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Highlights (85-character limit per bullet) 

 

 Resting EEG rhythms differ in Alzheimer‟s and healthy seniors (group level)  

 Alzheimers‟ seniors show abnormally high delta and low alpha rhythms  

 Delta and alpha power densities are negatively correlated in healthy seniors  

 Above correlation is mitigated by Alzheimer‟s disease (dementia) 
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Abstract 

 Extending Başar‟s theory of event-related EEG oscillations, here we hypothesize that 

even in quiet wakefulness, transient increases in delta rhythms may enhance global cortical 

arousal as revealed by the desynchronization of alpha rhythms in normal (Nold) seniors 

with some derangement in Alzheimer‟s disease dementia (ADD).  

Clinical and EEG datasets in 100 ADD and 100 Nold individuals matched as demography, 

education, and gender were taken from an international archive. Standard delta (< 4 Hz) 

and alpha1 (8-10.5 Hz) bands were used for the main analysis, while alpha2 (10.5-13 Hz), 

theta (4-8 Hz), beta1 (13-20 Hz), beta2 (20-35 Hz), and gamma (35-40 Hz) served as 

controls. In the interpretation, the higher the alpha1 power (density), the lower that arousal. 

As expected, when compared to the Nold group, the ADD group showed higher global 

(scalp) power density at the delta-theta band and lower global power density at the alpha-

beta bands. As novel findings, we observed that: (1) in the Nold group, the global delta and 

alpha1-2 power were negatively and linearly correlated; (2) in the ADD group, this 

correlation was just marginal; and (3) in both Nold and AD groups, the EEG epochs with 

the highest delta power (median value for stratification) were associated with the lowest 

global alpha1 power. This effect was related to eLORETA freeware solutions showing 

maximum alpha1 source activations in posterior cortical regions.  

These results suggest that even in quiet wakefulness, delta and alpha rhythms are related to 

each other, and ADD partially affects this cross-band neurophysiological mechanism.  
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Introduction 

 

Earlier studies have applied the spectral analysis of resting state eyes-closed 

electroencephalographic (rsEEG) rhythms recorded at scalp electrodes in patients with 

Alzheimer‟s disease dementia (ADD), to understand the neurophysiological disease model 

towards potential clinical applications (Babiloni et al., 2020a). As compared to matched 

elderly seniors with normal cognition (Nold), ADD patients showed abnormalities in 

power density of rsEEG rhythms in vast scalp regions, namely there was higher power 

density at delta (<4 Hz) and theta (4-7 Hz) frequency bands, as well as low power density 

at alpha (8-12 Hz) and/or beta (13-20 Hz) frequency bands, these effects being especially 

consistent at delta and alpha frequencies (Babiloni et al., 2006a, Babiloni et al., 2017; 

Dierks et al., 1993, 2000; Huang et al. 2000; Jelic et al., 2000; Ponomareva et al., 2003; 

Jeong, 2004).  

Other studies have successfully proved that those abnormalities at delta or alpha 

frequencies may be due to the effect of AD on neurophysiological oscillatory mechanisms. 

It was reported that rsEEG rhythms at delta and alpha frequencies were related to the 

atrophy of cortical gray matter in ADD patients (Babiloni et al., 2013,2015) and were 

partially normalized by a long-term administration of Acetylcholinesterase inhibitors 

(Kogan et al., 2001; Rodriguez et al., 2002; Babiloni et al., 2006a). Furthermore, they 

showed a strict relationship with typical AD-related genetic risk factors (Babiloni et al., 

2006b,c). 

It can be speculated that rsEEG rhythms at delta and alpha frequencies may reflect 

partially overlapping neurophysiological oscillatory mechanisms of synchronization of 

neural activity in subcorticocortical, corticothalamic, and corticocortical circuits involved 

in the regulation of vigilance in quiet wakefulness at eyes closed (Hughes & Crunelli, 

2005; Lörincz et al., 2008, 2009; Pfurtscheller and Lopez da Silva, 1999; Steriade and 

Llinas, 1988, Wan et al., 2019). In this neurophysiological frame, alpha rhythms may be 

dominant in occipital and parietal areas overlying visual and visuospatial cortical areas, as 

a reflection of the inhibition of those areas by the lack of input visual stimuli (Pfurtscheller 

and Lopes da Silva. 1999; Babiloni et al., 2020a,b). Other components of alpha rhythms 

may reflect the inhibition of auditory, somatosensory, and motor areas about a silent 

environment and a condition of psychophysiological relaxation (Pfurtscheller and Lopes da 

Silva. 1999; Babiloni et al., 2020a,b).  
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Less clear is the neurophysiological mechanism generating rsEEG rhythms at delta 

frequencies in quiet wakefulness. Traditionally, delta rhythms are low in amplitude in 

healthy adults during quiet wakefulness. At the same time, they show rapid transient 

enhancement during sensory event triggering global cortical excitation (arousal) and 

cognitive processes (Başar et al., 2016). Indeed, Dr Erol Başar‟s group has repeatedly 

shown that cognitive event-related EEG oscillations at delta and theta frequencies were 

dominant in healthy people and superimpose each other with given phases and amplitudes 

in the formation of the so-called event-related potentials (Basar et al., 2001; Karakaş et al., 

2000). Furthermore, cognitive event-related EEG oscillations at delta and theta frequencies 

were attenuated in amplitude in ADD patients as compared to Nold seniors (Başar et al.,  

2016; Yener et al., 2007, 2008, 2009, 2012), even at the prodromal disease stage of mild 

cognitive impairment (Yener et al.,  2016).  

Another piece of the puzzle is that rsEEG rhythms at delta frequencies in quiet 

wakefulness may be an outcome of pathophysiological processes due to a loss of functional 

connectivity among thalamocortical and corticothalamic loops targeting widespread 

cortical modules in the regulation of quiet vigilance (Steriade and Llinas, 1988; Klimesch, 

1999; Babiloni et al., 2010, 2020a,b).  

Keeping in mind the above findings and considerations, the aim of the present 

exploratory study on archive data was to test the following hypotheses. As main 

hypotheses, we tested whether transient increases in delta rhythms during the quiet 

wakefulness may be related to an increment in the general cortical arousal, as measured by 

low-frequency alpha (alpha1) rhythms. This effect was expected in Nold seniors and may 

be deranged in ADD patients. Furthermore, the hypotheses of control analyses tested the 

topography and frequency contents of this effect and the possible effects of the 

involvement of several clinical units in the study. To test these hypotheses, clinical and 

rsEEG datasets in ADD and Nold individuals were taken from an international archive, and 

the relationship between those delta and alpha rhythms was investigated by the analytic 

procedures described in the following sections.  

Noteworthy, the present study was mainly focused on resting state low-frequency 

alpha (alpha1) rhythms as they are dominant in the quiet wakefulness (resting state) and 

may be related to the fluctuation of persons' vigilance (Klimesch, 1999; Pfurtscheller and 

Lopes da Silva, 1999). Differently, high-frequency alpha rhythms (alpha2) may be more 
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related to the processing of modal specific or semantic information (Klimesch, 1999; 

Pfurtscheller and Lopes da Silva, 1999).  

 

Materials and Methods 

 

Subjects 

 

In this study, we used the data of an international (Italy and Turkey) archive, formed 

by clinical and rsEEG data collected in 100 Nold seniors and 100 ADD patients. Those 

data were collected by the following qualified Italian and Turkish clinical units in the years 

2010-2019 (i.e., all those units participated in this study): the Sapienza University of Rome 

(Italy), Institute for Scientific-Based Care and Research (IRCCS) Fatebenefratelli of 

Brescia (Italy), IRCCS SDN of Naples (Italy), IRCCS Oasi Maria SS of Troina (Italy), 

University of Genova (Italy), Hospital San Raffaele of Cassino (Italy), IRCCS San 

Raffaele Pisana of Rome (Italy), and Medipol University of Istanbul (Turkey). The present 

datasets were used in the following previous rsEEG studies of our research group to test 

other hypotheses about the rsEEG biomarkers of AD (Babiloni et al., 2013, 2015, 2016a, 

2016b, 2017; Lizio et al., 2017).   

The Nold seniors and ADD patients were carefully matched as to age, gender, and 

education. Table 1 summarizes the most relevant demographic (i.e., age, gender, and 

education) and clinical (i.e., mini-mental state evaluation, MMSE, score) features of those 

Nold and ADD participants. Furthermore, Table 1 reports the results of the presence or 

absence of statistically significant differences (p < 0.05) between the two groups as age (t-

test), gender (Fisher test), education (t-test), and MMSE score (Mann Whitney U test). As 

expected, a statistically significant difference was found for the MMSE score (p < 

0.000001), indicating a higher score in the Nold than the ADD group. No difference was 

found for the age, gender, and education between the groups (p > 0.05). 

Local institutional Ethics Committee approved the present study. All experiments 

were performed with the informed and overt consent of each participant or caregiver, in 

line with the Code of Ethics of the World Medical Association (Declaration of Helsinki) 

and the standards established by the local Institutional Review Board. 

Insert here Table 1 
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Diagnostic criteria 

 

Probable ADD was diagnosed based on the criteria of the Diagnostic and Statistical 

Manual of Mental Disorders, fourth edition (DSM-IV-TR; American Psychiatric 

Association), and the National Institute of Neurological Disorders and Stroke-Alzheimer 

Disease and Related Disorders (NINCDS-ADRDA) working group (McKhann et al., 

1984). The ADD individuals underwent medical, neuropsychological, neurological, and 

psychiatric evaluations including Instrumental Activities of Daily Living scale (IADL; 

Lawton and Brody, 1969), MMSE (Folstein et al., 1975), Clinical Dementia Rating (CDR; 

Hughes et al., 1982), Geriatric Depression Scale (GDS; Yesavage et al., 1982), and 

Hachinski Ischemic Score (HIS; Rosen et al., 1980).  

Exclusion criteria included any kind of proof of other types or causes of dementia 

such as frontotemporal dementia (The Lund and Manchester Group, 1994), vascular 

dementia diagnosed based on the National Institute of Neurological Disorders and Stroke 

and Association Internationale pour la Recherché et l‟Enseignement en Neurosciences 

(NINDS-AIREN) working group (Román et al., 1993), Parkinson disease (Gelb et al., 

1999), Dementia with Lewy Bodies (McKeith et al., 2005), metabolic syndrome, 

nutritional deficits, tumors, etc.  

Benzodiazepines, antidepressant, and/or antihypertensive drugs were taken (when 

administered) after the EEG recording performed in the morning. While this procedure did 

not guarantee a full washout of the drug, it made comparable the timing of the drug 

administration across the ADD patients. Longer periods of suspension would not have been 

valid for obvious ethical reasons.  

Most ADD patients (> 95%) followed a long-term therapy with daily doses of 

acetylcholinesterase inhibitors including donepezil, rivastigmine, or galantamine in 

standard dosages.  

Nold participants underwent a cognitive screening as well as physical and 

neurological examinations to exclude any dementia or major cognitive deficits and 

psychiatric disorders. All Nold participants had a GDS score lower than the threshold of 5 

(no depression) or no depression after an interview with a physician or clinical 

psychologist.  

Participants affected by chronic systemic illnesses (diabetes mellitus, as an 

example) were excluded, as well as participants receiving chronic psychoactive drugs. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

9 

 

Participants with a history of earlier or present neurological or psychiatric diseases and 

drug or alcohol abuse were also excluded. 

Finally, according to the Alzheimer`s Disease Neuroimaging Initiative (ADNI; 

http://adni.loni.usc.edu), another exclusion criterion was a MMSE score below 27 for the 

Nold seniors and above 24 for the ADD patients. 

 

rsEEG recordings  

 

As a premise, this study is based on experiments performed in the framework of 

different clinical studies over time, so some methodological procedures were equal or 

remarkably similar across the participating clinical units, while others showed some 

differences. Furthermore, EEG procedures used in the present study are based on some 

assumptions, and the results must be interpreted as related to those assumptions. 

Specifically, we followed the procedures of preliminary rsEEG data analysis used in earlier 

investigations of our research group to enrich the interpretation of the present results (Lizio 

et al., 2016; Babiloni et al., 2015, 2016a, 2016b)  

Instructions to participants for the rsEEG recordings were remarkably similar in all 

clinical units. All subjects were kindly asked to stay relaxed with the eyes closed during the 

experiments. They were also kindly asked not to move or talk and keep the mind 

wondering without focused mentalization. During the experimental recordings, the 

experimenters did control the subject‟s behavioral condition and on-going rsEEG traces, 

kindly helping the participants to keep the adequate level of vigilance (i.e., avoiding 

drowsiness and sleep onset). These alarms were annotated in the protocol for the phase of 

preliminary rsEEG data analysis. 

In all experiments, at least 5 minutes of electrophysiological data were recorded by 

professional digital EEG systems licensed for clinical applications (i.e., EB-Neuro Be-

light, Micromed, Brain vision, etc.) from 19 exploring scalp electrodes placed according to 

the 10–20 montage system (i.e., Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, 

Pz, P4, T6, O1, and O2). The ground electrodes were placed in the posterior midline. In 

contrast, the reference electrodes were located in different positions across participating 

clinical units (i.e., linked earlobes, mastoids, vertex, etc.) in line with local standard 

protocols and trials.  

During the rsEEG recordings, electrode impedances were kept below 5 KOhm. The 
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rsEEG recordings were performed using 128 Hz or higher sampling rate (128-1,024 Hz) 

with an antialiasing bandpass between 0.01 Hz and 60-100 Hz. 

In parallel to the rsEEG recording, bipolar vertical and horizontal 

electrooculographic (EOG) signals and one-channel electrocardiographic (ECG) signals 

were also acquired using the same sampling frequency adopted to record the rsEEG data 

(128-1,024 Hz). Consequently, rsEEG, EOG, and ECG signals had the same sampling rate, 

so EOG and ECG signals could be used for the artifact detection and their off-line 

correction when adequate.  

As mentioned above, some rsEEG datasets were recorded using a relatively low 

sampling frequency of 128 Hz (< 20% of the rsEEG datasets collected). It should be 

remarked that such a spatial frequency is sub-optimal for an ideal reconstruction of rsEEG 

signal beyond 40 Hz without aliasing. Ideally, a factor of 3-4 between the low-band pass 

limit and the rsEEG sampling frequency should be set. 

 

Preliminary rsEEG data analysis 

 

In the preliminary analysis, the rsEEG data were split into 2-s epochs and analyzed 

off-line centrally. This segmentation allowed the use of standard toolboxes for the spectral 

analysis of rsEEG activity such as Fast Fourier Transform (FFT) and eLORETA source 

estimation, which assume the stationary of rsEEG activity. Furthermore, it allowed 

minimizing the rejection of rsEEG data around a short of a period of artifactual activity. 

The use of those procedures allowed a better understanding of the present results in light of 

previous reference evidence of our research line (Lizio et al., 2016; Babiloni et al., 2015, 

2016a, 2016b), but it implied the focus on the linear components of rsEEG signals. 

Two independent experimenters (G. N. and R. L.) performed a visual analysis of 

EOG and rsEEG data blind to the clinical diagnosis associated with the 

electrophysiological datasets. They rejected those with artifacts due to instruments, 

electronic noise, head-neck movements, and face muscle tension. They also rejected rsEEG 

epochs with amplitude values exceeding 100 µV. Particular attention was given to the 

contamination of ocular activity (i.e., blinking) on electrophysiological data recorded at 

frontal (i.e., F7, F3, Fz, F4, and F8) and frontopolar (Fp1 and Fp2) electrodes. This specific 

exam was based on the comparison of EOG and rsEEG traces. The rsEEG epochs with 

artifacts marked as eye movements and blinking were given as inputs to a software toolbox 
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based on an autoregressive model for their possible correction. Technical details and 

performances of this procedure were reported elsewhere (Moretti et al., 2003). Noteworthy, 

the outcome of this procedure was visually revised by the two experimenters (G. N. and R. 

L.). All Nold and ADD datasets showed less than 15% of artifact-free rsEEG epochs, 

without significant differences between the Nold and ADD groups (t-test, p > 0.05).   

To harmonize rsEEG data recorded using different reference electrodes and 

sampling frequency rates, artifact-free rsEEG epochs were off-line frequency-band passed 

at 0.1-45 Hz and down sampled, when appropriate, to make the sampling rate of all 

artifact-free rsEEG datasets in the Nold and ADD participants equal to 128 Hz. For the 

sake of harmonization of all datasets, the recorded rsEEG data were re-referenced to the 

common average reference. 

 

Scalp power density of rsEEG rhythms  

 

For each ADD and Nold participant, the global normalized rsEEG power density at the 

scalp electrode level was evaluated. In detail, the procedure was performed as follows:  

1) A standard digital FFT-based power spectrum analysis (Welch technique, Hanning 

windowing function, no phase shift) computed the absolute scalp power density of 

rsEEG rhythms with 0.5 Hz of frequency resolution at each electrode (i.e., 19 

electrodes of the 10-20 montage system) and frequency bin (i.e., 0.5-45 Hz) from 

all artifact-free rsEEG epochs. 

2) The scalp rsEEG power density at each electrode and frequency bin was normalized 

to the mean value obtained averaging the scalp rsEEG power density across all 

frequency bins and scalp electrodes.  

3) The “global” scalp normalized rsEEG power density at each frequency bin was 

calculated averaging the normalized scalp rsEEG power density values across all 19 

electrodes of 10-20 montage system. 

4) The global scalp normalized rsEEG power density values at each frequency band of 

interest were averaged to obtain the frequency band values. The following standard 

frequency bands of interest were considered, in line with previous relevant rsEEG 

studies (Chiaramonti et al., 1997; Besthorn et al., 1997; Lizio et al., 2016; Galluzzi 

et al., 2016; Del Percio et al., 2019; Babiloni et al., 2015, 2016a, 2016b, 2020): 

delta (2–4 Hz), theta (4–8 Hz), alpha1 (8–10.5 Hz), alpha2 (10.5–13 Hz), beta1 
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(13–20 Hz), beta2 (20–30 Hz), and gamma (30–40 Hz). These frequency bands 

were computed sharing the frequency bin by two contiguous bands, as a widely 

accepted procedure (Besthorn et al., 1997) that fits the theoretical consideration that 

near EEG rhythms may overlap at their frequency borders (Klimesch et al., 1996; 

Klimesch, 1999; Babiloni et al., 2015, 2016a, 2016b, 2016c, 2020). 

 

Evaluation of rsEEG epochs showing highest (DELTA+) and smallest (DELTA-) delta 

power density  

 

For each ADD and Nold participant, the artifact-free rsEEG epochs were classified 

into 2 subgroups based on the median value of the global delta scalp power density. One 

subgroup included 50% of the rsEEG epochs with the highest values of the global scalp 

normalized rsEEG power density at the delta band (i.e., high delta subgroup, DELTA+). In 

contrast, the other included 50% of the rsEEG epochs with the smallest values of that 

power density (i.e., low delta subgroup, DELTA-). 

 

Cortical sources of rsEEG epochs as computed by eLORETA 

 

The official freeware tool “exact LORETA (eLORETA) implemented by Pasqual-

Marqui (2007a) was used for the linear estimation of the cortical source activity generating 

scalp-recorded rsEEG rhythms. The official implementation of eLORETA uses a spherical 

head volume conductor model composed of the scalp, skull, and brain. In the scalp 

compartment, 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 taken from a template typically used in the neuroimaging studies, namely 

that of the Montreal Neurological Institute (MNI152 template). The eLORETA freeware 

solves the so-called EEG inverse problem estimating “neural” current density values at any 

cortical voxel of the mentioned spherical head volume conductor model. The solutions are 

computed rsEEG frequency bin-by-frequency bin. The input for this estimation is the EEG 

spectral power density computed at 19 scalp electrodes of the 10-20 montage system.  

In the eLORETA package, electrical brain source space is formed by 6,239 voxels 

with 5 mm resolution, restricted to the cortical gray matter of the spherical head volume 

conductor model. An equivalent current dipole is located in each voxel. For each voxel, the 
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eLORETA package supplies the Talairach coordinates, the lobe, and the Brodmann area 

(BA). 

For each frequency bin, eLORETA source estimates are expressed as current 

density values for any dipole vector of a given voxel (x, y, and z vectors). For each voxel, 

these three values were averaged as an estimate of neural current density at that voxel for a 

given frequency bin.  

The eLORETA estimates of neural current density were normalized by the 

following procedure. We averaged eLORETA source estimates across all frequency bins 

from 0.5 to 45 Hz and 6,239 voxels of the brain model volume, to obtain the eLORETA 

“mean” neural current density. Afterwards, we computed the ratio between any original 

eLORETA estimate of the neural current density at a given frequency bin/voxel and the 

eLORETA “mean” neural current density. As a result, any original eLORETA estimate of 

the neural current density at a given frequency bin/voxel changed to a normalized 

eLORETA source estimate.  

In line with the general low spatial resolution of the present EEG methodological 

approach (i.e., 19 scalp electrodes), we performed a regional analysis of the eLORETA 

solutions. For this purpose, we collapsed the eLORETA source estimates within bilateral 

frontal, central, temporal, parietal, occipital, and limbic macroregions (ROIs) considered 

separately. Table 2 reports the list of the BAs used for the ROIs considered in the present 

study. 

Insert here Table 2 

 

Statistical analysis 

 

All statistical sessions were performed by the commercial tool STATISTICA 10 

(StatSoft Inc., www.statsoft.com). In all statistical sessions, the use of parametric linear 

models (i.e., ANOVA or Pearson test) implies that dependent variables approximate 

Gaussian distributions while global scalp normalized rsEEG power density and regional 

normalized eLORETA current density distributions may not fit this feature. To tackle this 

issue, we computed the log 10 transformation of the global scalp normalized rsEEG power 

density and the regional normalized eLORETA current density distributions. Afterwards, 

we confirmed their Gaussian distribution by the Kolmogorov-Smirnov test (p > 0.05). 
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  In all ANOVAs, Mauchly's test evaluated the sphericity assumption, and the degrees 

of freedom were corrected by the Greenhouse-Geisser procedure when appropriate (p < 

0.05). Duncan test was used for post-hoc comparisons using a statistical threshold of p < 

0.05 one-tail, which was Bonferroni corrected for the planned contrasts.  

The results of the statistical analyses testing the main hypotheses of the present study 

were controlled by the iterative (leave-one-out) Grubbs‟ test. This test controls for the 

presence of one or more outliers in the distribution of the significant dependent variables. 

The null hypothesis of the non-outlier status was tested at the arbitrary threshold of p > 

0.001 to remove only individual values with high probability to be outliers. 

 

Main hypotheses 

Three within-group statistical sessions were performed to evaluate the main 

hypotheses predicting a relationship between the global scalp (normalized) delta and 

alpha1 power density in the Nold seniors, and the possible derangement of this relationship 

in the ADD patients.  

The first session used Pearson test to test whether the global scalp delta and alpha1 

power density may show a negative and linear correlation across subjects in the Nold and 

ADD groups, considered separately (p < 0.05 corrected = p < 0.05/2 = 0.025).  

The second session included 2 ANOVAs, namely one for the Nold group and the 

other for the ADD group. These ANOVAs tested the relationship between the global scalp 

delta and alpha power density without the assumption of linearity. Specifically, the 

ANOVAs tested whether as compared to the 50% of the (artifact-free) rsEEG epochs with 

the lowest global scalp delta power density (DELTA-), the 50% of the (artifact-free) rsEEG 

epochs with the highest global scalp delta power density (DELTA+) may be associated 

with the lowest global scalp alpha1 power density (p < 0.05). The global scalp rsEEG 

power density served as a dependent variable. The ANOVA factors were Delta (DELTA+ 

and DELTA-) and Band (theta, alpha1, alpha2, beta1, beta2, and gamma). The hypothesis 

would be confirmed by the following results: (1) a statistically significant ANOVA 

interaction between the factors (p < 0.05) and (2) a post-hoc Duncan test indicating 

statistically significant differences in the alpha1 power density between the DELTA+ and 

DELTA- levels (i.e., DELTA+  ≠ DELTA-; Bonferroni corrected p < 0.05, the Bonferroni 

correction was applied for 6 frequency bands, p < 0.05/6 = 0.0083). 
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The third session was performed to test whether the linear correlation between the 

global scalp delta and alpha1 power density may be higher in the DELTA- than the 

DELTA+ rsEEG epochs, considered separately. The analysis was performed in both Nold 

and ADD groups, considered separately. To address this issue, Pearson test (p < 0.05 

Bonferroni corrected; p < 0.05/4 = 0.0125) was used. 

Furthermore, 2 between-group statistical sessions were performed to evaluate 

whether the negative association between the global scalp delta and alpha1 power density 

in the above analysis may differ between the Nold and the ADD groups.  

The first session was performed to test whether the linear correlation between delta 

and alpha1 power density may be higher in the Nold then the ADD group. To this aim, 

Fisher r-to-z transformation (p < 0.05) was performed between the 2 r coefficients of 

correlation between the delta and alpha1 power density, and these output values were 

compared between the Nold and ADD groups.  

The second session was performed to test whether the decrease of the global scalp 

alpha1 power density in the DELTA- over the DELTA+ rsEEG epochs may be higher in 

the Nold then the ADD group. To this aim, the following procedure was performed: (1) for 

each Nold and ADD participant, the difference in the global scalp alpha1 power density 

between the DELTA+ and DELTA- rsEEG epochs (i.e., DELTA+ minus DELTA-) was 

computed; (2) the DELTA+ minus DELTA- values were squared-root transformed to make 

them Gaussian; and (3) a t-test (p < 0.05) was performed to evaluate whether that 

difference in the global scalp normalized alpha1 power density (DELTA+ minus DELTA-) 

may be higher in the Nold then the ADD group.  

 

Hypotheses of the control analyses 

Three statistical sessions tested the hypotheses of the control analyses aimed to 

corroborate the results of the analyses testing the main hypotheses about the relationship 

between the global scalp (normalized) delta and alpha power density in the Nold seniors, 

and the possible derangement of this relationship in the ADD patients.  

The first session tested the hypothesis that in the present global scalp delta and 

alpha1 power density may be abnormal in the ADD patients as compared to the Nold 

seniors (p < 0.05). In an ANOVA design, the global scalp rsEEG power density served as a 

dependent variable (p < 0.05). The ANOVA factors were Group (Nold and ADD) and 

Band (delta, theta, alpha1, alpha2, beta1, beta2, and gamma). The hypothesis would be 
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confirmed by the following results: (1) a statistically significant ANOVA interaction 

between the two factors (p < 0.05) and (2) a post-hoc Duncan test indicating statistically 

significant differences in the global scalp delta and alpha1 power density  between Nold 

and ADD groups (i.e., Nold ≠ ADD; Bonferroni corrected p < 0.05, the Bonferroni 

correction was applied for 7 frequency bands, p < 0.05/7 = 0.007). 

The second session tested whether the results of the main statistical analysis may be 

affected by the inclusion of different clinical units (i.e., Sapienza University of Rome, 

IRCCS Fatebenefratelli of Brescia, IRCCS SDN of Naples, IRCCS Oasi Maria SS of 

Troina, University of Genova, Hospital San Raffaele of Cassino, IRCCS San Raffaele 

Pisana of Rome, and Medipol University of Istanbul) and EEG systems (EB-Neuro Be-

light and Brain vision). To this aim, we repeated the main statistical sessions using the 

different clinical units and EEG systems as covariates. Briefly, we computed: (1) a partial 

correlation (p < 0.05 Bonferroni corrected p < 0.05/2 = 0.025) between the global scalp 

normalized delta and alpha1 power density in the Nold and ADD groups, considered 

separately; (2) 2 ANOVAs (one for the Nold group and the other for the ADD group; p < 

0.05) having the global scalp normalized rsEEG power density as a dependent variable and 

Delta (DELTA+ and DELTA-) and Band (theta, alpha1, alpha2, beta1, beta2, and gamma) 

as factors. Bonferroni correction was applied for 6 frequency bands, p < 0.05/6 = 0.0083; 

(3) 2 ANOVAs (one for the Nold group and the other for the ADD group; p < 0.05) having 

the regional normalized alpha1 eLORETA current density as a dependent variable and 

Delta (DELTA+ and DELTA-) and ROI (frontal, central, parietal, occipital, temporal, and 

limbic) as factors. Bonferroni correction was applied for 6 ROIs, p < 0.05/6 = 0.0083. 

The third session evaluated whether the correlation between the global scalp 

normalized delta and alpha1 power density may be biased by choice of standard fixed 

frequency bands to represent alpha rhythms. Indeed, that choice did not account for the 

significant within- and between-group variability in the so-called individual alpha 

frequency peak (IAFp), defined as the frequency associated with the strongest rsEEG 

power density at the extended alpha range of 7 - 13 Hz (Klimesch et al., 1999). To this aim, 

the following procedure was performed. Firstly, for each Nold and ADD participant, the 

IAF was identified. As a result, the mean IAFp was 9.2 Hz (± 0.1 SE) in the Nold group 

and 7.9 Hz (± 0.2 SE) in the ADD group. As expected, a t-test showed that the mean IAFp 

was greater in the Nold than the ADD group (p < 0.000001). Secondly, based on the IAFp, 

the individual alpha frequency band ranges were defined as follows: alpha1 from IAF-1 to 
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IAF Hz and alpha2 from IAF to IAF + 2 Hz. Consequently, in the Nold group, we defined 

the individual alpha1 band from 7 to 9 Hz and the individual alpha2 band from 9 to 11 Hz. 

In the ADD group, the individual alpha1 band was set from 6 to 8 Hz and the individual 

alpha2 band from 8 to 10 Hz. Thirdly, the global scalp (normalized) alpha1 and alpha2 

power density were computed following the procedure described in the “Scalp power 

density of rsEEG rhythms” section of “Materials and Methods.” These resulting power 

density values were log 10 transformed to make them Gaussian. Fourthly, Pearson test (p < 

0.05 Bonferroni corrected; p < 0.05/4 = 0.0125) was used to evaluate the correlation 

between the global scalp (normalized) delta power density (i.e., 2-4 Hz) and both the 

individual global scalp alpha1 and alpha2 power density in the Nold and ADD groups, 

considered separately.  

Finally, another statistical session tested the hypothesis that the main effects of the 

global scalp delta power density may occur in posterior cortical (eLORETA) sources of 

alpha1 rhythms. Two ANOVAs were used, namely one for the Nold group and the other 

for the ADD group. The eLORETA current density served as a dependent variable. 

Specifically, the ANOVA designs tested whether as compared to the DELTA- rsEEG 

epochs, the 50% of the DELTA+ rsEEG epochs may be associated with the lowest 

eLORETA alpha1 source activations in posterior cortical regions (p < 0.05).  The ANOVA 

factors were Delta (DELTA+ and DELTA-) and ROI (frontal, central, parietal, occipital, 

temporal, and limbic). The hypothesis would be confirmed by the following results: (1) a 

statistically significant ANOVA interaction between the two factors (p < 0.05) and (2) a 

post-hoc Duncan test indicating statistically significant differences between the DELTA+ 

and DELTA- rsEEG epochs in the alpha1 normalized eLORETA current density estimated 

in posterior ROIs (i.e., DELTA+  ≠ DELTA-; Bonferroni corrected p < 0.05, the 

Bonferroni correction was applied for 6 ROIs, p < 0.05/6 = 0.008). Furthermore, a voxel-

based topographical control analysis of these eLORETA solutions was performed (p < 0.05 

corrected). The general methodology and results of this analysis are reported in the 

Supplementary Materials.  

 

Results 

Results of the statistical analyses testing the main study hypotheses 

Figure 1 displays the scatterplots showing the global scalp normalized rsEEG power 

density values (log 10 transformed) at the delta and alpha1 bands computed in the Nold 
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and ADD groups, considered separately. Pearson test (p < 0.05 corrected = 0.025) unveiled 

a statistically significant negative correlation between the delta and alpha1 power density 

in the Nold group (r = - 0.60; p = 0.000001). The higher the global scalp delta power 

density, the lower the global scalp alpha1 power density as a reflection of the cortical 

arousal. Noteworthy, that correlation was just marginal in the ADD group (r = - 0.18; p = 

0.07). 

Insert here Figure 1 

 

Figure 2 (top) shows the grand average of the global scalp normalized rsEEG power 

density values (log 10 transformed) in the Nold group relative. The data refer to a 

statistically significant ANOVA interaction effect (F = 44.3; p < 0.00001) between the 

factors Delta (DELTA+ and DELTA-) and Band (theta, alpha1, alpha2, beta1, beta2, and 

gamma). The Duncan planned post-hoc testing (p < 0.05 corrected = p < 0.008) showed 

that the discriminant pattern DELTA+ < DELTA- was fitted by the global scalp 

normalized rsEEG power density values at the alpha1 (p < 0.00001), alpha2 (p < 0.00001), 

beta1 (p < 0.00001), beta2 (p < 0.00001), and gamma (p < 0.001) bands. These values were 

lower for the DELTA+ than the DELTA- rsEEG epochs. 

Similarly, Figure 2 (bottom) shows the grand average of the global scalp normalized 

rsEEG power density values (log 10 transformed) in the ADD group. The data refer to a 

statistically significant ANOVA interaction effect (F = 50.1; p < 0.00001) between the 

factors Delta (DELTA- and DELTA+) and Band (theta, alpha1, alpha2, beta1, beta2, and 

gamma). The Duncan planned post-hoc testing (p < 0.008) showed that the discriminant 

pattern DELTA+ < DELTA- was fitted by the global scalp normalized rsEEG power 

density values at the theta (p < 0.00001), alpha1 (p < 0.000005), alpha2 (p < 0.00001), 

beta1 (p < 0.00001), beta2 (p < 0.00001), and gamma (p < 0.001) bands. As for the Nold 

group, these values were lower for the DELTA+ than the DELTA- rsEEG epochs. 

Insert here Figure 2 

 

Figure 3 shows the results of the analysis testing whether the linear correlation 

between the global scalp normalized delta and alpha1 power density may be higher in the 

rsEEG epochs with the lowest (DELTA-) than the highest (DELTA+) global scalp delta 

normalized power density, considered separately. The analysis was performed in the Nold 

and ADD groups. In the Nold group, Pearson test (p < 0.05 corrected = 0.0125) unveiled a 
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statistically significant negative correlation between the delta and alpha1 power density for 

both DELTA- (r = -0.66; p = 0.000001) and DELTA+ (r = -0.56; p = 0.000001) rsEEG 

epochs. In the ADD group, such a statistically significant negative correlation was found 

only for the DELTA- rsEEG epochs (r = -0.33; p = 0.001). In both Nold and ADD groups, 

the r coefficient of correlation between the global scalp delta and alpha1 power density was 

higher in the DELTA- than the DELTA+.  

Insert here Figure 3 

 

Significant effects (p < 0.05) were also found in the 2 between-group statistical 

sessions evaluating whether the negative association between the global scalp (normalized) 

delta and alpha1 power density in the main analysis may differ between the Nold and ADD 

groups. In the first session, Fisher r-to-z transformation (p < 0.05) showed that the r 

coefficient of correlation between the global scalp delta and alpha1 power density was 

significantly higher in the Nold group as compared to the ADD group (Z = 3.56; p = 

0.0003). In the second session, t-test (p < 0.05, squared-root transformed data) showed that 

the difference of the global scalp normalized alpha1 power density between the DELTA+ 

and DELTA- epochs (DELTA+ minus DELTA-) did not differ in the Nold group as 

compared to the ADD group (p > 0.05).  

The above results of the main statistical analyses were not due to outliers in the 

rsEEG variables used, as shown by Grubbs' test with an arbitrary threshold of p > 0.001. 

On the whole, the results suggest that the relationship between the global scalp normalized 

delta and alpha1 power density computed in the Nold group is partially affected in the 

ADD group.  

 

Results of the control analyses  

Concerning the control of the ADD-related abnormalities in rsEEG delta and alpha1 

rhythms, Figure 4 shows the grand average of the global scalp normalized rsEEG power 

density values (log 10 transformed). These data refer to a statistically significant ANOVA 

interaction effect (F = 36.6; p < 0.00001) between the factors Group (Nold and ADD) and 

Band (delta, theta, alpha1, alpha2, beta1, beta2, and gamma). In the Nold group as a 

physiological reference, the dominant value of the global scalp normalized rsEEG power 

density was seen at the alpha1 band. Low values of the global scalp normalized rsEEG 

power density were found at the delta, theta, and alpha2 bands. The global scalp 
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normalized rsEEG power density values at the beta1, beta2, and gamma bands were 

extremely low. As compared to the Nold group, the ADD group showed a substantial 

decrease in the delta and theta global scalp normalized rsEEG power density values. 

Furthermore, the ADD group showed a substantial increase in the alpha and beta global 

scalp normalized rsEEG power density values. 

The Duncan planned post-hoc testing (p < 0.007) showed that the discriminant 

pattern Nold < ADD was fitted by the delta (p < 0.0001) and theta (p < 0.0005) global 

scalp normalized rsEEG power density values. Furthermore, the discriminant pattern Nold 

> ADD was fitted by the alpha1 (p < 0.000005), alpha2 (p < 0.00001), and beta1 (p < 

0.005) global scalp normalized rsEEG power density values.  

Insert here Figure 4 

 

Concerning the possible confounding effect of multiple clinical units (i.e., Sapienza 

University of Rome, IRCCS Fatebenefratelli of Brescia, IRCCS SDN of Naples, IRCCS 

Oasi Maria SS of Troina, University of Genova, Hospital San Raffaele of Cassino, IRCCS 

San Raffaele Pisana of Rome, and Medipol University of Istanbul) and EEG systems (EB-

Neuro Be-light and Brain vision), all control analyses showed results in line with those of 

the main analyses. Specifically, (1) the partial correlation analysis confirmed the 

statistically significant negative correlation between the global scalp normalized delta and 

alpha1 power density computed in the Nold (r = - 0.64; p = 0.000001) and ADD (r = - 

0.23; p = 0.02) groups, considered separately; (2); the 2 ANOVAs (one for the Nold group 

and the other for the ADD group; p < 0.05) using the global scalp normalized rsEEG power 

density as a dependent variable confirmed the statistically significant ANOVA interaction 

effect (Nold F = 16.5, p < 0.0001; ADD: F = 12.3, p < 0.0001) between the factors Delta 

(DELTA+ and DELTA-) and Band (theta, alpha1, alpha2, beta1, beta2, and gamma). The 

Duncan planned post-hoc testing (p < 0.0083) showed that the discriminant pattern 

DELTA+ < DELTA- was fitted by the global scalp normalized rsEEG power density 

values at the alpha1, alpha2, beta1, beta2, and gamma bands in the Nold group (p < 0.005 

to p < 0.00001) and theta, alpha1, alpha2, beta1, beta2, and gamma bands in the ADD 

group (p < 0.001 to p < 0.00001); and (3) the 2 ANOVAs (one for the Nold group and the 

other for the ADD group; p < 0.05) using the eLORETA regional normalized alpha1 

current density as a dependent variable confirmed the statistically significant ANOVA 

interaction effect (Nold F = 11.1, p < 0.0001; ADD: F = 5.1, p < 0.0005) between the 
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factors Delta (DELTA+ and DELTA-) and ROI (frontal, central, parietal, occipital, 

temporal, and limbic). The Duncan planned post-hoc testing (p < 0.0083) showed that the 

discriminant pattern DELTA+ < DELTA- was fitted by the eLORETA regional normalized 

alpha1 current density in the central, parietal, occipital, temporal, and limbic regions in the 

Nold group (p < 0.0001 to p < 0.00001), while that effect was observed in the frontal, 

central, parietal, occipital, temporal, and limbic regions in the ADD group (p < 0.0001 to p 

< 0.000005). 

Concerning the potential confounding effects of the fixed alpha frequency bands, 

Figure 5 shows the scatterplots showing the relationship between the global scalp 

normalized delta power density (log 10 transformed) and the global scalp normalized 

alpha1 and alpha2 power density computed on an individual basis in the Nold and ADD 

groups, considered separately (see Materials and Methods for the procedure to define 

individual alpha1 and alpha2). In the Nold group, Pearson test (p < 0.0125) unveiled a 

statistically significant negative correlation between the global scalp normalized delta 

power density and the global scalp normalized power density at both individual alpha1 (r = 

- 0.36; p = 0.0002) and alpha2 (r = - 0.60; p = 0.000001) bands. The lower the global scalp 

normalized delta power density, the higher the global scalp normalized rsEEG power 

density at those individual alpha bands. In the AD group, that correlation was just 

marginal, namely delta vs. individual alpha2 returned r = - 0.18 (p = 0.07). Overall, the 

results globally confirmed the main results obtained with the fixed alpha bands. 

Insert here Figure 5 

 

Concerning the topographical effects of the global delta on the alpha1 rhythms, we 

performed an exploratory control analysis using eLORETA source estimation. Figure 6 

displays the grand average of the eLORETA regional normalized alpha1 current density 

(log 10 transformed) estimated in the Nold and ADD groups, considered separately. In the 

Nold group (Figure 6, top), these data refer to a statistically significant ANOVA interaction 

effect (F = 24.1; p < 0.00001) between the factors Delta (DELTA+ and DELTA-) and ROI 

(frontal, central, parietal, occipital, temporal, and limbic). The Duncan planned post-hoc 

testing (p < 0.008) showed that the discriminant pattern DELTA+ < DELTA- was fitted by 

the eLORETA regional normalized alpha1 current density values in the central (p < 

0.00001), parietal (p < 0.00001), occipital (p < 0.00001), temporal (p < 0.00001), and 
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limbic (p < 0.00001) ROIs. These values were lower for the DELTA+ than the DELTA- 

rsEEG epochs. 

Similar effects were observed in the ADD group (Figure 4, bottom) with a 

statistically significant ANOVA interaction effect (F = 10.9; p < 0.00001) between the 

factors Delta (DELTA+ and DELTA-) and ROI (frontal, central, parietal, occipital, 

temporal, and limbic). The Duncan planned post-hoc testing (p < 0.008) showed that the 

discriminant pattern DELTA+ < DELTA- was fitted by the eLORETA regional normalized 

alpha1 current density values in the frontal (p < 0.0001), central (p < 0.00001), parietal (p 

< 0.000005), occipital (p < 0.00001), temporal (p < 0.000005), and limbic (p < 0.00001) 

ROIs. As for the Nold group, these values were lower for the DELTA+ than the DELTA- 

rsEEG epochs. 

Insert here Figure 6 

 

Supplementary materials report the voxel-based mapping of the eLORETA regional 

normalized alpha1 current density values showing a finer localization of the maximum 

differences between DELTA+ and the DELTA- rsEEG epochs in the Nold and ADD 

groups. This localization was observed in the occipital lobe in the Nold group and the 

central areas in the ADD group. These results are illustrated in Supplementary Figures A 

and B.  

In the whole, the above results of the control analyses corroborated those of the main 

analyses.  

 

Discussion 

In this exploratory rsEEG study on archive data, the main hypotheses tested whether 

(1) Nold seniors may show a relationship between delta and low-frequency alpha (alpha1) 

rhythms during the quiet wakefulness and (2) this relationship may be deranged in ADD 

patients. The main results can be summarized as follows. In the Nold group, the global 

delta (< 4 Hz) and alpha1 (8-10.5 Hz) power density were negatively and linearly 

correlated across the individuals. The higher the delta power density, the lower the alpha1 

power density as a sign of tonic cortical arousal. In the ADD group, such a correlation was 

just marginal. In contrast, both Nold and ADD groups similarly showed that the global 

alpha1 power density was lower within each group when computed from the rsEEG epochs 

with the highest as compared to the lowest delta power density.  
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Overall, these results suggest that in the Nold seniors, the fluctuation of the resting 

state delta rhythms may be inversely associated with the alpha rhythms, possibly 

modulating the cortical arousal in the quiet wakefulness. In the ADD patients, this 

neurophysiological mechanism of cross-frequency amplitude coupling may be partially 

affected by individuals when all rsEEG epochs were considered. At the same time, it was 

preserved the different effect of the rsEEG epochs with the highest (DELTA+) vs. the 

lowest (DELTA-) global delta power density on the alpha1 power density.  

To understand better the complex effect observed in the ADD patients, we performed 

a control analysis. Specifically, we computed the correlation across individuals between 

the delta and alpha1 rhythms for the rsEEG epochs showing DELTA+ and DELTA-, 

considered separately. The results were insightful. In the Nold group, the global delta and 

alpha1 power density were correlated considering either the DELTA+ or the DELTA- 

rsEEG epochs. In contrast, the ADD group showed the correlation only when the DELTA- 

rsEEG epochs were used. This control result suggests that in ADD patients, the typical 

increase in resting state delta rhythms due to the disease may partially derange the 

physiological correlation between the resting state delta and alpha rhythms observed in the 

present Nold seniors.  

In this explanatory line, other control analyses showed that the current findings were 

affected by neither the frequency slowing of the alpha rhythms in the ADD over the Nold 

individuals nor the inclusion of several clinical units in the experiments. Furthermore, as 

expected, the ADD group pointed to an abnormal diffuse increase in the resting state delta 

(and theta) rhythms and an abnormal decrease in the alpha (and beta) rhythms. Finally, an 

explorative control analysis of rsEEG (eLORETA) source activation showed that both the 

Nold and ADD groups displayed lower posterior alpha1 source activations in the DELTA+ 

than the DELTA- rsEEG epochs. Noteworthy, the ADD group was characterized by a 

topographically widespread effect extending to the frontal regions. To provide more spatial 

details about this effect, we also performed a voxel-based control analysis of the above 

eLORETA solutions (see the Supplementary Materials). In the Nold group, the maximum t 

values of the differences between DELTA+ and DELTA- were localized in the occipital 

Brodmann area (BA) 18. In the ADD group, those maximum t values were instead 

localized more anteriorly, namely in the central BA 6. 

 

Abnormal rsEEG rhythms at delta frequencies in ADD patients 
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As reported above, the main results of the present rsEEG study showed that in the 

Nold group, the resting state delta rhythms were linearly and negatively correlated with the 

alpha rhythms, possibly about the general cortical arousal as revealed by a widespread 

desynchronization of alpha rhythms. These results lead support to the speculation that 

those delta rhythms may trigger excitatory processes in the human cerebral cortex even in 

the quiet wakefulness. In the quiet wakefulness, cortical delta rhythms may be generated 

by widely distributed neural assemblies, especially distributed in associative regions. Their 

oscillatory  activity at delta frequencies may entrain EEG rhythms at higher frequencies, 

including the alpha band, and trigger excitatory processes (Nuñez, 1992; Pfurtscheller and 

Lopes da Silva, 1999).  

In this speculative line, earlier studies showed that in healthy adults, resting state 

delta rhythms were positively correlated with the cortical metabolism as measured by 

[18F]fluoro-D-glucose (Alper et al., 2006). Furthermore, Dr Erol Başar and colleagues 

repeatedly showed that (1) cognitive events might induce ample and transient frontal EEG 

oscillations at delta frequencies with a clear excitatory meaning in healthy adults and (2) 

those oscillations were deranged in ADD patients (Başar et al., 2001, 2016; Karakaş et al., 

2000; Yener et al., 2007, 2008, 2009, 2012).  

We also speculate that the mentioned co-fluctuation in the resting delta and alpha 

rhythms may be related to the regulation of the subject‟s vigilance in the quiet 

wakefulness. Indeed, previous rsEEG studies carried out in cognitively intact adults 

reported that (1) resting state cortical delta rhythms increased and alpha rhythms decreased 

after sleep deprivation and (2) recovered by the acute administration of pharmacological 

drugs enhancing subjects‟ vigilance (Chapotot et al., 2003; Bodenmann et al., 2009; Del 

Percio et al., 2019; James et al., 2011).  

Unfortunately, it is unclear the neurophysiopathological mechanism underlying the 

abnormalities observed at the resting state delta rhythms in the present ADD patients, 

namely the derangement of the linear negative correlation with the alpha rhythms. In this 

regard, it can be speculated that in these patients, the abnormalities of delta rhythms in the 

quiet wakefulness may be due to an impairment in the functional connectivity among (1) 

thalamocortical and corticothalamic loops targeting widespread cortical modules in the 

regulation of quiet vigilance (Steriade and Llinas, 1988; Klimesch, 1999; Babiloni et al., 

2010, 2020a, b) and/or (2) cholinergic basal forebrain and cerebral cortex (Wan et al., 

2019). Such impairment in that functional connectivity may be provoked by (1) a structural 
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disconnection of the cerebral cortex provoked by vascular lesions in subcortical white 

matter bundles (Babiloni et al., 2006d); (2) a reduced regional cerebral blood flow and 

hypometabolism in bilateral parietal cortex and hippocampi (Galluzzi et al., 2016; 

Rodriguez et al., 1998, 1999, 2004; Babiloni et al., 2016); (3) AD neuropathology (e.g., 

low Ab42 and high phospho tau levels); and (4) neurodegeneration of cortical grey matter 

and hippocampus (Babiloni et al., 2009; 2013, 2016; Galluzzi et al., 2016). Noteworthy, 

the widespread distribution of rsEEG rhythms at delta frequencies makes it improbable its 

unique generation from the frontal circuits entraining physiological slow EEG oscillatory 

activity during non-rapid eye movement sleep (Steriade, 2004). 

 

Methodological remarks 

In the interpretation of the present findings, the following methodological 

limitations should be considered.  

The data were collected in all clinical units without a single experimental protocol. 

As a result, some relevant fluid and neuroimaging biomarkers, clinical and 

neuropsychological measures, and genetic information were not available in all participants 

(e.g., just the clinical diagnosis, the MMSE score, and the rsEEG recordings were available 

in all Nold and ADD participants). In the same vein, the instructions to the Nold and ADD 

participants and the rsEEG experiments were not harmonized in all clinical units. 

Moreover, the EEG recordings were performed using different hardware and recording 

settings (i.e. sampling rates, analogic filters, and reference electrodes). To take into account 

these differences, a control analysis repeated the analysis of the main hypotheses using 

“clinical units and EEG systems” as confounding variables. Those variables did not affect 

the main findings, possibly because (1) those clinical units followed the general guidelines 

of clinical neurophysiology (Babiloni et al., 2020b) and (2) the recorded rsEEG data were 

subjected to a central analysis aimed at reducing the variance of the rsEEG variables by the 

re-referencing to the common average reference, the normalization of rsEEG power density 

across frequencies and electrodes, and log transformation of the normalized rsEEG power 

density.  

The clinical 10–20 electrode montage (i.e., 19 scalp electrodes) adopted for the 

rsEEG recordings is sub-optimal for the spatial sampling of rsEEG activity and the source 

estimation (Liu et al., 2002; Marino et al., 2016). An optimal spatial sampling would have 

requested > 64 scalp electrodes. Therefore, the current results of the rsEEG source 
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estimation should be considered as preliminary in the context of an exploratory rsEEG 

study. In that context, they may be informative for the following reason. RsEEG rhythms 

show largely dominant low spatial frequency components allowing valid anti-aliasing 

spatial sampling of instantaneous potential distributions by the mentioned 10-20 montage 

system using 19 scalp electrodes. This statement is grounded on many previous 

investigations carried out to study brain “microstates” in humans during the quiet 

wakefulness, defined as quasi-stable (i.e., few seconds) topographical patterns of rsEEG 

voltage maps (Lehmann et al., 1987). Indeed, these rsEEG topographic patterns are 

typically characterized by two very large voltage centroids (i.e. diameter of about ten 

centimeters), one of the positive potentials and the other of negative potentials, changing 

position on the scalp over time (Khanna et al., 2015; Michel and Koenig, 2018). These 

rsEEG topographic patterns, which are generated by widely distributed cortical neural 

networks revealed by resting-state functional MRI, can be recorded without spatial aliasing 

by the traditional 10-20 montage system (Khanna et al., 2015; Michel and Koenig, 2018;  

Riba et al., 2004; Huang et al., 2000; Mulert et al., 2001; Winterer et al., 2001; Veiga et al., 

2003; Hata et al., 2016). In this line of reasoning, a Workgroup of International Federation 

of Clinical Neurophysiology expressed the consensus position that EEG source estimation 

of rsEEG data collected by the traditional 10-20 montage system can be used for 

exploratory studies performed on available rsEEG databases relative to neurological and 

psychiatric patients (Babiloni et al., 2020a). Those exploratory studies may provide 

informative preliminary results motivating further investments to develop cross-validating 

prospective rsEEG studies using EEG techniques with higher resolution (i.e., recordings 

based on 48-256 scalp electrodes, etc.). 

Finally, rsEEG recordings referred to a single data acquisition session, thus 

preventing the analysis of the finding reliability and the relation to patients‟ clinical 

manifestations during the AD progression. 

The above limitations and the current results motivate resource investments to 

develop future prospective, longitudinal, and multi-center studies using (1) diagnostic fluid 

and neuroimaging biomarkers of AD; (2) a detailed evaluation of the patient‟s cognitive 

status; (3) harmonized EEG hardware systems and protocols; (4) a higher number of 

exploring scalp electrodes for enhanced rsEEG source estimates; (5) a finer individual 

analysis of delta and alpha frequencies of rsEEG rhythms; and (6) the use of new 

techniques testing a significant relationship between the phase of delta rhythms and the 
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amplitude in alpha rhythms as a neurophysiological cortical mechanism regulating cortical 

arousal in quiet wakefulness.  

 

 

Conclusions 

Here we hypothesize that in Nold seniors, transient increases in resting state delta 

rhythms may enhance global cortical arousal as revealed by alpha1 rhythms and (2) this 

relationship my derange in ADD. As main findings, the Nold group showed a linear and 

negative correlation across individual between the global delta and alpha1-2 power density. 

In the ADD group, such a correlation was just marginal. However, both the Nold and ADD 

groups similarly showed that the global alpha1 power density was lower (pointing to 

greater cortical arousal) in the rsEEG epochs showing the highest over the lowest global 

delta power density. An explorative control analysis by eLORETA source estimation 

showed that these effects were distributed in the posterior cortical regions in both Nold and 

ADD groups, with a frontal extension in the ADD group.  

These results suggest that AD may mitigate the cross-band neurophysiological 

mechanism inter-relating delta and alpha rhythms in the quiet wakefulness, with potential 

effects on the regulation of patients‟ vigilance.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

28 

 

References 

Alper KR, John ER, Brodie J, Günther W, Daruwala R, Prichep LS. Correlation of PET and qEEG in normal 

subjects. Psychiatry Res. 2006 Apr 30;146(3):271-82. DOI: 10.1016/j.pscychresns.2005.06.008 

Babiloni C, Barry RJ, Başar E, Blinowska KJ, Cichocki A, Drinkenburg WHIM, Klimesch W, Knight RT, 

Lopes da Silva F, Nunez P, Oostenveld R, Jeong J, Pascual-Marqui R, Valdes-Sosa P, Hallett M. 

International Federation of Clinical Neurophysiology (IFCN) - EEG research workgroup: Recommendations 

on frequency and topographic analysis of resting state EEG rhythms. Part 1: Applications in clinical research 

studies. Clin Neurophysiol. 2020a;131:285-307.  

Babiloni C, Benussi L, Binetti G, Bosco P, Busonero G, Cesaretti S, Dal Forno G, Del Percio C, Ferri R, 

Frisoni G, Ghidoni R, Rodriguez G, Squitti R, Rossini PM. Genotype (cystatin C) and EEG phenotype in 

Alzheimer disease and mild cognitive impairment: a multicentric study. Neuroimage. 2006c Feb 1;29(3):948-

64. 

Babiloni C, Benussi L, Binetti G, Cassetta E, Dal Forno G, Del Percio C, Ferreri F, Ferri R, Frisoni G, 

Ghidoni R, Miniussi C, Rodriguez G, Romani GL, Squitti R, Ventriglia MC, Rossini PM. Apolipoprotein E 

and alpha brain rhythms in mild cognitive impairment: a multicentric EEG study. Ann Neurol 2006b;59:323–

34. 

Babiloni C, Binetti G, Cassetta E, Dal Forno G, Del Percio C, Ferreri F, Ferri R, Frisoni G, Hirata K, 

Lanuzza B, Miniussi C, Moretti DV, Nobili F, Rodriguez G, Romani GL, Salinari S, Rossini PM. Sources of 

cortical rhythms change as a function of cognitive impairment in pathological aging: a multi-centric study. 

Clin Neurophysiol. 2006a Feb;117(2):252-68.  

Babiloni C, Blinowska K, Bonanni L, Cichocki A, De Haan W, Del Percio C, Dubois B, Escudero J, 

Fernández A, Frisoni G, Guntekin B, Hajos M, Hampel H, Ifeachor E, Kilborn K, Kumar S, Johnsen K, 

Johannsson M, Jeong J, LeBeau F, Lizio R, Lopes da Silva F, Maestú F, McGeown WJ, McKeith I, Moretti 

DV, Nobili F, Olichney J, Onofrj M, Palop JJ, Rowan M, Stocchi F, Struzik ZM, Tanila H, Teipel S, Taylor 

JP, Weiergräber M, Yener G, Young-Pearse T, Drinkenburg WH, Randall F. What electrophysiology tells us 

about Alzheimer's disease: a window into the synchronization and connectivity of brain neurons. Neurobiol 

Aging. 2020b Jan;85:58-73. 

Babiloni C, Carducci F, Lizio R, Vecchio F, Baglieri A, Bernardini S, Cavedo E, Bozzao A, Buttinelli C, 

Esposito F, Giubilei F, Guizzaro A, Marino S, Montella P, Quattrocchi CC, Redolfi A, Soricelli A, Tedeschi 

G, Ferri R, Rossi-Fedele G, Ursini F, Scrascia F, Vernieri F, Pedersen TJ, Hardemark HG, Rossini PM, 

Frisoni GB. Resting state cortical electroencephalographic rhythms are related to gray matter volume in 

subjects with mild cognitive impairment and Alzheimer‟s disease. Hum. Brain Mapp. 2013; 34:1427–46.  

Babiloni C, Del Percio C, Boccardi M, Lizio R, Lopez S, Carducci F, Marzano N, Soricelli A, Ferri R, 

Triggiani AI, Prestia A, Salinari S, Rasser PE, Basar E, Famà F, Nobili F, Yener G, Emek-Savaş DD, 

Gesualdo L, Mundi C, Thompson PM, Rossini PM, Frisoni GB. Occipital sources of resting-state alpha 

rhythms are related to local gray matter density in subjects with amnesic mild cognitive impairment and 

Alzheimer‟s disease. Neurobiol. Aging 2015; 36:556–70. 

Babiloni C, Del Percio C, Caroli A, Salvatore E, Nicolai E, Marzano N, Lizio R, Cavedo E, Landau S, Chen 

K, Jagust W, Reiman E, Tedeschi G, Montella P, De Stefano M, Gesualdo L, Frisoni GB, Soricelli A. 

Cortical sources of resting state EEG rhythms are related to brain hypometabolism in subjects with 

Alzheimer's disease: an EEG-PET study. Neurobiol Aging. 2016b;48:122-134. 

Babiloni C, Del Percio C, Lizio R, Noce G, Cordone S, Lopez S, Soricelli A, Ferri R, Pascarelli MT, Nobili 

F, Arnaldi D, Aarsland D, Orzi F, Buttinelli C, Giubilei F, Onofrj M, Stocchi F, Stirpe P, Fuhr P, 

Gschwandtner U, Ransmayr G, Caravias G, Garn H, Sorpresi F, Pievani M, Frisoni GB, D'Antonio F, De 

Lena C, Güntekin B, Hanoğlu L, Başar E, Yener G, Emek-Savaş DD, Triggiani AI, Franciotti R, De Pandis 

MF, Bonanni L. Abnormalities of cortical neural synchronization mechanisms in patients with dementia due 

to Alzheimer's and Lewy body diseases: an EEG study. Neurobiol Aging. 2017. Jul;55:143-158. doi: 

10.1016/j.neurobiolaging.2017.03.030.  

Babiloni C, Frisoni G, Steriade M, Bresciani L, Binetti G, Del Percio C, Geroldi C, Miniussi C, Nobili F, 

Rodriguez G, Zappasodi F, Carfagna T, Rossini PM. Frontal white matter volume and delta EEG sources 

negatively correlate in awake subjects with mild cognitive impairment and Alzheimer's disease. Clin 

Neurophysiol. 2006 May;117(5):1113-29.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

29 

 

Babiloni C, Frisoni GB, Vecchio F, Pievani M, Geroldi C, De Carli C, Ferri R, Vernieri F, Lizio R, Rossini 

PM. Global functional coupling of resting EEG rhythms is related to white-matter lesions along the 

cholinergic tracts in subjects with amnesic mild cognitive impairment. J Alzheimers Dis. 2010;19(3):859-71. 

doi: 10.3233/JAD-2010-1290.  

Babiloni C, Lizio R, Marzano N, Capotosto P, Soricelli A, Triggiani AI, Cordone S, Gesualdo L, Del Percio 

C. Brain neural synchronization and functional coupling in Alzheimer's disease as revealed by resting state 

EEG rhythms. Int J Psychophysiol. 2016c;103:88-102 

Babiloni C, Triggiani AI, Lizio R, Cordone S, Tattoli G, Bevilacqua V, Soricelli A, Ferri R, Nobili F, 

Gesualdo L, Millán-Calenti JC, Buján A, Tortelli R, Cardinali V, Barulli MR, Giannini A, Spagnolo P, 

Armenise S, Buenza G, Scianatico G, Logroscino G, Frisoni GB, Del Percio C. Classification of Single 

Normal and Alzheimer's Disease Individuals from Cortical Sources of Resting State EEG Rhythms. Front 

Neurosci. 2016a;10:47 

Başar E, Schmiedt-Fehr C, Mathes B, Femir B, Emek-Savaş DD, Tülay E, Tan D, Düzgün A, Güntekin B, 

Özerdem A, Yener G, Başar-Eroğlu C. What does the broken brain say to the neuroscientist? Oscillations and 

connectivity in schizophrenia, Alzheimer's disease, and bipolar disorder. Int J Psychophysiol. 2016 

May;103:135-48. 

Başar E, Schürmann M, Demiralp T, Başar-Eroglu C, Ademoglu A. Event-related oscillations are 'real brain 

responses'--wavelet analysis and new strategies. Int J Psychophysiol. 2001 Jan;39(2-3):91-127. 

Besthorn C, Zerfass R, Geiger-Kabisch C, Sattel H, Daniel S, Schreiter-Gasser U, Förstl H. Discrimination of 

Alzheimer's disease and normal aging by EEG data. Electroencephalogr Clin Neurophysiol. 

1997;103(2):241-8. 

Bodenmann S, Rusterholz T, Dürr R, Stoll C, Bachmann V, Geissler E, et al. The functional Val158Met 

polymorphism of COMT predicts interindividual differences in brain alpha oscillations in young men. J 

Neurosci. 2009;29:10855-62. 

Chapotot F, Pigeau R, Canini F, Bourdon L, Buguet A. Distinctive effects of modafinil and d-amphetamine 

on the homeostatic and circadian modulation of the human waking EEG. Psychopharmacology (Berl). 

2003;166:127-38.  

Chiaramonti R, Muscas GC, Paganini M, Müller TJ, Fallgatter AJ, Versari A, Strik WK. Correlations of 

topographical EEG features with clinical severity in mild and moderate dementia of Alzheimer type. 

Neuropsychobiology. 1997;36(3):153- 

Del Percio C, Derambure P, Noce G, Lizio R, Bartrés-Faz D, Blin O, Payoux P, Deplanque D, Méligne D, 

Chauveau N, Bourriez JL, Casse-Perrot C, Lanteaume L, Thalamas C, Dukart J, Ferri R, Pascarelli MT, 

Richardson JC, Bordet R, Babiloni C; PharmaCog Consortium. Sleep deprivation and Modafinil affect 

cortical sources of resting state electroencephalographic rhythms in healthy young adults. Clin Neurophysiol. 

2019;130(9):1488-1498. 

Del Percio C, Derambure P, Noce G, Lizio R, Bartrés-Faz D, Blin O, et al. Sleep deprivation and Modafinil 

affect cortical sources of resting state electroencephalographic rhythms in healthy young adults. Clin 

Neurophysiol. 2019;130:1488-1498. 

Dierks T, Ihl R, Frolich L, Maurer K. Dementia of the Alzheimer type: effects on the spontaneous EEG 

described by dipole sources. Psychiatry Res 1993;50:151-162. 

Dierks T, Jelic V, Pascual-Marqui RD, Wahlund LO, Julin P, Linden DEJ, Maurer K, Winblad B, Nordberg 

A (2000) Spatial pattern of cerebral glucose metabolism (PET) correlates with localization of intracerebral 

EEG-generators in Alzheimer‟s disease. Clin. Neurophysiol. 111, 1817–1824. 

Folstein MF, Folstein SE, McHugh PR. „Mini Mental State‟: a practical method for grading the cognitive 

state of patients for clinician. J Psychiatr Res 1975; 12:189–98. 

Galluzzi S, Marizzoni M, Babiloni C, Albani D, Antelmi L, Bagnoli C, Bartres-Faz D, Cordone S, Didic M, 

Farotti L, Fiedler U, Forloni G, Girtler N, Hensch T, Jovicich J, Leeuwis A, Marra C, Molinuevo JL, Nobili 

F, Pariente J, Parnetti L, Payoux P, Del Percio C, Ranjeva JP, Rolandi E, Rossini PM, Schönknecht P, 

Soricelli A, Tsolaki M, Visser PJ, Wiltfang J, Richardson JC, Bordet R, Blin O, Frisoni GB; PharmaCog 

Consortium. Clinical and biomarker profiling of prodromal Alzheimer's disease in workpackage 5 of the 

Innovative Medicines Initiative PharmaCog project: a 'European ADNI study'. J Intern Med. 2016 

Jun;279(6):576-91. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

30 

 

Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for 1458 Parkinson disease. Arch Neurol 1999; 56, 33-39. 

Hata M, Kazui H, Tanaka T, Ishii R, Canuet L, Pascual-Marqui RD, et al. (2016). Functional connectivity 

assessed by resting state EEG correlates with cognitive decline of Alzheimer's disease - An eLORETA study. 

Clin Neurophysiol. 127:1269-1278. 

Huang C, Wahlund L, Dierks T, Julin P, Winblad B, Jelic V. (2000). Discrimination of Alzheimer's disease 

and mild cognitive impairment by equivalent EEG sources: a cross-sectional and longitudinal study. Clin 

Neurophysiol. 111:1961-1967. 

Huang C, Wahlund LO, Dierks T, Julin P, Winblad B, Jelic V. Discrimination of Alzheimer‟s disease and 

mild cognitive impairment by equivalent EEG sources: a cross-sectional and logitudinal study. Clin 

Neurophysiol 2000;11:1961–7. 

Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new clinical scale for the staging of dementia. 

Br J Psychiatry 1982;140:566-72. 

Hughes SW, Crunelli V. Thalamic mechanisms of EEG alpha rhythms and their pathological implications. 

Neuroscientist. 2005;11:357-72. 

James LM, Iannone R, Palcza J, Renger JJ, Calder N, Cerchio K, et al. Effect of a novel histamine subtype-3 

receptor inverse agonist and modafinil on EEG power spectra during sleep deprivation and recovery sleep in 

male volunteers. Psychopharmacology (Berl). 2011;215: 643-53. 

Jelic V, Johansson SE, Almkvist O, Shigeta M, Julin P, Nordberg A, Winblad B, Wahlund LO. Quantitative 

electroencephalography in mild cognitive impairment: longitudinal changes and possible prediction of 

Alzheimer‟s disease. Neurobiol Aging 2000;21:533–40. 

Jeong J. EEG dynamics in patients with Alzheimer‟s disease. Clin Neurophysiol 2004;115:1490–505. 

Karakaş S, Erzengin OU, Başar E. A new strategy involving multiple cognitive paradigms demonstrates that 

ERP components are determined by the superposition of oscillatory responses. Clin Neurophysiol. 2000 

Oct;111(10):1719-32. 

Khanna A, Pascual-Leone A, Michel CM, Farzan F. (2015). Microstates in resting-state EEG: current status 

and future directions. Neurosci Biobehav Rev. 49:105‐ 113.  

Klimesch W. EEG alpha and theta oscillations reflect cognitive and memory performance: a review and 

analysis. Brain Research Reviews 1999; 29:1169-195. 

Klimesch W. Memory processes, brain oscillations and EEG synchronization. Int J Psychophysiol 

1996;24:61-100. 

Kogan EA, Korczyn AD, Virchowsy RG, Klimovizky SSh, TrevesTA, Neufeld MY. EEG changes during 

long-term treatment with donepezil in Alzheimer‟s disease patients. J. Neural Transm. 2001; 108:1167–1173. 

Lawton MP, Brodie EM. Assessment of older people: self maintaining and instrumental activity of daily 

living. J Gerontol 1969;9:179–86.  

Liu AK, Dale AM, Belliveau JW. (2002). Monte Carlo simulation studies of EEG and MEG localization 

accuracy. Hum Brain Mapp. 16(1):47‐ 62. 

Lizio R, Del Percio C, Marzano N, Soricelli A, Yener GG, Başar E, Mundi C, De Rosa S, Triggiani AI, Ferri 

R, Arnaldi D, Nobili FM, Cordone S, Lopez S, Carducci F, Santi G, Gesualdo L, Rossini PM, Cavedo E, 

Mauri M, Frisoni GB, Babiloni C. Neurophysiological assessment of Alzheimer's disease individuals by a 

single electroencephalographic marker. J Alzheimers Dis. 2016;49(1):159-77. doi: 10.3233/JAD-143042. 

Lörincz ML, Crunelli V, Hughes SW. Cellular dynamics of cholinergically induced alpha (8-13Hz)  rythms 

in sensory thalamic nuclei in vitro. J Neurosci. 2008;28:660-71. 

Lorincz ML, Kékesi KA, Juhász G, Crunelli V, Hughes. Temporal framing of thalamic relay-mode firing by 

phasic inhibition during the alpha rythm. Neuron. 2009;63:683-96. 

Marino M, Liu Q, Brem S, Wenderoth N, Mantini D. (2016). Automated detection and labeling of high-

density EEG electrodes from structural MR images. J Neural Eng. 13(5):056003. 

McKeith IG, Dickson DW, Lowe J, Emre M, O'Brien JT, Feldman H, Cummings J, Duda JE, Lippa C, Perry 

EK, Aarsland D, Arai H, Ballard CG, Boeve B, Burn DJ, Costa D, Del Ser T, Dubois B, Galasko D, Gauthier 

S, Goetz CG, Gomez-Tortosa E, Halliday G, Hansen LA, Hardy J, Iwatsubo T, Kalaria RN, Kaufer D, Kenny 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

31 

 

RA, Korczyn A, Kosaka K, Lee VM, Lees A, Litvan I, Londos E, Lopez OL, Minoshima S, Mizuno Y, 

Molina JA, Mukaetova-Ladinska EB, Pasquier F, Perry RH, Schulz JB, Trojanowski JQ, Yamada M; 

Consortium on DLB. Diagnosis and management of dementia with Lewy bodies: third report of the DLB 

Consortium. Neurology. 2005 Dec 27;65(12):1863-72.  

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of Alzheimer's 

disease: report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and 

Human Services Task Force on Alzheimer's Disease. Neurology 1984;34:939-44. 

Michel CM, Koenig T. (2018). EEG microstates as a tool for studying the temporal dynamics of whole-brain 

neuronal networks: A review. Neuroimage. 180:577‐ 593. 

Moretti DV, Babiloni F, Carducci F, Cincotti F, Remondini E, Rossini PM, Salinari S, Babiloni C. 

Computerized processing of EEG–EOG–EMG artifacts for multicentric studies in EEG oscillations and 

event-related potentials. Int J Pshycophysiol 2003;47:199–216. 

Mulert C, Gallinat J, Pascual-Marqui R, Dorn H, Frick K, Schlattmann P, et al. (2001). Reduced event-related 

current density in the anterior cingulate cortex in schizophrenia. Neuroimage. 13:589-600. 

Nuñez A, Amzica F, Steriade M. Intrinsic and synaptically generated delta (1-4 Hz) rhythms in dorsal lateral 

geniculate neurons and their modulation by light-induced fast (30-70 Hz) events. Neuroscience. 1992 

Nov;51(2):269-84.  

Pascual-Marqui RD. Discrete, 3D distributed, linear imaging methods of electric neuronal activity. Part 1: 

exact, zero error localization. Math. Phys. 2007; 1–16.  

Pfurtscheller G, Lopez da Silva F. Event-related EEG/MEG synchronization and desynchronization: basic 

principles. Clin Neurophysiol 1999;110:1842–57. 

Ponomareva NV, Selesneva ND, Jarikov GA. EEG alterations in subjects at high familial risk for 

Alzheimer‟s disease. Neuropsychobiology 2003;48:152–9. 

Riba J, Anderer P, Jané F, Saletu B, Barbanoj MJ. (2004). Effects of the South American psychoactive 

beverage ayahuasca on regional brain electrical activity in humans: a functional neuroimaging study using 

low-resolution electromagnetic tomography. Neuropsychobiology. 50:89-101 

Rodriguez G, Copello F, Nobili F, Vitali P, Perego G, Nobili F. EEG spectral profile to stage Alzheimer‟s 

disease. Clin Neurophysiol 1999;110:1831–7. 

Rodriguez G, Nobili F, Rocca G, De Carli F, Gianelli MV, Rosadini G. Quantitative electroencephalography 

and regional cerebral blood flow: discriminant analysis between Alzheimer's patients and healthy controls. 

Dement Geriatr Cogn Disord. 1998 Sep-Oct;9(5):274-83. 

Rodriguez G, Vitali P, Canfora M, Calvini P, Girtler N, De Leo C, Piccardo A, Nobili F. Quantitative EEG 

and perfusional single photon emission computed tomography correlation during long-term donepezil therapy 

in Alzheimer's disease. Clin Neurophysiol. 2004 Jan;115(1):39-49. 

Rodriguez G, Vitali P, De Leo C, De Carli F, Girtler N, Nobili F. Quantitative EEG changes in Alzheimer 

patients during long-term donepezil therapy. Neuropsychobiology 2002;46:49–56. 

Roman GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, Garcia JH, Amaducci L, Orgogozo JM, 

Brun A, Hofman A, et al. Vascular dementia: diagnostic criteria for research studies. Report of the NINDS-

AIREN International Workshop. Neurology 1993;43:250-60. 

Rosen WG, Terry RD, Fuld PA, Katzman R, Peck A. Pathological verification of ischemic score in 

differentiation of dementias. Ann Neurol 1980;7:486-8. 

Steriade M, Llinas RR. The functional states of the thalamus and the associated neuronal interplay. Physiol 

Rev 1988;68:649–742. 

Steriade M. Slow-wave sleep: serotonin, neuronal plasticity, and seizures. Arch Ital Biol. 2004 

Jul;142(4):359-67. Review.  

The Lund and Manchester Groups. Clinical and neuropathological criteria for fontotemporal dementia. J 

Neurol Neurosurg Psychiatry 1994; 57(4):416-18. 

Veiga H, Deslandes A, Cagy M, Fiszman A, Piedade RA, Ribeiro P. (2003). Neurocortical electrical activity 

tomography in chronic schizophrenics. Arq Neuropsiquiatr. 61:712-717. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

32 

 

Wan L, Huang H, Schwab N, Tanner J, Rajan A, Lam NB, Zaborszky L, Li CR, Price CC, Ding M. From 

eyes-closed to eyes-open: Role of cholinergic projections in EC-to-EO alpha reactivity revealed by 

combining EEG and MRI. Hum Brain Mapp. 2019;40(2):566-577. 

Winterer G, Egan MF, Rädler T, Hyde T, Coppola R, Weinberger DR. (2001). An association between 

reduced interhemispheric EEG coherence in the temporal lobe and genetic risk for schizophrenia. Schizophr 

Res. 49:129-143. 

Yener G, Güntekin B, Başar E. Event-related delta oscillatory responses of Alzheimer patients. Eur J Neurol. 

2008 Jun;15(6):540-7. 

Yener GG, Emek-Savaş DD, Lizio R, Çavuşoğlu B, Carducci F, Ada E, Güntekin B, Babiloni CC, Başar E. 

Frontal delta event-related oscillations relate to frontal volume in mild cognitive impairment and healthy 

controls. Int J Psychophysiol. 2016 May;103:110-7 

Yener GG, Güntekin B, Oniz A, Başar E. Increased frontal phase-locking of event-related theta oscillations 

in Alzheimer patients treated with cholinesterase inhibitors. Int J Psychophysiol. 2007 Apr;64(1):46-52.  

Yener GG, Güntekin B, Örken DN, Tülay E, Forta H, Başar E. Auditory delta event-related oscillatory 

responses are decreased in Alzheimer's disease. Behav Neurol. 2012;25(1):3-11.  

Yener GG, Güntekin B, Tülay E, Başar E. A comparative analysis of sensory visual evoked oscillations with 

visual cognitive event related oscillations in Alzheimer's disease. Neurosci Lett. 2009 Oct 25;462(3):193-7. 

doi: 10.1016/j.neulet.2009.07.036.  

Yesavage, J. A., Brink, T. L., Rose, T. L., Lum, O., Huang, V., Adey, M., et al. (1982). Development and 

validation of a geriatric depression screening scale: a preliminary report. J. Psychiatr. Res. 17, 37–49. 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

33 

 

Table legends 

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 healthy 

elderly participants (Nold, N = 100) and patients with dementia due to Alzheimer‟s disease 

(ADD, N = 100). Legend: MMSE = Mini Mental State Evaluation; M/F = males/females; 

n.s. = not significant (p > 0.05). 

 

Table 2. Brodmann areas (BAs) corresponding to the regions of interest (ROIs) where we 

averaged the solutions of the exact low-resolution brain electromagnetic tomography 

(eLORETA) freeware to estimate cortical sources of eyes-closed resting state 

electroencephalographic (rsEEG) rhythms recorded in the quiet wakefulness. 
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Figure legends 

Figure 1. Scatterplots showing the global scalp normalized delta (2-4 Hz) and alpha1 (8-

10.5 Hz) power density in the normal elderly (Nold) seniors and patients with Alzheimer‟s 

disease dementia (ADD), derived from resting state eyes-closed electroencephalographic 

(rsEEG) recordings. Pearson test evaluated the hypothesis of a correlation between these 

delta (2-4 Hz) and alpha1 (8-10.5 Hz) power density values in the Nold and ADD groups, 

considered separately (p < 0.05 corrected). The r and p values of the correlation analysis 

are reported in the diagrams. 

 

Figure 2. (Top): Global scalp normalized rsEEG power density values (mean across 

subjects, log 10 transformed) computed in the Nold group in relation to a statistical 

ANOVA interaction between the factors Delta (50% of the rsEEG epochs showing the 

highest delta power density, DELTA+, and 50% of the rsEEG epochs showing the smallest 

delta power density, DELTA-) and Band (delta, theta, alpha1, alpha2, beta1, beta2, and 

gamma).   

(Bottom): Global scalp normalized rsEEG power density values (mean across subjects, log 

10 transformed) computed in the ADD group in relation to a statistical ANOVA interaction 

between the factors Delta (DELTA+ and DELTA-) and Band (delta, theta, alpha1, alpha2, 

beta1, beta2, and gamma). Legend: the asterisks indicate the frequency bands in which the 

global scalp normalized rsEEG power density values presented statistically significant 

effects in line with the pattern “DELTA+ ≠ DELTA-” (p< 0.05 corrected). 

 

Figure 3. Scatterplots illustrating the results of the control analysis using Pearson test (p < 

0.05 corrected) to evaluate whether the linear correlation between the global scalp 

normalized delta and alpha1 power density (log 10 transformed) may be higher in the 

rsEEG epochs with the lowest (i.e., DELTA-) than the highest (DELTA+) global scalp 

delta power density computed in the Nold and ADD groups, considered separately. 

 

Figure 4. Global scalp normalized power density (mean across subjects, log 10 

transformed) computed from rsEEG rhythms in relation to a statistical ANOVA interaction 

between the factors Group (healthy older participants, Nold, and ADD) and Band (delta, 

theta, alpha1, alpha2, beta1, beta2, and gamma). Legend: the asterisks indicate the 

frequency bands in which the global scalp normalized rsEEG power density values 

statistically significant effects such as a pattern “Nold ≠ ADD” (p < 0.05 corrected).  

 

Figure 5. Scatterplots showing the relationship between the global scalp normalized delta 

power density (log 10 transformed) and the global scalp normalized alpha1 and alpha2 

power density computed on individual basis in the Nold and ADD groups (see Materials 

and Methods). Pearson test evaluated that relationship (p < 0.05 corrected). The r and p 

values are reported in the diagrams. 

 

Figure 6. (Top): Regional normalized alpha1 eLORETA current density (mean across 

subjects, log 10 transformed) estimated from the rsEEG data recorded in the Nold group. 

The diagram represents the effects of a statistical ANOVA interaction between the factors 

Delta (DELTA+ and DELTA-) and Region of Interest (ROI; frontal, central, parietal, 

occipital, temporal, and limbic). (Bottom): Regional normalized alpha1 eLORETA current 

density (mean across subjects, log 10 transformed) estimated from the rsEEG data recorded 

in the ADD group. The diagram represents the effects of a statistical ANOVA interaction 

between the factors Delta (DELTA+ and DELTA-) and ROI (frontal, central, parietal, 
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occipital, temporal, and limbic). Legend: the asterisks indicate the ROIs in which the 

regional normalized alpha1 eLORETA current density presented statistically significant 

effects in line with the pattern “DELTA+ ≠ DELTA-” (Duncan post-hoc test, p < 0.05 

corrected). 
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Table 1 

 

 Nold  ADD Statistical analysis  

N 100 100   

Age 
69.0 

 ± 0.6SE  

69.1  

± 0.7 SE  
t-test: n.s. 

Gender (M/F) 38/62  38/62  Fisher test: n.s. 

Education 
9.7  

± 0.4 SE  

9.6  

± 0.4 SE  
t-test: n.s. 

MMSE 
28.8  

± 0.1 SE  

19.2 

 ± 0.3 SE  
Mann-Whitney U test: p < 0.000001  
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Table 2 

 

BRODMANN AREAS INTO THE REGIONS OF INTEREST (ROIs) 

Frontal  8, 9, 10, 11, 44, 45, 46, 47 

Central  1, 2, 3, 4, 6 

Parietal 5, 7, 30, 39, 40, 43 

Temporal 20, 21, 22, 37, 38, 41, 42 

Occipital 17, 18, 19 

Limbic 31, 32, 33, 34, 35, 36 

Frontal  8, 9, 10, 11, 44, 45, 46, 47 
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 Resting EEG rhythms differ in Alzheimer‟s and healthy seniors (group level)  

 Alzheimers‟ seniors show abnormally high delta and low alpha rhythms  

 Delta and alpha power densities are negatively correlated in healthy seniors  

 Above correlation is mitigated by Alzheimer‟s disease (dementia) 
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