band (delta, theta, alpha 1, alpha 2,
alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal,
occipital, temporal, and limbic). The confirmation of this second
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working hypothesis may require: (1) a statistically significant ANOVA
effect including the factor Time (p < 0.05) and (2) a post-hoc Duncan
test indicating statistically significant (p < 0.05 Bonferroni corrected)
differences in the rsEEG source activities between the baseline and 6-
month follow-up in the 6-month follow-up alpha-reactive ADMCI par-
ticipants (i.e., baseline # follow-up, p < 0.05 Bonferroni corrected). We
further evaluate the effect size of the statistically significant post-hoc
comparisons by means of Cohen’s d (statistical power of 0.8).

3. Results

3.1. Individual frequencies and distributions of rsEEG source activities in
the Healthy and ADMCI groups

The mean TF was 5.7 Hz ( £+ 0.1 SE) in the Healthy group (N = 60)
and 5.2 Hz ( &+ 0.2 SE) in the ADMCI group (N = 52). Furthermore, the
mean BGF was 9.1 Hz ( £ 0.1 SE) in the Healthy group and 8.9 Hz
(£ 0.2 SE) in the ADMCI group. The T-tests of these data showed that
the mean TF was greater in the Healthy than in the ADMCI group
(p < 0.005). No statistically significant difference was found for the
mean BGF (p > 0.05).

The results of the first statistical session about the eyes-closed rsEEG
source activities in all participants are illustrated in Figure 2. It shows
the mean values ( + SE, log 10 transformed) of the regional rsEEG
(eLORETA) source activities during the eyes-closed condition in the
Healthy (N = 60) and ADMCI (N = 52) groups. The distribution of those
source activities differed across the groups, the ROIs, and the bands. In
the Healthy group, as a physiological reference, the temporal, parietal,
and occipital (eLORETA) alpha-BGF2 and alpha-BGF3 source activities
showed dominant values among all ROIs. Relatively low values in all
ROIs characterized delta, theta, and alpha-BGF1 source activities, while
the beta and gamma source activities were generally very low.
Compared to the Healthy group, posterior rsEEG alpha-BGF2, and alpha-
BGF3 source activities were substantially lower in the ADMCI group.
Furthermore, the ADMCI group exhibited increased widespread delta
and theta source activities.

Based on these input data, the ANOVA results showed a statistical
interaction effect (F(35, 3850) = 3.67, p < 0.00001) among the factors
Group (Healthy and ADMCI), Band (delta, theta, alpha-BGF1, alpha-
BGF2, and alpha-BGF3, beta 1, beta 2, and gamma), and ROI (frontal,
central, parietal, occipital, temporal, and limbic). The Duncan planned
post-hoc (p < 0.05 Bonferroni correction for 8 Bands X 6 ROIs,
p < 0.05/48 = 0.001) testing produced the following core results: (1)
the discriminant pattern Healthy < ADMCI was fitted by the frontal,
central, parietal, occipital, and temporal delta source activities
(p < 0.00005 - 0.000005) as well as the frontal, parietal, occipital, and
temporal theta source activities (p < 0.0001 - 0.000005); and (2) the
discriminant pattern Healthy > ADMCI was fitted by the central, pari-
etal occipital, temporal, and limbic alpha-BGF2 source activities
(p < 0.0005 - 0.000005) as well as the central, parietal, occipital, tem-
poral, and limbic alpha-BGF3 source activities (p < 0.00005 -
0.000001). The size effects of these statistical post-hoc results, computed
by Cohen’s d, are reported in Supplementary Materials (4. Details on
individual rsEEG data analysis and the statistical results of rsEEG source
solutions, Table SMO05). The following variables showed a substantial
effect size (higher than 0.5): parietal, occipital, and temporal delta
source activities; parietal, occipital, and temporal theta source activities;
and central alpha 3 source activity.

The above findings were not due to outliers from those individual
regional normalized eLORETA current densities (log 10 transformed), as
shown by Grubbs’ test with an arbitrary threshold of p > 0.001.

3.2. Individual frequencies and distributions of rsEEG source activities in
the alpha-reactive Healthy and alpha-reactive ADMCI groups

The mean TF was 5.7 Hz ( &+ 0.1 SE) in the alpha-reactive Healthy
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Fig. 2. The rectangles indicate the ROIs and frequency bands in which the eLORETA solutions showed statistically significant effects on Healthy # ADMCI (p < 0.05
Bonferroni corrected). Legend: alpha background frequency 1, 2, and 3 (alpha-BGF1, alpha-BGF2, and alpha-BGF3).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in Healhty and
Alzheimer’s disease mild cognitive impairment (ADMCI) groups. (b) These rsEEG source estimates refer to a statistical ANOVA interaction among the factors Group
(Healthy, N = 60; ADMCI, N = 52), Band (delta, theta, alpha-BGF1, alpha-BGF2, and alpha-BGF3, betal, beta2, and gamma), and Region of Interest, ROI (frontal,
central, parietal, occipital, temporal, and limbic).

group (N =55) and 5.2 Hz (+ 0.2 SE) in the alpha-reactive ADMCI The results of the second statistical session about the eyes-closed
group (N =39, 75% of the whole group of the ADMCI patients). rsEEG source activities in the alpha-reactive participants are illus-
Furthermore, the mean BGF was 9.1 Hz ( + 0.1 SE) in the alpha-reactive trated in Figure 3. It shows the mean values ( &+ SE, log 10 transformed)
Healthy group and 9.0 Hz ( + 0.2 SE) in the alpha-reactive ADMCI of the regional rSEEG (eLORETA) source activities during the eyes-
group. The T-tests of these data showed that the mean TF was greater in closed condition in the alpha-reactive Healthy group (N = 55) and the
the Healthy than in the ADMCI groups (p < 0.01). No statistically sig- alpha-reactive ADMCI group (N = 39). The distribution of those source
nificant difference was found for the mean BGF (p > 0.05). activities differed across the Groups, the ROIs, and the Bands. Compared
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Fig. 3. The alpha reactivity threshold was set at > —10%. The rectangles indicate the cortical regions and frequency bands in which the eLORETA solutions showed
statistically significant effects on alpha-reactive Healthy # alpha-reactive ADMCI (p < 0.05 Bonferroni corrected).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in alpha-reactive
Healthy and ADMCI groups. (b) These rsEEG source estimates refer to a statistical ANOVA interaction among the factors Group (alpha-reactive Healthy, N = 55;
alpha-reactive ADMCI, N = 39), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal, occipital, temporal,
and limbic).
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to the alpha-reactive Healthy group, the alpha-reactive ADMCI group
exhibited a substantial decrease in central, parietal, temporal, and
limbic rsEEG alpha 2 and alpha 3 source activities. Furthermore, the
ADMCI group exhibited increased widespread delta and theta source
activities. Based on these input data, the ANOVA results showed a sta-
tistical interaction effect (F(35, 3220) = 2.7, p < 0.00001) among the
following factors: Group (Healthy and ADMCI), Band (delta, theta, alpha
1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, cen-
tral, parietal, occipital, temporal, and limbic). The Duncan planned post-
hoc (p < 0.05 Bonferroni correction for 8 Bands X 6 ROIs, p < 0.05/
48 = 0.001) testing produced the following core results: (1) the
discriminant pattern Healthy < ADMCI was fitted by the frontal, central,
parietal, occipital, and temporal delta source activities
(p < 0.001-0.000001) as well as the frontal, parietal, occipital, and
temporal theta source activities (p < 0.0001 - 0.000001); and (2) the
discriminant pattern Healthy > ADMCI was fitted by the central, pari-
etal, temporal, and limbic alpha 2 source activities (p < 0.0005 -
0.00001) as well as the central, parietal temporal, and limbic alpha 3
source activities (p < 0.00001 - 0.000005). The effect size of these sta-
tistical post-hoc results, computed by Cohen’s d, is reported in Supple-
mentary Materials (4. Details on individual rsEEG data analysis and the
statistical results of rsEEG source solutions, Table SM06). The following
variables showed a substantial effect size (higher than 0.5): central,
parietal, occipital, and temporal delta source activities; parietal, occip-
ital, and temporal theta source activities; central alpha 3 source activity.
These above findings were not due to outliers from those individual
regional normalized eLORETA current densities (log 10 transformed), as
shown by Grubbs’ test with an arbitrary threshold of p > 0.001.

3.3. Individual frequencies and distributions of rsEEG source activities in
the 6-month follow-up alpha-reactive ADMCI group

In the 6-month follow-up alpha-reactive ADMCI group (N = 32), the
mean TF was 5.1 Hz ( & 0.1 SE) at the baseline and 5.3 Hz ( & 0.2 SE) at
the 6-month follow-up. Furthermore, the mean BGF was 9.1 Hz ( + 0.1
SE) at the baseline and 8.7 Hz ( & 0.2 SE) at the 6-month follow-up. No
statistically significant difference was found for the mean TF and the
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mean BGF (T-test, p > 0.05).

The results of the third statistical session about the eyes-closed rsEEG
source activities in the 6-month follow-up alpha-reactive ADMCI
(N = 32) are illustrated in Figure 4. This Figure shows the mean values
( + SE, log 10 transformed) of the regional rsEEG (eLORETA) source
activities during the eyes-closed condition at the baseline and the 6-
month follow-up in the alpha-reactive ADMCI group (N = 32). The
distribution of those source activities differed across the Time, the ROIs,
and the Bands. The 6-month follow-up alpha-reactive ADMCI group
exhibited a substantial decrease in posterior rsEEG alpha 2 and alpha 3
source activities as well as temporal beta 1 and beta 2 source activities
after 6 months. Furthermore, the 6-month follow-up alpha-reactive
ADMCI group exhibited an increase in frontal, central, and parietal delta
and theta source activities after 6 months. Based on these input data, the
ANOVA results showed a statistical interaction effect (F(35, 1085)
=1.6, p < 0.006) among the factors Time (Baseline and Follow-up),
Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and
gamma), and ROI (frontal, central, parietal, occipital, temporal, and
limbic). The Duncan planned post-hoc (p < 0.05 Bonferroni correction
for 8 Bands X 6 ROIs, p < 0.05/48 = 0.001) testing produced the
following core results: (1) the discriminant pattern Baseline < Follow-up
was fitted by the frontal, central, and parietal delta source activities
(p < 0.0001 - 0.000005) as well as the central and parietal theta source
activities (p < 0.0005 - 0.0001); and (2) the discriminant Baseline
> Follow-up was fitted by: (i) the central, parietal, occipital, temporal,
and limbic alpha 2 source activities (p < 0.00005 - 0.00001); (ii) the
central, occipital, parietal temporal, and limbic alpha 3 source activities
(p < 0.0001 - 0.00001); (iii) the temporal beta 1 source activity
(p < 0.00001); and (iv) temporal beta 2 source activity (p < 0.0001).
The effect size of these statistical post-hoc results, computed by Cohen’s
d, is reported in Table 3. The following variables showed a small effect
size (higher than 0.2): frontal, central, and parietal delta source activ-
ities; central and parietal theta source activities. Other variables showed
small to medium size effects (from 0.2-0.5): central, parietal, occipital,
temporal, and limbic alpha 2 and alpha 3 source activities. Finally, the
temporal beta 1 and beta 2 source activities showed medium to large
size effects (higher than 0.7).
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Fig. 4. The alpha reactivity threshold was set at > —10%. The rectangles indicate the cortical regions and frequency bands in which the eLORETA solutions showed
statistically significant effects on pattern alpha-reactive Baseline # 6-month Follow-up (p < 0.05 Bonferroni corrected).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in the ADMCI group
alpha-reactive (N = 32) at the baseline and the 6-month follow-up. (b) These rsEEG source estimates refer to a statistical ANOVA interaction among the factors Time
(Baseline and 6-month Follow-up), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal, occipital, temporal,

and limbic).
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Table 3
Duncan post-HOC comparisons, Cohen’s d effect size.

ADMCI BASELINE vs ADMCI FOLLOW-UP ALPHA-

REACTIVE
Delta Frontal p < 0.0002, — 0.18
Central p < 0.0009, — 0.32
Parietal p < 0.0008, — 0.26
Occipital
Temporal
Limbic
Theta Frontal -
Central p <0.001, — 0.28
Parietal p < 0.001, — 0.22
Occipital -
Temporal
Limbic
Alpha2  Frontal -
Central p < 0.000003, 0.34
Parietal p < 0.000004, 0.46
Occipital p < 0.000003, 0.53
Temporal  p < 0.000005, 0.41
Limbic p < 0.000004, 0.43
Alpha3  Frontal -
Central p < 0.000005, 0.33
Parietal p < 0.000004, 0.40
Occipital p < 0.000004, 0.44
Temporal  p < 0.000004, 0.40
Limbic p < 0.000005, 0.37
Beta 1 Frontal -
Central
Parietal -
Occipital p < 0.00001, 0.53
Temporal -
Limbic
Beta 2 Frontal
Central
Parietal -
Occipital p < 0.001, 0.70
Temporal p < 0.001, 0.74
Limbic

Table 3: The size effect (Cohen’s d) of the statistically significant post-hoc results
of the ANOVA interaction among the factors Time (ADMCI Baseline and 6-
month follow-up), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2,
gamma), and Region of interest (ROI; frontal, central, parietal, occipital, tem-
poral, and limbic). Legend: ADMCI = Alzheimer’s Disease due to Mild cognitive
impairment; F= frontal, C= central, P = parietal, O= occipital, T = temporal,
and L= limbic.

The above findings were not due to outliers from those individual
regional normalized eLORETA current densities (log 10 transformed), as
shown by Grubbs’ test with an arbitrary threshold of p > 0.001.

3.4. Control analyses

The results of the first control analysis showed a statistically signif-
icant ANOVA interaction effect (F(7, 217) = 5,69; p = 0.00001) be-
tween the factors Time (ADMCI Baseline and 6-month Follow-up) and
Band (delta, theta, alphal, alpha2, alpha3, betal, beta2 and gamma) on
the rsEEG source activities related to the eyes-closed condition in the
alpha-reactive ADMCI group at the baseline and 6-month follow-up
(N = 32). The alpha-reactive threshold was set at > —10%. Compared
to the baseline, the 6-month follow-up showed lower rsEEG alpha2 and
alpha3 source activities (Figure 5).

The Duncan planned post-hoc testing (p < 0.05 Bonferroni correc-
tion for 8 frequency bands, p < 0.05/8 = 0.006) showed that (1) the
discriminant pattern ADMCI baseline > 6-month follow-up was fitted by
the rsEEG alpha2 (p = 0.0002) and alpha3 (p = 0.001) source activities.
These findings were not due to outliers from those individual eLORETA
solutions (log10 transformed), as shown by Grubbs’ test with an arbi-
trary threshold of p > 0.001.

A second control analysis showed the eyes-closed rsEEG source ac-
tivities in the ADMCI group alpha-reactive at baseline and 6-month
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follow-up (N = 32). The threshold was set at > —15%. There was a
statistically significant ANOVA interaction effect (F = (7, 196)= 4.96;
p = 0.00003) between the factors Time (ADMCI Baseline and 6-month
Follow-up), and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1,
beta 2, and gamma). The Duncan planned post-hoc testing (p < 0.05
Bonferroni correction for 8 frequency bands, p < 0.05/8 = 0.0062)
showed the following results (Figure 6): (1) the discriminant pattern
ADMCI baseline < 6-month follow-up was fitted by higher rsEEG delta
(p = 0.0054) source activity and (2) the discriminant pattern ADMCI
baseline > 6-month follow-up was fitted by lower rsEEG alpha 2
(p = 0.0009) source activities. These findings were not due to outliers
from those individual eLORETA solutions (log10 transformed), as shown
by Grubbs’ test with an arbitrary threshold of p > 0.001.

A third control analysis showed the eyes-closed rsEEG source activ-
ities in the 6-month follow-up in the alpha-reactive ADMCI (N = 32).
The threshold was set at > —20%. There was a statistically significant
ANOVA interaction effect (F = (7, 189)= 4.42; p = 0.00010) between
the factors Time (ADMCI Baseline and 6-month Follow-up) and Band
(delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2 and gamma). The
Duncan planned post-hoc testing (p < 0.05 Bonferroni correction for 8
frequency bands, p < 0.05/8 = 0.0062) showed the following results
(Figure 7): (1) the discriminant pattern ADMCI baseline > 6-month
follow-up was fitted by the alpha 2 (p = 0.0006) source activities. These
findings were not due to outliers from those individual eLORETA solu-
tions (logl0 transformed), as shown by Grubbs’ test with an arbitrary
threshold of p > 0.001.

A fourth control analysis (p < 0.05 corrected) was performed to
evaluate whether the alpha-reactive Healthy (N = 55), alpha-reactive
ADMCI (Baseline and 6-month Follow-up, N = 32), and alpha no-
reactive ADMCI group (Baseline and 6-month Follow-up, N = 13) may
display some differences in the rsEEG alpha source activity estimated for
the eyes-closed condition. Figure 8 shows the regional rsEEG source
activities (i.e., regional normalized eLORETA solutions, log 10 trans-
formed) for a statistically significant ANOVA interaction effect (F(70,
3640) = 5.4; p = 0.00001) among the factors Group (Healthy reactive,
ADMCI reactive, and ADMCI no-reactive), Band (delta, theta, alpha 1,
alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central,
parietal, occipital, temporal, and limbic). The Duncan planned post-hoc
testing (p < 0.05 Bonferroni correction for 8 frequency bands X 6 ROIs =
25, p < 0.05/48 = 0.0010) showed the following results (Figure 8): (1)
the discriminant pattern Healthy alpha-reactive > ADMCI alpha-
reactive > ADMCI alpha no-reactive was fitted by the parietal
(p = 0.0002) alpha2 and (p = 0.00001) alpha3 source activities. (2) the
discriminant pattern Healthy reactive < ADMCI reactive < ADMCI no-
reactive was fitted by the parietal (p < 0.00001) delta source activ-
ities. These findings were not due to outliers from those individual
eLORETA solutions (log 10 transformed), as shown by Grubbs’ test with
an arbitrary threshold of p > 0.001.

We also compared demographical data, clinical data, the Body Mass
Index (BMI), the absence or presence of sleep disturbances, the absence
or presence of neuropsychiatric disorders (Neuropsychiatric Inventory;
NPI), the genetic markers (APOE4), and cerebrospinal fluid markers
between the alpha-reactive and alpha no-reactive ADMCI groups,
considering the baseline and 6-month follow-up recordings. We have
found no statistically significant differences between them considering
the mentioned variables (p < 0.05; see Table 4). Moreover, we found no
statistically significant differences between the two groups for almost all
neuropsychological test scores (p < 0.05; see Table 5). Interestingly, we
had a significant difference between the two groups only on the Clock
drawing test (p < 0.05), in which the scores were better in the alpha-
reactive than alpha-no-reactive ADMCI patients.

A fifth control analysis was performed to evaluate whether the alpha-
no-reactive ADMCI group (N = 13) may display some differences in the
rsEEG source activities estimated for the eyes-closed condition between
the baseline and 6-month follow-up. There was a statistically significant
ANOVA interaction effect (F(35, 315) = 1.69; p = 0.010) among the
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Fig. 5. The alpha reactivity threshold was set at > —10%. For a control purpose, the alpha band was obtained including alpha 2 and alpha 3 sub-bands. The
rectangles indicate the recording session (Baseline and 6-month Follow-up) and frequency bands in which the eLORETA solutions showed statistically significant
effects on pattern Baseline # 6-month Follow-up (p < 0.05 Bonferroni corrected).
(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in the ADMCI group
alpha-reactive (N = 32) at the baseline and the 6-month follow-up. (b) These rsEEG source estimates refer to a statistical ANOVA interaction between the factors
Time (Baseline and Follow-up) and Band (delta, theta, alpha, beta, and gamma).
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Fig. 6. The alpha reactivity threshold was set at — 15%. The rectangles indicate the recording session (Baseline and 6-month Follow-up) and frequency bands in
which the eLORETA solutions showed statistically significant effects on pattern Baseline # 6-month Follow-up (p < 0.05 Bonferroni corrected).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in the ADMCI group
alpha-reactive (N = 32) at the baseline and the 6-month follow-up. (b) These rsEEG source estimates refer to a statistical ANOVA interaction between the factors
Time (Baseline and Follow-up) and Band (delta, theta, alpha, beta, and gamma).

factors Group (ADMCI no-reactive Baseline, and ADMCI no-reactive
Follow-up 6 month), Band (delta, theta, alpha 1, alpha 2, alpha 3,
beta 1, beta 2 and gamma), and ROI (frontal, central, parietal, occipital,
temporal, and limbic). The Duncan planned post-hoc testing (p < 0.05
Bonferroni correction for 8 frequency bands X 6 ROIs = 25, p < 0.05/
48 = 0.0010) showed only the following results (Figure 9): the
discriminant pattern Baseline < 6-month follow-up in the ADMCI alpha-
no-reactive group was fitted by higher frontal (p = 0.00009), central
(p = 0.00007), and limbic (p = 0.0002) delta source activities and
higher frontal (p = 0.0002) and limbic (p = 0.0009) theta source ac-
tivities. These findings were not due to outliers from those individual
eLORETA solutions (log 10 transformed), as shown by Grubbs’ test with
an arbitrary threshold of p > 0.001.

A sixth control analysis (p < 0.05) in the ADMCI group alpha reac-
tive at the baseline recordings (N = 39) was performed to evaluate
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whether the posterior rsEEG alpha 2 source activities for the eyes-closed
condition were correlated with the rsEEG alpha reactivity (Eyes Open —
Eyes Closed /Eyes Closed *100). The posterior region included the
central, parietal, and occipital ROIs. Figure 10 shows the scatterplot of
the above variables. Results showed a strong linear correlation between
the two variables (Pearson r = —0.6305; p = 0.0001). The higher the
posterior rsEEG alpha 2 source activities for the eyes-closed condition,
the higher the alpha reactivity from the eyes-closed to the eyes-open
condition.

A control analysis (p < 0.05 corrected) was performed to evaluate
whether the neuropsychological scores may worsen across time (6
months) in the 6-month follow-up in the ADMCI group alpha-reactive at
baseline and 6-month follow-up (N = 32). For each alpha-reactive
ADMCI patient, the procedure was as follows: (1) the neuropsycholog-
ical tests included the ADAS-Cog, Immediate recall of Rey Auditory
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Fig. 7. The alpha reactivity threshold was set at — 20%. The rectangles indicate the recording session (Baseline and 6-month Follow-up) and frequency bands in
which the eLORETA solutions showed statistically significant effects on pattern Baseline # 6-month Follow-up (p < 0.05 Bonferroni corrected).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in the ADMCI group
alpha-reactive (N = 32) at the baseline and the 6-month follow-up. (b) These rsEEG source estimates refer to a statistical ANOVA interaction between the factors
Time (Baseline and Follow-up) and Band (delta, theta, alpha, beta, and gamma).
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Fig. 8. The alpha reactivity threshold was set at > —10%. The rectangles indicate the cortical regions and frequency bands in which the eLORETA solutions showed
statistically significant effects on pattern Healthy % ADMCI (p < 0.05 Bonferroni corrected).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in Healthy and
ADMCI groups. (b) These rsEEG source estimates refer to a statistical ANOVA interaction among the factors Group (Healthy alpha-reactive, N = 55; ADMCI alpha-
reactive, N = 32; ADMCI alpha no-reactive, N = 10), Band (delta, theta, alpha 1, alpha 2, and alpha 3, beta 1, beta 2, and gamma), and ROI (central, frontal, parietal,
occipital, temporal, and limbic).

Verbal Learning Test, Delayed recall of Rey Auditory Verbal Learning parametric statistical analysis; (3) t-tests were computed to evaluate the
Test, Verbal fluency test for letters, Verbal fluency test for the category, presence or absence of statistically significant differences between the
TMT B-A, and Clock drawing test; (2) the neuropsychological scores baseline and the 6-month follow-up for the above-mentioned neuro-
were log 10 transformed to make them Gaussian before the subsequent psychological scores. To consider the inflating effects of multiple
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Table 4

Demographic, genetic (APOE), and cerebrospinal fluid markers in ADMCI
baseline and follow-up 6 M alpha-reactive and ADMCI baseline and follow-up
6 M no-reactive groups.

ADMCI ADMCI
Baseline and  Baseline and
Follow-up Follow-up
6 M 6 M
REACTIVE NO-
REACTIVE
Cut-off of Mean + SE Mean + SE T-test
abnormality (% subjects (% subjects
with with
abnormal abnormal
score) score)
N 32 10
Age 69.84 +1.26 67.30 + 1.81 n.s.
sex(M/F) 13/19 03/07 n.s. (Fisher
test)
education 11.47 + 0.80 10.70 £+ 1.45 n.s.
MMSE 26.69 + 0.30 25.90 + 0.55 n.s.
(Mann-
Whitney
U- test)
Sleep 4/28 (13%) 3/7 (30%) n.s. (Fisher
disturbances test)
(yes/no)
NPI (yes/no) 21/11 (66%) 9/1 (90%) n.s. (Fisher
test)
APOE4 (yes/ 24/08 (75%) 09/01 (90%) n.s. (Fisher
no) test)
BMI > 25 25.29 + 0.64 24.57 + 0.84 n.s
(44%) (50%)
A-beta42 <599 490.46 534.64 n.s
+ 29.72 + 31.63
(69%) (60%)
P- tau > 56.5 86.66 + 7.21 87.72 n.s.
(78%) +11.45
(70%)
T- tau > 404 614.37 613.51 n.s.
+ 61.16 + 84.82
(63%) (70%)
Abeta/p- tau <8.1 6.57 £ 0.55 7.40 £1.20 n.s.
(72%) (70%)

Table 4. Mean values ( & SE) of the demographic (age, sex, educational attain-
ment), genetic (i.e., Apolipoprotein E genotyping, APOE), and cerebrospinal
fluid (i.e., beta-amyloid 1-42, Ap 42; protein tau, t-tau; a phosphorylated form of
the protein tau, p-tau; and Ap 42/ p-tau ratio) data in the Alpha reactive ADMCI
group at Baseline and 6-month Follow-up (N = 32) and Alpha no-reactive
ADMCI group at Baseline and 6-month Follow-up (N = 10). The cut-off scores
and percentage of abnormality of the cerebrospinal fluid markers tests are also
reported Legend: M/F = males/females; n.s. = not significant (p > 0.05); MMSE
= Mini-Mental State Evaluation; ADMCI Baseline and Follow-up 6 M = patients
with mild cognitive impairment due to Alzheimer’s disease at Baseline and 6-
month follow-up; BMI = Body mass index; NPI = Neuropsychiatric inventory.

univariate tests, the statistical threshold was set at p < 0.007 (i.e., 7
neuropsychological scores, p < 0.05/7 = 0.007) to obtain the Bonfer-
roni correction at p < 0.05. No statistically significant difference was
found (p > 0.05; see Supplementary materials Table SM07).

Another control analysis (p < 0.05 corrected) was performed to
evaluate whether the standard structural MRI markers reflecting brain
neurodegeneration may worsen at the 6-month follow-up in the ADMCI
group alpha reactive at baseline and 6-month follow-up recordings
(N = 32). For each alpha-reactive ADMCI patient, the procedure was as
follows: (1) the structural MRI markers included (i) the volumes of the
hippocampus and lateral ventricle for the left and right hemispheres
(these markers were normalized with respect to the total intracranial
volume) and (ii) the cortical thicknesses of the para-hippocampal gyrus,
fusiform gyrus, entorhinal cortex, precuneus, and cuneus for the left and
right hemispheres; (2) the structural MRI markers were log 10 trans-
formed to make them Gaussian before the subsequent parametric
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Table 5
Neuropsychological scores in ADMCI baseline and follow-up 6 M alpha-reactive
and ADMCI baseline and follow-up 6 M No-reactive groups.

ADMCI Baseline
and Follow-up

ADMCI
BaselineL and

6 M REACTIVE Follow-up 6 M
NO-REACTIVE
Cut-off of Mean + SE Mean + SE T-test
abnormality (% subjects (% subjects
with abnormal with
score) abnormal
score)
ADAS-Cog >17 21.20 +£1.35 24.60 + 1.75 n.s.
(78%) (80%) (fisher
test)
Trail > 187 117.53 + 12.1 145.78 n.s.
Making (19%) +22.22 (22%)
test B-A
RAVLT < 28.53 30.53 + 2.01 26.10 +£ 2.2 n.s,
imm. (50%) (70%)
recall
RAVLT < 4.69 5.25 +£1.47 2.70 £ 0.6 n.s.
delayed (66%) (90%)
recall
Clock <3 4.03 £0.2(25%)  3.00 + 0.4 P =0.02
drawing (60%)
Letter <17 33.25 +1.78 32.10 + 3.24 n.s
fluency (3%) (10%)
Letter <25 32.19 +2.02 32.0 + 3.62 n.s
category (28%) (20%)

Table 5. Mean values ( + SE) of the neuropsychological scores (i.e., ADAS-Cog,
Rey Auditory Verbal Learning Test immediate recall, Rey Auditory Verbal
Learning Test delayed recall, Trail Making Test part B-A, Verbal fluency for
letters, Verbal fluency for category, Clock drawing) as well as the results of their
statistical comparisons (T-test; p < 0.05) in the groups of ADMCI Alpha-reactive
(N = 32) and ADMCI Alpha no-reactive(N = 10) patients. The cut-off scores of
the neuropsychological tests are also reported. Legend: ADMCI Baseline and
Follow-up 6 M = patients with mild cognitive impairment due to Alzheimer’s
disease at Baseline and 6-month Follow-up; ADAS-Cog = Alzheimer’s Disease
Assessment Scale-Cognitive Subscale; RAVLT = Rey Auditory Verbal Learning
Test; TMT B-A = Trail Making Test part B-A.

statistical analysis; (3) t-tests were computed to evaluate the presence or
absence of statistically significant differences between the baseline and
the 6-month follow-up for the above-mentioned structural MRI markers.
To consider the inflating effects of multiple univariate tests, the statis-
tical threshold was set at p < 0.00357 (i.e., 14 MRI markers, p < 0.05/
16 = 0.00357) to obtain the Bonferroni correction at p < 0.05. Statis-
tically significant differences (p < 0.05 corrected) showed significantly
lower values of the following structural MRI-based variables at the 6-
month follow-up than the baseline: (1) the volumes of the left hippo-
campus, left lateral ventricle, and right lateral ventricle and (2) the
cortical thickness of the left entorhinal cortex and the right entorhinal
cortex (see Supplementary materials Table SMO08). These results
confirmed the progression of AD-related neurodegeneration in the
alpha-reactive ADMCI patients at the 6-month follow-up.

4. Discussion

In this study, we tested the hypothesis that in ADMCI patients
showing a consistent magnitude of rsEEG alpha rhythms in the eyes-
closed condition and a substantial reactivity in the transition to the
eyes-open condition (defined as > —10%), the posterior rsEEG alpha
rhythms during the eyes-closed condition may be sensitive to the disease
progression at the 6-month follow-up. Such a threshold of alpha reac-
tivity was arbitrary and was set to tackle the large variability in the
rsEEG alpha rhythms and their reactivity during the eyes-open
condition.

The main results showed that in the baseline recordings, there was a
substantial (> —10%) reduction in the posterior rsEEG alpha source



C. Babiloni et al.

Neurobiology of Aging 137 (2024) 19-37

STATISTICAL ANOVA INTERACTION AMONG TIME, BAND, AND ROI

-
o

Regional normalized eLORETA current density
(Log10 transformed)

0.0

= = = - = = = = = = = =
ENTYRE0E E0n00naE S8nyena: S8nynd: H0n9enad 2EnRE)s
0l ccpE ol ccype ol ccpE ol ccpE 0Qc e 0Qc ccpE
'o:‘:..g-o.o._ogg ‘c:‘:..g-o.o._ggg U:‘:..Q-o.o._ggg 'o:‘:..g-o.o._ggg UEE—Q_QQE% UEE-Q_Q._QE%

T ©© T ©© T © T ®© T ©© T ®©

T © S T ® S T © S T ® S T ® S T ® 8
Frontal Central Parietal Occipital Temporal Limbic

& ADMCI Baseline no-reactive

M ADMCI Follow-up no-reactive

~} ADMCI Baseline no-reactive < ADMCI Follow-up no-reactive (p < 0.05 corrected)

Fig. 9. The alpha reactivity threshold was set at > —10%. The rectangles indicate the cortical regions and frequency bands in which the eLORETA solutions showed
statistically significant effects on pattern alpha-reactive Baseline # 6-month Follow-up (p < 0.05 Bonferroni corrected).

(a) Regional normalized eLORETA solutions (mean across subjects, log 10 transformed) estimating cortical sources of eyes-closed rsEEG rhythms in the ADMCI group
no-alpha-reactive (N = 13) at the baseline and the 6-month follow-up. (b) These rsEEG source estimates refer to a statistical ANOVA interaction among the factors
Time (Baseline and 6-month Follow-up), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (central, frontal, parietal, occipital,

temporal, and limbic).
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Fig. 10. Scatterplot showing the correlation between regional normalized eLORETA solutions estimating cortical sources of eyes-closed rsEEG alpha 2 rhythms in the
central, parietal, and occipital ROIs and the reactivity of those source activity (EO-EC/EC*100) in the alpha-reactive ADMCI patients (N = 39) at the Baseline re-
cordings. Spearman test confirmed a statistically significant correlation between these two variables (p < 0.05). Legend: CPO= central, parietal, and occipital ROIs;

EC = Eyes Closed.

activities during the eyes-open condition in about 90% and 75% of
Healthy and ADMCI participants, respectively. Therefore, the alpha
reactivity threshold set at > —10% may be used in most ADMCI patients
to reduce the variability of the dominant posterior rsEEG alpha source
activity.

The core study results in the alpha-reactive ADMCI patients showed
that the higher the dominant posterior rsEEG alpha rhythms during the
eyes-closed condition, the higher the reactivity of the rsEEG alpha
rhythms during the eyes-open condition, and the higher the reduction of
the rsEEG alpha rhythms during the eyes-closed condition at the 6-
month follow-up. These results indicate that an arbitrary rsEEG alpha-
reactivity threshold of > —10% allows us to probe the effects of AD

32

progression over 6 months on dominant posterior rsEEG alpha rhythms
during the eyes-closed condition. Along this line, they complement and
extend previous studies showing that posterior rsEEG alpha rhythms
during eyes-closed condition were relatively stable over months in
healthy adults (Salinsky et al., 1991; Kondacs and Szabo, 1999; Napflin
et al.,, 2007; Duan et al., 2020) and were reduced in magnitude at
follow-ups of > 1 year in ADMCI patients (Jelic et al., 2000; Babiloni
et al., 2013b).

4.1. Speculative lines for the interpretation of the results

The methodological limitations of the present exploratory study do
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not allow us to draw definite conclusions. We can only speculate on the
neurophysiological interpretation of the results. Specifically, we propose
three lines of speculation. In the first speculative line, we posit that in
the alpha-reactive ADMCI patients, the magnitude reduction of rsEEG
alpha rhythms during the eyes-closed condition at the 6-month follow-
up may impact AD progression on the patients’ vigilance level in quiet
wakefulness. Along this line, a previous study used a continuous reaction
time task in healthy adults (Jagannathan et al., 2019). They responded
to the stimuli regularly and fast during the first minutes of the task, in
association with ample pre-stimulus dominant posterior rsEEG alpha
rhythms (Jagannathan et al., 2019). As time progressed in the experi-
ment, the reaction times became more variable, and the participants
intermittently failed to respond in association with reduced pre-stimulus
rsEEG alpha rhythms (Jagannathan et al., 2019). In another study,
posterior rsEEG alpha rhythms become intermittent and less shaped
during the transition of vigilance to drowsiness and light sleep (Tanaka
et al., 1996). Furthermore, an experiment using one night of sleep
deprivation showed decreased posterior rsSEEG alpha (8-13 Hz) rhythms
in healthy adults (Del Percio et al., 2019). In another condition of the
same experiment, an acute administration of a vigilance enhancer
(modafinil) immediately after such sleep deprivation partially recovered
those alpha rhythms (Del Percio et al., 2019). Notably, in the present
resting-state condition, dominant posterior rsEEG alpha rhythms during
the eyes-closed condition may be minimally reflecting other neuro-
physiological mechanisms previously associated with the EEG alpha
activity, namely to gate information processing and transfer during
focused attention, sensory processes, information retrieval from
long-term memory, goal-oriented reasoning, and motor responses. In
event-related conditions, these mechanisms underly the inhibition of
task-irrelevant information processing in neural populations, enhance
sensory discrimination as a function of alpha phases and frequency,
underpin feedback from secondary to primary sensory areas, and sta-
bilize percepts (Klimesch, 1999; Pfurtscheller and Lopes da Silva, 1999;
Pineda, 2005; Jensen and Mazaheri, 2010; Basar, 2012; Clayton et al.,
2018).

In the second speculative line, we propose that the above magnitude
reduction of rsEEG alpha rhythms may reflect the AD progression effects
on the neuromodulatory subcortical ascending systems regulating
cortical arousal in the quiet wakefulness, including thalamus-cortical
reciprocal loops and circuits originating from the cholinergic basal
forebrain to the posterior cerebral cortex (Pfurtscheller and Lopes da
Silva, 1999; Babiloni et al., 2013a; Wan et al., 2019). Along this line, a
previous study in healthy adults showed the relationship between the
amplitude of the posterior rsEEG alpha rhythms and cortical arousal,
unveiling the negative correlation between such amplitude and skin
conductance levels denoting autonomic arousal (Barry et al., 2020).
Another study in healthy adults reported that a few seconds of trans-
cranial vagal-nerve electric stimulations (over sham stimulations)
caused transient pupil dilation and attenuation in occipital rsEEG alpha
rhythms, as expected based on the known effects of vagal nerve stimu-
lation on nucleus tractus solitaris of the brainstem and, consequently,
locus coeruleus, which belongs to the neuromodulatory subcortical
arousing systems (Joshi et al., 2016; Sharon et al., 2021). Furthermore,
inhibiting the occipital cortex by transcranial static magnetic field
stimulations induced a local increase in the rsEEG rhythms and, in a
separate session, a slowing in visual search (Gonzalez-Rosa et al., 2015).
Notably, ample rsEEG alpha rhythms, reflecting cortical inhibition,
reduced the propagating effects of short transcranial magnetic stimu-
lations over the dorsal premotor cortex through local action potentials
and related blood oxygen level-dependent (BOLD) signal of resting-state
functional MRI (rs-fMRI) across the bilateral cortico-subcortical (stria-
tum- thalamus) motor systems (Peters et al., 2020). Another study
showed that in healthy old adults, BOLD signal measures of functional
connectivity between cholinergic basal forebrain and occipital cortical
areas were higher from the eyes-closed to the eyes-open condition in
association with the rsEEG alpha reactivity (Wan et al., 2019). In the

33

Neurobiology of Aging 137 (2024) 19-37

same study, lesions in structural MRI-based measures of subcortical
white-matter connectivity between cholinergic basal forebrain and oc-
cipital cortical areas were associated with a reduction in rsEEG alpha
reactivity (Wan et al., 2019). In other studies, there was a positive as-
sociation between the rsEEG alpha rhythms during the eyes-closed
condition and the BOLD signal in the thalamus and mainly a negative
association in the visual and attention posterior cerebral cortex in quiet
wakefulness, suggesting that those alpha rhythms may reflect a cortical
inhibition induced by thalamocortical signaling to regulate cortical
arousal (de Munck et al., 2007; Laufs et al., 2006; Olbrich et al., 2009;
Knaut et al., 2019). Furthermore, ADD patients over healthy controls
were characterized by decreased associations between the rsEEG alpha
rhythms and the BOLD signal in cortical areas and the thalamus
(Brueggen et al., 2017).

Concerning the potential contribution of the cholinergic ascending
system, it was previously shown that the dominant posterior rsEEG
alpha rhythms in healthy adults decreased in amplitude after acute
administrations of cholinergic antagonist scopolamine as a dementia
model, following its pharmacodynamic course (see a review in Ebert and
Kirch, 1998). Furthermore, those rsEEG alpha rhythms were especially
low in magnitude in ADMCI patients, with substantial impairment
estimated in the cholinergic tract to posterior cortical areas (Babiloni
et al., 2009). Moreover, dominant posterior rsEEG alpha rhythms
deteriorated less in magnitude at 1-year follow-ups in ADD patients who
clinically responded to the therapy with Acetylcholinesterase inhibitors
(Babiloni et al., 2006).

In the third speculative line, we propose that the abnormalities in the
above neuromodulatory ascending systems may depend on the pro-
gression of AD neuropathology. Along this line, a previous study re-
ported that CSF amyloid (42, p-tau, and total tau levels linearly
correlated with global power or synchronization of rsEEG alpha and beta
rhythms in ADMCI and ADD patients (Smailovic et al., 2018). In another
study, CSF p-tau and p-tau/Ap42 correlated with rsEEG alpha rhythms in
ADD patients (Kouzuki et al., 2013). Other studies showed more
abnormal rsEEG alpha rhythms in MCI groups positive than negative to
CSF biomarkers of AD (Jovicich et al., 2019; Cecchetti et al., 2021).
Furthermore, significant associations were observed between AD
neuropathology and slowing in frequencies of rsEEG alpha rhythms
recorded in AD patients. More abnormal CSF amyloid 42/p-tau values
were related to slower frequencies of these rhythms in persons with
ADD, ADMCI, mixed dementia, and subjective cognitive impairment
(Kramberger et al., 2013). These findings were globally confirmed in
cognitively unimpaired, ADMCI, and ADD persons (Tanabe et al., 2019),
thus remarking on the importance of using individual measures of rSEEG
alpha rhythms.

4.2. Methodological study limitations

Concerning the methodological study limitations, it should be
remarked that no direct physiological measures of cortical arousal and
cholinergic/noradrenergic neurotransmissions were taken and corre-
lated with the rsEEG data. Furthermore, the experimental design did not
include external stimuli and cognitive-motor demands to provide
behavioral measures of vigilance to be correlated with the EEG data. At
this early research stage, these demands were not included to not
interfere with the scope of the resting-state condition (e.g., induce
spontaneous EEG activity). Moreover, the experimental design included
neither control rsEEG recordings at the 6-month follow-up in healthy
seniors nor multiple follow-ups in the ADMCI patients. Consequently,
we could not control the potential influence of the regression on the
mean in explaining the changes of rsEEG alpha rhythms over time in
ADMCI patients. Finally, another methodological limitation of the pre-
sent study is the low spatial resolution of the EEG techniques used.
Indeed, the rsEEG recordings were performed with the 19 scalp elec-
trodes of the standard clinical 10-20 montage; their position was not
digitalized, and the cortical source model was not based on individual
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volumetric MRIs. These procedures do not allow accurate rsEEG source
localizations (Liu et al., 2002; Marino et al., 2016), so the present rsEEG
source activities were estimated in large cortical regions of interest using
the popular eLORETA freeware (https://www.uzh.ch/keyinst/loreta.
htm). This freeware was intrinsically designed to provide optimal
spatially smoothed source solutions from rsEEG activity suitable for the
present low-resolution rsEEG data (Tait et al., 2021).

Keeping in mind these methodological limitations, we recommended
future longitudinal (with more than one follow-up) and multi-center
studies performed in ADMCI patients using > 48 scalp electrodes, the
digitization of their position, and the integration with cortical source
models constructed from individual MRIs for investigating rsEEG source
activity and connectivity patterns with higher spatial resolution esti-
mates. With a high-resolution approach, further improvements in the
rsEEG source solutions may be obtained by orthogonalization tech-
niques, allowing an attenuation of spatial EEG signal leakage (Colclough
et al., 2015). These future studies may validate biomarkers of rsEEG
alpha rhythms, probing neurophysiological mechanisms underlying
cortical arousal and quiet vigilance. These mechanisms are part of the
higher brain functions and are clinically relevant for the quality of life of
AD patients, even beyond the global cognitive status per se (Babiloni,
2022). Abnormalities in those mechanisms interfere with the patient’s
ability to maintain stable, quiet vigilance while watching a TV program
or having a quiet social conversation with friends and relatives. Notably,
the standard neuropsychological tests measuring focused attention,
working/episodic memory, verbal fluency, or global cognitive status in
active wakefulness do not directly and accurately probe vigilance
regulation in quiet wakefulness. Therefore, neurologists and geriatrics
cannot obtain a quantitative measure of brain function from the stan-
dard clinical scales and neuropsychological tests used to assess AD pa-
tients. The results of those future studies may enlighten the actual dark
side of Precision Medicine in AD (Babiloni, 2022) and may realize the
dream of the father of EEG a century after the first scientific publication
on rsEEG alpha rhythms in humans, Hans Berger (Berger, 1929; Gloor,
1994).

5. Conclusions

Here we tested the exploratory hypothesis that posterior rsEEG alpha
rhythms may be sensitive to the ADMCI progression at a 6-month follow-
up. The ADMCI patients were arbitrarily divided into two groups: alpha-
reactive and alpha-no-reactive, based on the reduction (reactivity) in the
posterior rsEEG alpha source activities from the eyes-closed to eyes-open
condition at > —10% and < —10%, respectively.

75% of the ADMCI patients were alpha-reactive. Compared to the
alpha-no-reactive group, the alpha-reactive group showed (1) less
abnormal posterior rsEEG source activity during the eyes-closed condi-
tion and (2) a decrease in that activity at the 6-month follow-up. These
effects could not be explained by neuroimaging and neuropsychological
biomarkers of AD.

These results suggest that in selected (i.e., alpha-reactive) ADMCI
patients, the dominant, posterior rsEEG alpha rhythms may deteriorate
at the 6-month follow-up as an interesting candidate neurophysiological
biomarker for short intervention clinical trials. Such a biomarker might
reflect abnormalities in cortical arousal and vigilance in quiet
wakefulness.

The present results motivate further investments and research aimed
at testing the beneficial heuristic and clinical effects of the inclusion of
rsEEG measures in the actual panel for the assessment of AD patients,
namely the A-T-N(C) Framework (Jack et al., 2018). Those rsEEG
measures may be considered pathophysiological "P" biomarkers in the
A-T-N(C) Framework to probe the neurophysiological mechanisms
generating rsEEG rhythms, which reflect fundamental mechanisms
regulating the synchronization of cortical neural activity and functional
connectivity of that activity in the condition of quiet wakefulness. Using
a threshold of > —10% in the alpha reactivity is promising for using
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rsEEG alpha source activity as a biomarker of disease progression in
ADMCI patients in relatively short clinical studies with 6-month
follow-ups.
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