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Abstract.32

Background: In relaxed adults, staying in quiet wakefulness at eyes closed is related to the so-called resting state electroen-
cephalographic (rsEEG) rhythms, showing the highest amplitude in posterior areas at alpha frequencies (8–13 Hz).

33

34

Objective: Here we tested the hypothesis that age may affect rsEEG alpha (8–12 Hz) rhythms recorded in normal elderly
(Nold) seniors and patients with mild cognitive impairment due to Alzheimer’s disease (ADMCI).

35

36

Methods: Clinical and rsEEG datasets in 63 ADMCI and 60 Nold individuals (matched for demography, education, and
gender) were taken from an international archive. The rsEEG rhythms were investigated at individual delta, theta, and
alpha frequency bands, as well as fixed beta (14–30 Hz) and gamma (30–40 Hz) bands. Each group was stratified into three
subgroups based on age ranges (i.e., tertiles).

37

38

39

40

Results: As compared to the younger Nold subgroups, the older one showed greater reductions in the rsEEG alpha rhythms
with major topographical effects in posterior regions. On the contrary, in relation to the younger ADMCI subgroups, the older
one displayed a lesser reduction in those rhythms. Notably, the ADMCI subgroups pointed to similar cerebrospinal fluid AD
diagnostic biomarkers, gray and white matter brain lesions revealed by neuroimaging, and clinical and neuropsychological
scores.

41
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Conclusion: The present results suggest that age may represent a deranging factor for dominant rsEEG alpha rhythms in
Nold seniors, while rsEEG alpha rhythms in ADMCI patients may be more affected by the disease variants related to earlier
versus later onset of the AD.
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Keywords: Aging, exact Low-resolution brain electromagnetic source tomography, mild cognitive impairment due to
Alzheimer’s disease, resting state electroencephalographic rhythms
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INTRODUCTION32

In relaxed adults, staying in quiet wakefulness at33

eyes closed in a silent room is related to the so-34

called resting state electroencephalographic (rsEEG)35

rhythms [1]. The highest amplitude of these rhythms36

is observed in posterior areas at alpha frequencies37

(8–13 Hz) [1].38

The rsEEG alpha rhythms reflect cortical neu-39

ral synchronization mechanisms underpinning the40

inhibition of sensory, cognitive, and motor areas in41

the parietal, temporal, and occipital cortex during42

a condition of low vigilance [2, 3]. The higher the43

amplitude of alpha rhythms, the greater the corti-44

cal synchronization at alpha frequencies, and the45

higher the local cortical inhibition [1]. Sub-bands of46

these rhythms may have different functions. Alpha47

rhythms at low frequencies (8–10.5 Hz) may mainly48

reflect cortical neural synchronization mechanisms49

moderating brain arousal, expectancy, and readi-50

ness [4], whereas alpha rhythms at high frequencies51

(10.5–13 Hz) may mainly reflect those mechanisms52

moderating episodic memory processes [4].53

As compared to rsEEG alpha rhythms, those54

oscillating at delta (1–4 Hz) and theta (4–7 Hz)55

frequencies show smaller amplitude. During event-56

related cognitive information processing, alpha57

rhythms disappear, while delta and theta increase58

amplitude, especially in frontal areas [5]. In paral-59

lel, faster beta (13–30 Hz) and gamma (30–70 Hz)60

rhythms increase in amplitude over task-related cor- 61

tical regions. These high-frequency rhythms may be 62

enhanced by forebrain cholinergic inputs to the hip- 63

pocampal, thalamocortical, and cortical neurons [6]. 64

The mentioned rsEEG rhythms manifest changes 65

in magnitude and frequencies along physiological 66

aging and Alzheimer’s disease (AD) progression [1, 67

7–9]. Physiological aging is characterized by the 68

following modifications in cognitively unimpaired 69

healthy elderly (Nold) seniors: 1) decreased dom- 70

inant frequency of alpha rhythms from about 9 to 71

8 Hz [10, 11]; 2) less evident alpha waveforms [12] 72

associated with lower spectral power density in the 73

alpha range [4, 7, 13, 14], especially in posterior 74

regions [15]. During physiological aging, higher- 75

frequency alpha sources in occipito-parietal regions 76

spatially widen, while low-frequency alpha sources 77

in occipito-temporal regions move anteriorly [11]; 3) 78

smaller magnitude reactivity of alpha rhythms dur- 79

ing the eyes opening [12, 14]; and 4) intermittent 80

rsEEG rhythms at delta or theta frequencies, abnor- 81

mally reactive during eyes opening [16]. 82

Physiological aging is also characterized by con- 83

tradictory effects on other rsEEG rhythms. Delta 84

rhythms were reported as decreased [17], increased 85

[14], or stable [18] in amplitude. Analogously, theta 86

and beta rhythms were reported as decreased [19] or 87

increased [7, 18]. 88

AD-related pathological aging was characterized 89

by significant changes in rsEEG rhythms, especially 90
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at delta, theta, and alpha frequencies. As com-91

pared to cognitively unimpaired elderly (Nold)92

seniors, patients with AD dementia (ADD) showed93

the following derangement in rsEEG rhythms: 1)94

widespread decrease in the magnitude of alpha and95

beta rhythms; 2) widespread increase in the mag-96

nitude of theta and delta rhythms; 3) decreased97

dominant alpha frequency to 8-7 Hz [20, 21]; and 4)98

smaller magnitude reactivity of alpha rhythms during99

the eye opening [21].100

To investigate spatial features of the above ef-101

fects, cortical sources of the rsEEG rhythms were102

estimated. As compared to Nold controls, ADD103

patients showed reduced parieto-occipital dominant104

alpha source activity and increased low-frequency105

(delta/theta) source activity in occipital, parietal, and106

temporal areas, as a function of APOE4, cognitive107

impairment, and structural brain impairment [22–29].108

Similar changes in rsEEG rhythms were observed109

in patients with amnesic mild cognitive impairment110

(aMCI), typically having a high risk of progression111

to ADD [8, 27]. It was reported that occipital theta112

and frontal delta source activities were greater, and113

alpha source activities were smaller in aMCI patients114

than Nold seniors and elderly persons with subjective115

memory complaints (SMC) [30]. Furthermore, alpha116

source activities were smaller in aMCI patients who117

showed the gene coding for cystatin C (CST3 B) or118

APOE4 carriers than in aMCI patients without those119

carriers [31, 32]. Notably, it is well known that both120

genotypes are associated with an increased risk of121

ADD.122

Summarizing, the above studies showed converg-123

ing and robust evidence that rsEEG alpha rhythms124

change their peak frequency and/or magnitude in125

physiological aging and AD progression. However,126

it is still poorly understood the interaction between127

age and AD. It is expected based on previous neu-128

roimaging studies carried out in young and older Nold129

seniors and AD patients, as topographical (posterior130

versus widespread) and frequency (delta-theta versus131

alpha-beta) features of rsEEG rhythms were shown132

to be related to structural and functional magnetic133

resonance imaging (MRI) biomarkers of cortical134

neurodegenerations in patients with mild cognitive135

impairment due to Alzheimer’s disease (ADMCI) and136

ADD [25, 33]. Indeed, it was shown that structural137

MRI evidence pointed to age effects on medial lobe138

atrophy steeper in ADMCI and ADD patients than139

Nold seniors (mean ages from 62 to 69 years) [34].140

Furthermore, parietal and cingulate cortical atrophy141

increased with age in ADMCI and Nold seniors,142

while ADD patients showed the maximum atrophy 143

in those areas regardless the age [34]. Other MRI 144

evidence in Nold and ADD seniors ranging from 145

55 to 90 years (mean ages from 64 to 74 years) 146

unveiled an addictive effect of aging and AD on the 147

gray matter (GM) atrophy in several regions; as an 148

exception, frontal areas showed differences in GM 149

atrophy more specific to the effect of age [35]. In 150

Nold seniors (mean age of 76 years), the same addic- 151

tive effect was observed among cerebrospinal fluid 152

(CSF) biomarkers of AD neuropathology, the func- 153

tioning of default mode network (DMN), and white 154

matter (WM) microstructure, the latter ones revealed 155

by structural and functional MRIs [36]. Furthermore, 156

positron emission tomography showed more rapid 157

increment and accumulation of tau in frontal areas 158

in ADD than Nold seniors ranging from 48 to 93 159

years (mean ages from 63 to 77 years) [37]. More- 160

over, it was shown that the hippocampus and the 161

amygdala pointed to greater impairment over time 162

in younger Nold senior with than without ε4 carri- 163

ers ranging from 55 to 75 years (mean ages from 164

71 to 72 years) [38]. This effect was not observed 165

in older Nold seniors and ADMCI patients ranging 166

from 80 to 92 years (mean ages from 82 to 84 years) 167

not progressing to dementia for 3 years [38]. 168

The present retrospective and exploratory study 169

investigated a possible age and AD interaction on 170

rsEEG rhythms in Nold and ADMCI seniors. Specif- 171

ically, we tested the hypothesis that as compared to 172

the younger Nold seniors, the older ones may be asso- 173

ciated with slowing in the alpha peak frequency and 174

lower magnitude in rsEEG alpha rhythms as an effect 175

of physiological aging. Furthermore, in relation to 176

the younger ADMCI seniors, the older ones may be 177

related to the same changes predicted in the older 178

Nold seniors, plus effects induced by AD-related neu- 179

ropathology and neurodegeneration. 180

The experimental design for testing the above 181

hypothesis also considered the effect of the age fac- 182

tor on several relevant AD hallmarks: genetic (i.e., 183

APOE4), cerebrospinal fluid (i.e., A�42, t-tau, p- 184

tau, and A�42/p-tau), anthropometric (i.e., weight, 185

height, and body mass index), cardiocirculatory (i.e., 186

systolic pressure, diastolic pressure, pulse pressure, 187

mean arterial pressure, and heart frequency), and neu- 188

roanatomical (i.e., volumetric and cerebrovascular). 189

Notably, previous studies investigating the effect of 190

age on rsEEG activity in the Nold and ADMCI groups 191

(see the above paragraphs for the references) did 192

not consider them altogether. Controlling those vari- 193

ables and separating the effects of age and AD on 194
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rsEEG rhythms is important for the use of rsEEG195

biomarkers in clinical trials. These biomarkers are196

cost-effective and repeatable for the prediction and197

monitoring of clinical progression in ADMCI and198

ADD patients [39]. Especially for exploratory studies199

without the resources for serial recordings of struc-200

tural and functional MRI or 18F-fluorodeoxyglucose201

positron emission tomography (FDG-PET).202

MATERIALS AND METHODS203

The present study was developed based on the204

data of The PDWAVES Consortium (http://www.205

pdwaves.eu) with some datasets of the FP7-IMI206

“PharmaCog” (http://www.pharmacog.org) project.207

In the Web sites between brackets, one can find more208

details on the aims of the original clinical investiga-209

tions at the basis of present study, the context of the210

original data collection, and the previous publications211

by the present Consortium.212

Participants and diagnostic criteria213

To test the study hypotheses, we used the data214

of an international archive, formed by clinical, neu-215

ropsychological, anthropometric, genetic, CSF, MRI,216

and rsEEG markers in 60 Nold seniors (mean age:217

69.5 ± 0.8 SE years; age range: 52–81 years 27218

male; mean education: 10.3 ± 0.5 SE years; Mini-219

Mental State Evaluation (MMSE) score: 28.5 ± 0.1220

SE) and 63 ADMCI patients (mean age: 69.7 ± 0.8221

SE years; age range: 56–81 years 30 male; mean edu-222

cation: 10.7 ± 0.5 SE years; MMSE score: 25.2 ± 0.3223

SE). The Nold and ADMCI groups were carefully224

matched for age, gender, and education. Statistical225

analyses (p < 0.05) were performed to evaluate the226

presence or absence of statistically significant differ-227

ences (p < 0.05) between the two groups for the age228

(T-test), gender (Fisher test), educational attainment229

(T-test), and MMSE score (Mann Whitney U test).230

As expected, a statistically significant difference was231

found for the MMSE score (p < 0.00001), showing232

a higher score in the Nold than the ADMCI group.233

On the contrary, no statistically significant differ-234

ences were found for the age, gender, and educational235

attainment between the groups (p > 0.05).236

These subjects were recruited by the following237

Italian and Turkish clinical units: the Sapienza Uni-238

versity of Rome (Italy), Institute for Research and239

Evidence-based Care (IRCCS) “Fatebenefratelli” of240

Brescia (Italy), IRCCS SDN of Naples (Italy), IRCCS241

Oasi Maria SS of Troina (Italy), IRCCS Ospedale242

Policlinico San Martino and DINOGMI (University 243

of Genova, Italy), Hospital San Raffaele of Cassino 244

(Italy), IRCCS San Raffaele Pisana of Rome (Italy) 245

and Medipol University of Istanbul (Turkey). 246

Local institutional Ethics Committees approved 247

the present observational study. All experiments were 248

performed with the informed and overt consent of 249

each participant or caregiver, in line with the Code 250

of Ethics of the World Medical Association (Decla- 251

ration of Helsinki) and the standards established by 252

the local Institutional Review Board. 253

The status of the ADMCI was based on the “pos- 254

itivity” to one or more of the following biomarkers: 255

A�1-42/phospho-tau ratio (A�42/p-tau) in the CSF, 256

FDG-PET, and structural MRI of the hippocampus, 257

parietal, temporal, and posterior cingulate regions 258

[40]. The “positivity” was judged by the physicians 259

in charge for releasing the clinical diagnosis to the 260

patients, according to the local diagnostic routine of 261

the participating clinical Units. 262

The clinical inclusion criteria of the ADMCI 263

patients were as follows: 1) age of 55–90 years; 2) 264

reported memory complaints by the patient and/or a 265

relative; 3) MMSE score of 24 or higher; 4) Clinical 266

Dementia Rating score of 0.5 (CDR) [41]; 5) logi- 267

cal memory test [42] score of 1.5 standard deviations 268

(SD) below the mean adjusted for age; the cognitive 269

deficits did not have to significantly interfere with 270

the functional independence in the activities of the 271

daily living; 6) Geriatric Depression Scale (15-item 272

GDS) [43] score of 5 or lower; 7) modified Hachin- 273

ski ischemia [44] score of 4 or lower and education 274

of 5 years or higher; and 8) single or multi-domain 275

amnesic MCI status. 276

The clinical exclusion criteria of the ADMCI 277

patients were as follows: 1) other significant sys- 278

temic, psychiatric, and neurological illness; 2) any 279

form of dementia or mixed dementia; 3) actual par- 280

ticipation in a clinical trial using disease-modifying 281

drugs; 4) systematic use of antidepressant drugs 282

with anticholinergic side effects; 5) chronic use 283

of neuroleptics, narcotics, analgesics, sedatives or 284

hypnotics; 6) and anti-parkinsonian medications 285

(cholinesterase inhibitors and memantine allowed); 286

7) diagnosis of epilepsy or report of seizures or 287

epileptiform EEG signatures in the past, and 8) major 288

depression disorders described in the Diagnostic and 289

Statistical Manual of Mental Disorders (DSM-5). 290

In all ADMCI patients, AD-relevant CSF biomark- 291

ers were assessed in the framework of a neurobio- 292

logical definition of AD in line with the NIA-AA 293

Research Framework [45]. The CSF samples were 294

http://www.pdwaves.eu
http://www.pharmacog.org
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preprocessed, frozen, and stored in line with the295

Alzheimer’s Association Quality Control Programme296

for CSF biomarkers [46]. Dedicated single-parameter297

colorimetric enzyme-linked immunosorbent assay298

ELISA kits (Innogenetics, Ghent, Belgium) were299

used to measure amyloid beta 1–42 (i.e., A�42). Lev-300

els of the protein tau (i.e., total tau, t-tau) and a301

phosphorylated form of tau at residue 181 (i.e., p-302

tau) were also measured. From one frozen aliquot303

of CSF, the assays were run parallel according to304

the manufacturer’s instructions. Each sample was305

assessed in duplicate. A sigmoidal standard curve306

was plotted to allow the quantitative expression (pg307

mL–1) of measured light absorbance. All ADMCI308

patients of the present study were “positive” to the309

CSF A�42/p-tau biomarker with a threshold defined310

in a previous investigation of our Workgroup [47].311

In that investigation, the cut-off of “positivity” to312

that CSF A�42/p-tau biomarker was 15.2 for APOE4313

carriers and 8.9 for APOE4 non-carriers [47]. In the314

present study, all ADMCI patients with APOE4 sta-315

tus had the CSF A�42/p-tau lower than 15.2, whereas316

the ADMCI patients without APOE4 status had the317

CSF A�42/p-tau lower than 8.9.318

Furthermore, in all ADMCI patients, relevant319

MRI markers were measured. All MRI scans were320

performed using 3.0 Tesla machines. The MRI pro-321

tocol consisted of several acquisitions, including two322

anatomical T1, anatomical T2, fluid-attenuated inver-323

sion recovery (FLAIR), diffusion tensor imaging324

scans. Only anatomical T1 and FLAIR scans were325

available for all units and were analyzed in the present326

study.327

In the centralized analysis of the MRIs, all data328

were visually inspected for quality assurance before329

the extraction of the MRI biomarkers. Specifically,330

we checked that there were no gross partial brain cov-331

erage errors and no major visible artefacts, including332

motion, wrap around, radio frequency interference,333

and signal intensity or contrast inhomogeneities.334

The two anatomical T1 scans were averaged, and335

the anatomical scans obtained were analyzed using336

FreeSurfer version 5.1.0 to automatically generate:337

1) volumes of the total GM, total WM, caudate, puta-338

men, pallidum, accumbens, hippocampus, amygdala,339

and lateral ventricle; 2) cortical thicknesses of the340

total and entorhinal cortex; and 3) WM hypointen-341

sity [48, 49]. The volumes were normalized with342

reference to the total intracranial volume (TIV).343

Furthermore, the FLAIR scan was analyzed using344

FMRIB Software Library (FSL) version 5.0.3 to eval-345

uate WM lesions.346

Furthermore, APOE4 genotyping, anthropometric 347

features (i.e., weight, height, and body mass index) 348

and cardiocirculatory markers (i.e., systolic pressure, 349

diastolic pressure, pulse pressure, mean arterial pres- 350

sure, and heart frequency) were also measured. 351

In all ADMCI patients, the global cognitive status 352

and the performance in various cognitive domains 353

including, memory, language, executive function, 354

planning, visuospatial function, and attention, were 355

assessed. All ADMCI patients showed a significant 356

reduction in the performance in at least one test of 357

episodic memory, in most cases associated with a 358

significant reduction in the performance at tests prob- 359

ing other cognitive domains. In the following, we 360

report the neuropsychological tests administrated to 361

the ADMCI patients in all clinical units of this study: 362

1) the global cognitive status was tested by the MMSE 363

and the Alzheimer’s Disease Assessment Scale– 364

Cognitive Subscale (ADAS-Cog) [50, 51]; 2) the 365

episodic memory was assessed by the immediate and 366

delayed recall of Rey Auditory Verbal Learning Test 367

[52]; 3) the executive functions and attention were 368

evaluated by the Trail making test (TMT) parts A and 369

B [53]; 4) the language was tested by 1-min Verbal 370

fluency test for letters [54] and 1-min Verbal fluency 371

test for category (fruits, animals, or car trades) [54]; 372

and 5) planning abilities and visuospatial functions 373

were assessed by Clock drawing and copy test [55]. 374

All Nold seniors underwent an interview and cog- 375

nitive screening (including MMSE and GDS) as well 376

as physical and neurological examinations to exclude 377

subjective memory complaints (SMC), cognitive 378

deficits, and mood disorders. All Nold seniors had the 379

MMSE score equal to or greater than 27, a CDR score 380

equal to 0, and a GDS score lower than the thresh- 381

old of 5 (no depression) or were evaluated as having 382

no depression after an interview with a physician or 383

clinical psychologist at the time of the enrolment. The 384

Nold seniors with a history of previous or present neu- 385

rological or psychiatric disease were also excluded. 386

Furthermore, the Nold seniors affected by any chronic 387

systemic illnesses (e.g., diabetes mellitus) were 388

excluded, as were the Nold seniors taking chroni- 389

cally psychoactive drugs. Unfortunately, MRI, CSF, 390

APOE4 genotyping, anthropometric and cardiocircu- 391

latory markers were not available for Nold seniors. 392

Stratification of Nold seniors and ADMCI 393

patients according to the age in tertiles 394

To test the effect of the aging on the rsEEG activa- 395

tions, the enrolled Nold seniors and ADMCI patients 396
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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 healthy cognitively unimpaired (Nold) seniors and patients with Alzheimer’s disease and mild cognitive impairment
(ADMCI), stratified according to the age in youngest age tertile (Nold 1st tertile, N = 20; ADMCI 1st tertile, N = 21), median age tertile
(Nold 2nd tertile, N = 20; ADMCI 2nd tertile, N = 21), and oldest age tertile (Nold 3rd tertile, N = 20; ADMCI 3rd tertile, N = 21). MMSE,

Mini-Mental State Evaluation; M/F, males/females; n.s., not significant (p > 0.05 corrected)

Demographic and clinical data in Nold seniors and ADMCI patients

Nold Nold Nold Statistical
1st tertile 2nd tertile 3rd tertile analysis

N 20 20 20 -
Age (y) 62.5 ± 0.8 SE 69.2 ± 0.5 SE 77.1 ± 0.5 SE ANOVA: F = 141.8, p < 0.000001
Range of age (y) 52–66 67–73 74–81
Gender (M/F) 8/12 9/11 10/10 Freeman Halton test: n.s.
Education (y) 10.4 ± 0.9 SE 10.2 ± 0.8 SE 10.3 ± 0.9 SE ANOVA: n.s.
MMSE 28.8 ± 0.2 SE 28.4 ± 0.3 SE 28.4 ± 0.2 SE Kruskal-Wallis ANOVA: n.s.

ADMCI ADMCI ADMCI
1st tertile 2nd tertile 3rd tertile

N 21 21 21 -
Age (y) 62.6 ± 0.8 SE 70.0 ± 0.3 SE 76.5 ± 0.5 SE ANOVA: F = 132.8, p < 0.000001
Range of age (y) 56–67 68–72 73–81
Gender (M/F) 10/11 10/11 10/11 Freeman Halton test: n.s.
Education (y) 10.8 ± 0.9 SE 10.8 ± 1.0 SE 10.6 ± 0.9 SE ANOVA: n.s.
MMSE 25.2 ± 0.4 SE 25.4 ± 0.5 SE 25.2 ± 0.3 SE Kruskal-Wallis ANOVA: n.s.

were stratified according to the age in the follow-397

ing tertiles: youngest age tertile (Nold 1st tertile, age398

range: 52–66 years, N = 20; ADMCI 1st tertile, age399

range: 56–67 years, N = 21), median age tertile (Nold400

2nd tertile, age range: 67–73 years, N = 20; ADMCI401

2nd tertile, age range: 68–72 years, N = 21), and old-402

est age tertile (Nold 3rd tertile, age range: 74–81403

years, N = 20; ADMCI 3rd tertile, age range:73–81404

years, N = 21). This arbitrary stratification allowed405

us to obtain to test the main study hypothesis with406

three subgroups of Nold seniors and three subgroups407

of ADMCI patients matched as mean age, mean edu-408

cation attainment, and gender. Furthermore, the three409

ADMCI subgroups were also matched as global cog-410

nitive status as revealed by the MMSE score. As411

reported in the following, we also performed a con-412

trol analysis using age as a continuous variable to413

cross-validate the results.414

Table 1 summarizes the most relevant demographic415

(i.e., age, gender, and education attainment) and clin-416

ical (i.e., MMSE score) features in the Nold and417

ADMCI tertiles. Furthermore, Table 1 reports the418

results of the presence or absence of statistically419

significant differences (exploratory p < 0.05 uncor-420

rected) among the tertiles for both Nold and ADMCI421

groups (i.e., Nold 1st tertile versus Nold 2nd tertile422

versus Nold 3rd tertile; ADMCI 1st tertile versus423

ADMCI 2nd tertile versus ADMCI 3rd tertile) for424

the age (ANOVA), gender (Freeman Halton test),425

education attainment (ANOVA), and MMSE score426

(Kruskal-Wallis ANOVA). As expected, based on427

the stratification criterion, a statistically significant 428

age difference was found among the tertiles for 429

both Nold and ADMCI groups considered separately 430

(Nold: F = 141.8, p < 0.000001; ADMCI: F = 132.8, 431

p < 0.000001). On the contrary, no statistically sig- 432

nificant differences were found for the education, 433

gender, and MMSE score among the tertiles for 434

both Nold and ADMCI groups, considered separately 435

(p > 0.05). Furthermore, no statistically significant 436

differences were found for the age, education, and 437

gender between Nold 1st tertile versus ADMCI 1st 438

tertile, Nold 2nd tertile versus ADMCI 2nd ter- 439

tile, and Nold 3rd tertile versus ADMCI 3rd tertile 440

(p > 0.05). 441

Moreover, in all ADMCI patients, the use of 442

selective serotonin reuptake inhibitors (SSRIs), 443

selective serotonin and noradrenaline reuptake 444

inhibitors (SNRIs), benzodiazepines (BZDs), non- 445

benzodiazepines GABA acting agent (No BZDs), 446

acetylcholinesterase inhibitors (AChEIs), and N- 447

methyl-D-aspartate receptors (NMDARs) was con- 448

trolled. The ADMCI patients using those drugs 449

could take their medications immediately after rsEEG 450

experiments, planned in the late morning. Therefore, 451

they just delayed the assumption of their medi- 452

cations for few hours than their normal routine. 453

Table 2 reports information about the use of the 454

above drug classes in ADMCI patients. Furthermore, 455

Table 2 reports the number and the percentages of the 456

ADMCI patients of the 1st, 2nd, and 3rd tertile assum- 457

ing the above-mentioned drug classes. No statistically 458
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Table 2
Number and percentages of ADMCI patients of the 1st (youngest age, N = 21), 2nd (median age, N = 21), and 3rd (oldest age, N = 21)
tertile assuming the selective serotonin reuptake inhibitors (SSRIs), selective serotonin and noradrenaline reuptake inhibitors (SNRIs),
benzodiazepines (BZDs), non-benzodiazepines GABA acting agent (No-BZDs), acetylcholinesterase inhibitors (AChEIs), and N-methyl-
D-aspartate receptors (NMDARs). Type of drugs received by the ADMCI patients of the present study and the presence or absence of
statistically significant differences (Freeman Halton test, p < 0.05 corrected) among the ADMCI tertiles are also reported. n.s., not significant

(p > 0.05 corrected)

DRUGS ADMCI ADMCI ADMCI Freeman
1st tertile 2nd tertile 3rd tertile Halton test

N (%) Type N (%) Type N (%) Type

Selective serotonin reuptake
inhibitors (SSRIs)

6 (28.6%) Citalopram 6 (28.6%) Citalopram 5(23.8%) Citalopram n.s.
Sertraline Escitalopram Escitalopram n.s.

Selective serotonin and
noradrenaline reuptake
inhibitors (SNRIs)

1 (4.8%) Duloxetine 5 (23.8%) Duloxetine 1 (4.8%) Venflaxine n.s.
Venflaxine

Benzodiazepines (BZDs) 1 (4.8%) Alprazolam 1 (4.8%) Alprazolam 2 (9.5%) Alprazolam n.s.
Non benzodiazepine GABA

acting agents (No-BZDs)
0 (0%) 0 (0%) 0 (0%) n.s.

Acetylcholinesterase
inhibitors (AChEIs)

5 (23.8%) Donepezil 3 (14.3%) Donepezil 4 (19%) Donepezil n.s.
Galantamine Rivastigmine

N-methyl-D-aspartate
receptors (NMDARs)

0 (0%) 0 (0%) 1 (4.8%) n.s.

All drugs 9 (42.9%) 12 (57.1%) 11 (52.4%) n.s.

significant difference was found among the ADMCI459

tertile in the use of the above medications even when a460

marginal threshold of p < 0.05 uncorrected was used.461

The resting state electroencephalographic462

recordings463

The rsEEG activity was recorded while the par-464

ticipants were relaxed with eyes closed and seated465

on a comfortable reclined chair in a silent room with466

dim lights. Instructions encouraged the participants to467

experience quiet wakefulness with muscle relaxation,468

no voluntary movements, no talking, and no devel-469

opment of systematic goal-oriented mentalization470

during the rsEEG recording. Rather, a quiet wonder-471

ing mode of mentalization was kindly required. The472

participants, including the ADMCI patients, did not473

experience any significant difficulties following those474

instructions.475

In all participants, the (eyes-closed) rsEEG re-476

cordings lasted about 3–5 min. Considering all clin-477

ical recording units, the rsEEG data were recorded478

with a sampling frequency of 128–512 Hz and479

related antialiasing bandpass between 0.01 Hz and480

60–100 Hz. The electrode montage included 19 scalp481

monopolar sensors placed following the 10–20 Sys-482

tem (i.e., O1, O2, P3, Pz, P4, T3, T5, T4, T6, C3,483

Cz, C4, F7, F3, Fz, F4, F8, Fp1, and Fp2; Fig. 1). A484

frontal ground electrode was used, while cephalic or485

linked earlobe electrodes were used as electric refer-486

ences according to local methodological facilities and487

Fig. 1. Electroencephalographic (EEG) electrode montage. The
electrode montage included 19 scalp monopolar sensors placed
following the 10–20 System (i.e., O1, O2, P3, Pz, P4, T3, T5, T4,
T6, C3, Cz, C4, F7, F3, Fz, F4, F8, Fp1, and Fp2).

standards. Electrode impedances were kept below 488

5 k�. Vertical and horizontal electro-oculographic 489

(EOG) potentials (0.3–70 Hz bandpass) were re- 490

corded to control eye movements and blinking. 491

The preliminary rsEEG data analysis 492

The preliminary analysis of the recorded rsEEG 493

activity followed the same procedures of previous 494

rsEEG investigations performed in aMCI patients by 495
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our Workgroup [56, 57] to compare the results across496

the various studies.497

For this analysis, the rsEEG data were re-sampled498

to a sampling frequency of 128 Hz and divided499

into epochs of 2 s and analyzed offline. The500

rsEEG epochs affected by any physiological (ocu-501

lar/blinking, muscular, cardiac, and head movements)502

or non-physiological (sweat, bad contact between503

electrodes and scalp, etc.) artifacts were identified504

and discarded by the visual analysis of two experts505

of EEG signals (C.D.P., G.N., S.L. or R.L.). In this506

visual analysis, the contamination of rsEEG rhythms507

with the ocular activity (i.e., blinking) was mainly508

evaluated in the frontal electrodes (i.e., F7, F3, Fz,509

F4, F8, Fp1, and Fp2), comparing the EOG and510

EEG traces. Head movement artefacts were detected511

based on their typical features, such as a sudden512

and great increase in amplitude in the form of very513

slow EEG waves in all scalp electrodes. Muscle514

tension artefacts were recognized by observing the515

effects of several frequency bandpass filters in dif-516

ferent ranges and examining rsEEG power density517

spectra. These artefacts were reflected by unusu-518

ally high and stable values of rsEEG power density519

from 30 to 100 Hz, which contrast with the typi-520

cal declining trend of rsEEG power density from521

25 Hz onward in artifact-free EEG traces. The exper-522

imenters also detected rsEEG epochs with signs523

of sleep intrusion (even if the rsEEG recordings524

lasted few minutes), such as progressive amplitude525

increase of frontal theta rhythms, followed by K com-526

plexes, sleep spindles, vertex shape waves, and slow527

waves. Furthermore, the two experimenters carefully528

rejected rsEEG epochs associated with behavioral529

annotations taken during the experiments (e.g., report530

of participant’s drowsiness, opened eyes, arm/hand531

movements, or experimenter’s verbal warnings, etc.).532

As a result of the above procedures, the artifact-533

free epochs showed the same proportion of the total534

amount of rsEEG activity recorded in all Nold and535

ADMCI subgroups (> 80%). In particular, the mean536

of artifact-free rsEEG epochs were 132 (± 3 SE;537

88.3%) in the Nold 1st tertile, 129 (± 4 SE; 86.4%)538

in the Nold 2nd tertile, 132 (± 3 SE; 88.0%) in the539

Nold 3rd tertile, 128 (± 3 SE; 85.4%) in the ADMCI540

1st tertile, 133 (± 3 SE; 88.6%) in the ADMCI 2nd541

tertile, and 126 (± 4 SE; 83.6%) in the ADMCI542

3rd tertile. An ANOVA, including the factors Group543

(Nold and ADMCI) and Age (1st tertile, 2nd tertile,544

3rd tertile), showed no statistically significant dif-545

ference (p > 0.05) in the amount of the artifact-free546

rsEEG epochs between the two groups (Nold versus547

ADMCI) as well as the age tertiles (1st tertile versus 548

2nd tertile versus 3rd tertile). The mean lengthiness of 549

the artifact-free rsEEG activity was > 4 min for each 550

group, ensuring the reliability of the rsEEG alpha 551

power density [58, 59]. 552

Scalp power density of rsEEG rhythms 553

For each ADMCI and Nold participant, the global 554

normalized rsEEG power density at the scalp elec- 555

trode level was evaluated. In detail, the procedure 556

was performed as follows: 557

(1) A standard digital FFT-based power spec- 558

trum analysis (Welch technique, Hanning 559

windowing function, no phase shift) computed 560

the absolute scalp power density of rsEEG 561

rhythms with 0.5 Hz of frequency resolution 562

at each electrode (i.e., 19 electrodes of the 563

10–20 montage system) and frequency bin 564

(i.e., 0.5–45 Hz) from all artifact-free rsEEG 565

epochs. 566

(2) The scalp rsEEG power density at each elec- 567

trode and frequency bin was normalized to 568

the mean value obtained averaging the scalp 569

rsEEG power density across all frequency bins 570

and scalp electrodes. 571

(3) The “global” scalp normalized rsEEG power 572

density at each frequency bin was calculated 573

averaging the normalized scalp rsEEG power 574

density values across all 19 electrodes of the 575

10–20 montage system. 576

(4) The global scalp normalized rsEEG power 577

density values at each frequency band of inter- 578

est were averaged to obtain the frequency band 579

values. The rsEEG frequency bands of inter- 580

est were individually identified based on the 581

following frequency landmarks, namely the 582

transition frequency (TF) and individual alpha 583

frequency peak (IAFp) [4]. In the rsEEG power 584

density spectrum, the TF marks the transi- 585

tion frequency between the theta and alpha 586

bands, defined as the minimum of the rsEEG 587

power density between 3 and 8 Hz (between 588

the delta and the alpha power peak). The IAFp 589

is defined as the maximum power density peak 590

between 6 and 14 Hz. These frequency land- 591

marks were previously well described by Dr. 592

Wolfgang Klimesch [4, 60, 61]. The TF and 593

IAFp were computed for each subject involved 594

in the study. Based on the TF and IAFp, we 595

estimated the individual delta, theta, and alpha 596
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bands as follows: delta from TF –4 Hz to TF597

–2 Hz, theta from TF –2 Hz to TF, alpha 1 from598

TF to the frequency midpoint of the TF-IAFp599

range, alpha 2 from the frequency midpoint of600

the TF-IAFp range to IAFp, and alpha 3 IAFp601

to IAFp +2 Hz. The other bands were defined602

based on the standard fixed frequency ranges603

used in previous field studies of our Workgroup604

[56]: beta 1 from 14 to 20 Hz, beta 2 from 20605

to 30 Hz, and gamma from 30 to 40 Hz.606

Figure 2 shows two rsEEG epochs lasting 2 s each,607

one relative to a Nold participant and the other to608

an ADMCI patient. The rsEEG activity is plotted for609

all scalp electrodes. As an example of the general610

methodology, Fig. 2 also shows global EEG power611

density spectra averaged across all electrodes for612

these two rsEEG epochs.613

The estimation of rsEEG cortical sources by614

low-resolution brain electromagnetic615

tomography (eLORETA) freeware616

We used the official freeware tool called exact617

low-resolution brain electromagnetic tomography618

(eLORETA) for the linear estimation of the corti-619

cal source activity generating scalp-recorded rsEEG620

rhythms [62]. The present implementation of621

eLORETA uses a spherical head volume conductor622

model composed of the scalp, skull, and brain. In the623

scalp compartment, exploring electrodes can be vir-624

tually positioned to give EEG data as an input to the625

source estimation [62]. The brain model is based on626

a realistic cerebral shape taken from a template typi-627

cally used in neuroimaging studies, namely that of the628

Montreal Neurological Institute (MNI152 template).629

The input for eLORETA source estimation is630

artifact-free EEG epochs with 19 scalp electrodes,631

placed according to the 10–20 montage system. The632

output is the set of estimates of neural ionic currents633

in the brain source space formed by 6,239 voxels with634

5 mm resolution, restricted to the cortical GM of the635

spherical head volume conductor model. In that cor-636

tical source space, an equivalent current dipole is in637

each voxel. For each voxel, the eLORETA package638

provides the Talairach coordinates, the cortical lobe,639

and the Brodmann area (BA).640

The eLORETA freeware solves the so-called EEG641

inverse problem estimating “neural” current density642

values at any cortical voxel of the mentioned spheri-643

cal head volume conductor model. The solutions are644

computed at all rsEEG frequency bin-by-frequency645

bin (0.5 Hz as frequency resolution, namely, the max- 646

imum frequency resolution allowed by the use of 2-s 647

artifact-free EEG epochs). 648

In line with the general low spatial resolution of the 649

present EEG methodological approach (i.e., 19 scalp 650

electrodes), we performed a regional analysis of the 651

eLORETA solutions. The following six lobar macro- 652

regions of interest (ROIs) were considered: frontal 653

(Brodmann area, BA 8, 9, 10, 11, 44, 45, 46, and 47), 654

central (BA 1, 2, 3, 4, and 6), parietal (BA 5, 7, 30, 39, 655

40, and 43), occipital (BA 17, 18, and 19), temporal 656

(BA 20, 21, 22, 37, 38, 41, and 42), and limbic (BA 31, 657

32, 33, 34, 35, 36). Remarkably, the eLORETA solu- 658

tion for each lobar ROI was obtained by the average 659

of the normalized eLORETA current density values 660

estimated at all single voxels included in that ROI. 661

For example, the eLORETA solution for the tempo- 662

ral ROI was obtained by the average of the normalized 663

eLORETA current density values estimated at all vox- 664

els included in the BA 20, 21, 22, 37, 38, 41, and 42 665

of the bilateral temporal lobes. As a second exam- 666

ple, the eLORETA solution for the occipital ROI was 667

obtained by the same principle for the BA 17, 18, and 668

19 of the bilateral occipital lobes. 669

Statistical analyses 670

Two statistical sessions were performed by the 671

commercial tool STATISTICA 10 (StatSoft Inc., 672

http://www.statsoft.com) to test the main study 673

hypotheses. In all statistical sessions, an ANOVA was 674

computed using the global scalp normalized rsEEG 675

power density or regional normalized eLORETA cur- 676

rent density as a dependent variable (p < 0.05). In 677

the ANOVA models, the complexity of the present 678

ANOVA designs, including the factors Group X Age 679

X Band X ROI (from 24 to 144 levels), basically 680

considered the number of participants (N = 123). 681

It is well-known that the use of ANOVA mod- 682

els implies that dependent variables approximate 683

Gaussian distributions, so we tested this feature 684

in the global scalp normalized rsEEG power den- 685

sities and regional normalized eLORETA current 686

densities of interest by Kolmogorov-Smirnov test. 687

The hypothesis of Gaussian distributions was tested 688

at p > 0.05 (i.e., p > 0.05 = Gaussian, p ≤ 0.05 = non- 689

Gaussian). As the distributions of the global scalp 690

normalized rsEEG power densities and regional 691

normalized eLORETA current densities were not 692

Gaussian in all cases, those variables underwent the 693

log-10 transformation and re-tested. Such a trans- 694

formation is a popular method to transform skewed 695

http://www.statsoft.com
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Fig. 2. Examples of artifact-free resting state eyes-closed electroencephalographic (rsEEG) epoch of 2 seconds in a healthy cognitively
unimpaired (Nold) senior and a patient with Alzheimer’s disease and mild cognitive impairment (ADMCI). The EEG traces of 19 scalp
monopolar sensors (i.e., 10–20 System O1, O2, P3, Pz, P4, T3, T5, T4, T6, C3, Cz, C4, F7, F3, Fz, F4, F8, Fp1, and Fp2). For each of them,
the figure also shows rsEEG power density spectra obtained averaging solutions at all scalp electrodes.

data distribution with all positive values (as global696

scalp normalized rsEEG power densities and regional697

normalized eLORETA current densities are) to Gaus-698

sian distributions, thus augmenting the reliability699

of the ANOVA results. Indeed, the outcome of the700

procedure approximated the distributions of all global 701

scalp normalized rsEEG power densities and regional 702

normalized eLORETA current densities to Gaussian 703

distributions (p > 0.05 = Gaussian), allowing the use 704

of the ANOVA model. 705
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Mauchly’s test evaluated the sphericity assump-706

tion, and degrees of freedom were corrected by707

the Greenhouse-Geisser procedure when appropriate708

(p < 0.05). Duncan test was used for post-hoc compar-709

isons (p < 0.05, corrected for multiple comparisons as710

explained in the following).711

The results of the following statistical analy-712

ses were controlled by the iterative (leave-one-out)713

Grubbs’ test detecting for the presence of one or714

more outliers in the distribution of the global scalp715

normalized rsEEG power densities and regional nor-716

malized eLORETA current densities of interest. The717

null hypothesis of the non-outlier status was tested718

at the arbitrary threshold of p > 0.001 to remove only719

individual values with a high probability to be out-720

liers.721

In the first statistical session, an ANOVA eval-722

uated the hypothesis that the global rsEEG scalp723

power density may be related to the aging in the724

Nold seniors and ADMCI patients. The ANOVA725

factors were Group (Nold and ADMCI), Age (1st726

tertile, 2nd tertile, 3rd tertile), and Band (delta, theta,727

alpha 2, and alpha 3). The TF, IAFp, and sites728

of the clinical units were used as covariates (these729

units contributed to the database with balanced per-730

centages ranging from about 10% to 20%). The731

confirmation of the hypothesis would require: 1) a732

statistically significant ANOVA interaction includ-733

ing the factors Group and Band (p < 0.05) and 2) a734

post-hoc Duncan test indicating statistically signif-735

icant (p < 0.05 Bonferroni corrected) differences in736

the global rsEEG scalp power density between the737

two Nold and ADMCI groups (i.e., between-group738

differences: Nold /= ADMCI, p < 0.05 Bonferroni739

corrected) and the age tertiles (i.e., within-group740

differences 1st tertile /= 2nd tertile /= 3rd tertile,741

p < 0.05 Bonferroni corrected).742

The second statistical session probed the spatial743

features of the expected effects, with the low reso-744

lution and the exploratory mode allowed using only745

19 scalp exploring electrodes (10–20 System). In this746

statistical session, an ANOVA evaluated the hypoth-747

esis that the rsEEG source activities (i.e., regional748

normalized eLORETA current densities) may be749

related to the aging in the Nold seniors and ADMCI750

patients. The ANOVA factors were Group (Nold and751

ADMCI), Age (1st tertile, 2nd tertile, 3rd tertile),752

Band (delta, theta, alpha 2, and alpha 3), and ROI753

(frontal, central, parietal, occipital, temporal, and754

limbic). The TF, IAFp and different clinical units755

were used as covariates. The confirmation of the756

hypothesis would require: 1) a statistically significant757

ANOVA interaction including the factors Group and 758

Band (p < 0.05) and 2) a post-hoc Duncan test indi- 759

cating statistically significant (p < 0.05 Bonferroni 760

corrected) differences in the rsEEG source activities 761

(i.e., regional normalized eLORETA current densi- 762

ties) between the two groups (i.e., between-group 763

differences: Nold /= ADMCI, p < 0.05 Bonferroni 764

corrected) and the age tertiles (i.e., within-group 765

differences 1st tertile /= 2nd tertile /= 3rd tertile, 766

p < 0.05 Bonferroni corrected). 767

RESULTS 768

Control markers in the ADMCI 1st tertile versus 769

ADMCI 2nd tertile versus ADMCI 3rd tertile 770

Table 3 reports the most relevant clinical (i.e., 771

GDS, CDR, and Hachinski Ischemic Score), genetic 772

(i.e., APOE4 genotyping), cerebrospinal fluid (i.e., 773

A�42, t-tau, p-tau, and A�42/p-tau), anthropomet- 774

ric (i.e., weight, height, and body mass index), and 775

cardiocirculatory (i.e., systolic pressure, diastolic 776

pressure, pulse pressure, mean arterial pressure, and 777

heart frequency) features in the ADMCI 1st tertile, 778

ADMCI 2nd tertile, and ADMCI 3rd tertile. Table 3 779

also reports the results of the presence or absence of 780

statistically significant differences (p < 0.05) among 781

the ADMCI tertiles (i.e., ADMCI 1st tertile ver- 782

sus ADMCI 2nd tertile versus ADMCI 3rd tertile) 783

for the above mentioned clinical (ANOVA), genetic 784

(Chi-square test), cerebrospinal fluid (ANOVA), 785

anthropometric (ANOVA), and cardiocirculatory 786

(ANOVA) markers. To consider the inflating effects 787

of repetitive univariate tests, the statistical threshold 788

was set at p < 0.003125 one tail (i.e., 16 mark- 789

ers, p < 0.05/16 = 0.003) to obtain the Bonferroni 790

correction at p < 0.05. Statistically significant differ- 791

ences were found neither considering that correction 792

(p > 0.003) nor ignoring that correction (p > 0.05 793

uncorrected). 794

Table 4 reports the mean values (± SE) of the 795

following neuropsychological tests in the ADMCI 796

1st tertile, ADMCI 2nd tertile, and ADMCI 3rd 797

tertile: ADAS-Cog, Rey Auditory Verbal Learning 798

Test (immediate and delayed recall), TMT B-A, Ver- 799

bal fluency for letters, Verbal fluency for category, 800

Clock drawing, and Clock copy. Furthermore, Table 4 801

includes the cut-off (threshold) scores defining the 802

abnormality of patients as measured by the above- 803

mentioned neuropsychological tests [54, 63, 64] and 804

the percentage of patients with abnormal scores for 805

each tertile. For example, an ADAS-Cog score equal 806
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Table 3
Mean values (± SE) of the clinical (i.e., Geriatric Depression Scale, Clinical Dementia Rating, and Hachinski Ischemic Score), genetic (i.e.,
Apolipoprotein E genotyping, APOE), cerebrospinal fluid (i.e., beta amyloid 1–42, A�42; protein tau, t-tau; phosphorylated form of protein
tau, p-tau; and A�42/p-tau ratio), anthropometric (i.e., weight, height, and body mass index), and cardio-circulatory (i.e., systolic pressure,
diastolic pressure, pulse pressure, mean arterial pressure, and heart frequency) variables as the results of their statistical comparisons (p < 0.05
corrected) in the ADMCI patients stratified according to the age in the youngest age tertile (ADMCI 1st tertile, N = 21), median age tertile
(ADMCI 2nd tertile, N = 21), and oldest age tertile (ADMCI 3rd tertile, N = 21). In line with the inclusion criteria, all ADMCI patients had

CDR score of 0.5, GDS score ≤ 5, and Hachinski Ischemic Score ≤ 4. n.s., not significant (p > 0.05 corrected)

Clinical, genetic (APOE), cerebrospinal fluid, anthropometric, and cardiocirculatory markers in ADMCI patients

ADMCI ADMCI ADMCI Statistical
1st tertile 2nd tertile 3rd tertile analysis

Clinical markers
Geriatric depression scale 2.6 ± 0.4 SE 2.6 ± 0.4 SE 2.5 ± 0.3 SE ANOVA: n.s.
Clinical dementia rating 0.5 ± 0.0 SE 0.5 ± 0.0 SE 0.5 ± 0.0 SE ANOVA: n.s.
Hachinski ischemic score 0.6 ± 0.2 SE 0.8 ± 0.1 SE 1.1 ± 0.2 SE ANOVA: n.s.
Genetic marker
Apolipoprotein E genotyping 0 ε2/ε3 1 ε2/ε3 1 ε2/ε3 Chi-square test: n.s.

3 ε3/ε3 4 ε3/ε3 6 ε3/ε3
1 ε2/ε4 1 ε2/ε4 0 ε2/ε4
13 ε3/ε4 11 ε3/ε4 14 ε3/ε4
4 ε4/ε4 4 ε4/ε4 0ε4/ε4

Cerebrospinal fluid markers (pg/mL)
A�42 (pg/ mL) 532 ± 31 SE 484 ± 28 SE 481 ± 28 SE ANOVA: n.s.
p-tau (pg/mL) 82 ± 8 SE 89 ± 10 SE 86 ± 8 SE ANOVA: n.s.
t-tau (pg/mL) 616 ± 83 SE 584 ± 75 SE 698 ± 116 SE ANOVA: n.s.
A�42/p-tau (pg/mL) 7.7 ± 0.8 SE 6.6 ± 0.7 SE 6.6 ± 0.8 SE ANOVA: n.s.
Anthropometric markers
Weight (kg) 67 ± 2 SE 70 ± 3 SE 72 ± 2 SE ANOVA: n.s.
Height (mm) 165 ± 2 SE 166 ± 2 SE 168 ± 2 SE ANOVA: n.s.
Body mass index (BMI) 24.4 ± 0.8 SE 25.2 ± 0.9 SE 25.8 ± 7 SE ANOVA: n.s.
Cardiocirculatory markers
Systolic pressure (mmHg) 134 ± 3 SE 136 ± 3 SE 135 ± 3 SE ANOVA: n.s.
Diastolic pressure (mmHg) 76 ± 2 SE 79 ± 1 SE 79 ± 2 SE ANOVA: n.s.
Pulse pressure (mmHg) 58 ± 3 SE 57 ± 3 SE 56 ± 3 SE ANOVA: n.s.
Mean arterial pressure (MAP, mmHg) 95 ± 2 SE 98 ± 2 SE 97 ± 2 SE ANOVA: n.s.

Table 4
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, and
Clock copy) as well as the results of their statistical comparisons (ANOVA on log-10 transformed data; p < 0.05 corrected) in the ADMCI
patients stratified according to the age in the youngest age tertile (ADMCI 1st tertile, N = 21), median age tertile (ADMCI 2nd tertile,
N = 21), and oldest age tertile (ADMCI 3rd tertile, N = 21). The cut-off scores of the neuropsychological tests are also reported. ADAS-Cog,
Alzheimer’s Disease Assessment Scale-Cognitive Subscale; RAVLT, Rey Auditory Verbal Learning Test; TMT B-A, Trail Making Test Part

B-A; n.s., not significant (p > 0.05 corrected)

Neuropsychological markers in ADMCI patients

Cut-off of ADMCI ADMCI ADMCI ANOVA
abnormality 1st tertile 2nd tertile 3rd tertile

Mean ± SE Mean ± SE Mean ± SE
(% subjects (% subjects (% subjects

with abnormal with abnormal with abnormal
score) score) score)

ADAS-Cog < 17 19.7 ± 1.5 SE (70.0%) 21.6 ± 1.5 SE (65.0%) 23.2 ± 2.0 SE (72.2%) n.s.
RAVLT, immediate recall < 28.53 29.0 ± 2.5 SE (42.9%) 30.0 ± 2.0 SE (52.4%) 28.0 ± 2.3 SE (52.4%) n.s.
RAVLT, delayed recall < 17 3.8 ± 0.6 SE (76.2%) 3.5 ± 0.6 SE (71.4%) 4.1 ± 0.8 SE (57.1%) n.s.
Trail making test B-A > 187 129 ± 17 SE (30%) 129 ± 13 SE (23.8%) 157 ± 17 SE (35.0%) n.s.
Clock drawing < 4.69 3.7 ± 0.3 SE (66.7%) 4.1 ± 0.3 SE (76.2%) 3.6 ± 0.3 SE (57.1%) n.s.
Clock copy > 3 4.4 ± 0.3 SE (71%) 4.7 ± 0.1 SE (95.2%) 4.6 ± 0.1 SE (90.5%) n.s.
Letter fluency < 17 34.2 ± 2.3 SE (4.8%) 33.4 ± 2.2 SE (4.8%) 29.8 ± 2.4 SE (9.5%) n.s.
Letter category < 25 32.6 ± 2.6 SE (30%) 37.9 ± 2.2 SE (0%) 27.1 ± 2.8 SE (47.6%) n.s.

(F = 4.6, p < 0.05,
2nd tertile > 3rd

tertile)
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Fig. 3. Global scalp normalized power density values (mean across
subjects, log-10 transformed) of rsEEG rhythms recorded in the
groups of Nold (N = 60) and ADMCI patients (N = 63). Those val-
ues were computed for delta, theta, alpha 1, alpha 2, alpha 3, beta
1, beta 2, and gamma frequency bands.

to or lower than 17 is classified as “normal”, whereas807

an ADAS-Cog score higher than 17 is usually consid-808

ered to be “abnormal” (indicating a possible cognitive809

impairment); the percentage of patients with abnor-810

mal ADAS-Cog score (i.e., ADAS-Cog score higher811

than 17) was 70% for the ADMCI 1st tertile, 65% for812

the ADMCI 2nd tertile, and 72.2% for the ADMCI813

3rd tertile. Table 4 also includes the results of the814

presence or absence of statistically significant dif-815

ferences (ANOVA; log-10 transformed data) among816

the ADMCI tertiles (i.e., ADMCI 1st tertile versus817

ADMCI 2nd tertile versus ADMCI 3rd tertile) for the818

neuropsychological tests used. To consider the inflat-819

ing effects of repetitive univariate tests, the statistical820

threshold was set at p < 0.00625 (i.e., 8 neuropsy-821

chological tests, p < 0.05/8 = 0.00625) to obtain the822

Bonferroni correction at p < 0.05 one tail. No statisti-823

cally significant differences were found considering824

that correction (p > 0.00625). Furthermore, a wors-825

ening of the Verbal fluency for category was found826

in the ADMCI 3rd tertile compared to the ADMCI827

2nd tertile using an explorative statistical threshold828

of p < 0.05 uncorrected (F = 4.6, p < 0.05).829

RsEEG scalp rhythms in the Nold versus ADMCI830

groups831

Figure 3 shows the mean values (± SE, log-832

10 transformed) of rsEEG global scalp normalized833

power densities relative for two groups (Nold and834

ADMCI) and eight bands (delta, theta, alpha 1, alpha835

2, alpha 3, beta 1, beta 2, and gamma). In the Nold836

group, the global scalp normalized power densities837

showed maximum magnitude at the alpha 2 and alpha838

3 bands. Delta, theta, and alpha 1 global scalp normal-839

ized power densities showed a moderate magnitude840

when compared to that of alpha 2 and alpha 3 values.841

Table 5
Mean values (± SE) of TF and IAFp computed from rsEEG power
density spectra in the Nold seniors and ADMCI patients stratified
according to the age in the youngest age tertile (Nold 1st tertile
and ADMCI 1st tertile), median age tertile (Nold 2nd tertile and
ADMCI 2nd tertile), and oldest age tertile (Nold 3rd tertile and

ADMCI 3rd tertile)

Transition frequency (TF) and individual alpha frequency peak
(IAFp) in Nold seniors and ADMCI patients

Nold 1st tertile Nold 2nd tertile Nold 3rd tertile

TF 5.9 ± 0.2 SE 6.1 ± 0.2 SE 6.2 ± 0.2 SE
IAFp 9.5 ± 0.2 SE 9.4 ± 0.2 SE 9.1 ± 0.2 SE

ADMCI ADMCI ADMCI
1st tertile 2nd tertile 3rd tertile

TF 5.3 ± 0.3 SE 5.5 ± 0.3 SE 5.5 ± 0.2 SE
IAFp 8.2 ± 0.4 SE 8.4 ± 0.4 SE 8.7 ± 0.3 SE

Finally, beta 1, beta 2, and normalized power densities 842

were characterized by lowest magnitude. As com- 843

pared to the Nold group, the ADMCI group showed 844

a substantial decrease in the global scalp normalized 845

power densities at the alpha 2 and alpha 3 bands. 846

Furthermore, the ADMCI group showed a substantial 847

increase in the global scalp normalized power densi- 848

ties at the delta and theta bands in line with previous 849

evidence in ADMCI and ADD patients [20, 21] and 850

confirmed the selection of delta, theta, alpha 2, and 851

alpha3 bands for the following statistical analyses. 852

TF and IAFp in the Nold and ADMCI tertiles 853

Table 5 reports the mean values of TF and IAFp 854

for the Nold (i.e., Nold 1st tertile, Nold 2nd tertile, 855

and Nold 3rd tertile) and ADMCI (i.e., ADMCI 1st 856

tertile, ADMCI 2nd tertile, ADMCI 3rd tertile) ter- 857

tiles. The TF mean was 5.9 Hz (± 0.2 SE) in the Nold 858

1st tertile, 6.1 Hz (± 0.2 SE) in the Nold 2nd tertile, 859

6.2 Hz (± 0.2 SE) in the Nold 3rd tertile, 5.3 Hz (± 0.3 860

SE) in the ADMCI 1st tertile, 5.5 Hz (± 0.3 SE) in 861

the ADMCI 2nd tertile, and 5.5 Hz (± 0.2 SE) in 862

the ADMCI 3rd tertile. Furthermore, the IAFp mean 863

was 9.5 Hz (± 0.2 SE) in the Nold 1st tertile, 9.4 Hz 864

(± 0.2 SE) in the Nold 2nd tertile, 9.1 Hz (± 0.2 865

SE) in the Nold 3rd tertile, 8.2 Hz (± 0.4 SE) in the 866

ADMCI 1st tertile, 8.4 Hz (± 0.4 SE) in the ADMCI 867

2nd tertile, and 8.7 Hz (± 0.3 SE) in the ADMCI 3rd 868

tertile. 869

Two ANOVAs (p < 0.05) were performed to evalu- 870

ate the presence or absence of statistically significant 871

differences (p < 0.05) among the two groups and the 872

age tertiles for the TF and IAFp. The ANOVA fac- 873

tors were Group (Nold and ADMCI) and Age (1st 874

tertile, 2nd tertile, 3rd tertile). Both ANOVAs showed 875



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

14 C. Babiloni et al. / rsEEG Markers in ADMCI with Different Age

Fig. 4. Global scalp normalized rsEEG power density values (mean across subjects, log-10 transformed) about a statistical ANOVA interaction
(F = 12.4, p < 0.00001) among the factors Group (Nold and ADMCI), Age (1st tertile, 2nd tertile, and 3rd tertile), and Band (delta, theta,
alpha 2, and alpha 3). This ANOVA design used the global scalp normalized power densities as a dependent variable. The between-group
(Nold versus ADMCI; top figure) and within-group (1st tertile versus 2nd tertile versus 3rd tertile; bottom figure) differences are illustrated.
Legend: the rectangles indicate the frequency bands in which the global scalp normalized power densities statistically presented a significant
difference among the two groups and the age tertiles (p < 0.05 corrected = p < 0.002).

a statistically significant main effect for the fac-876

tor Group (TF: F = 9.3, p < 0.005; IAFp: F = 13.3,877

p < 0.0005), indicating that the TF and IAFp mean878

values were lower in the ADMCI than the Nold group.879

These findings confirm that the alpha rhythms were880

slower in frequencies in the ADMCI group (about881

6–10 Hz) than the Nold group (about 7–11 Hz).882

Therefore, the use of a fixed alpha frequency band883

at about 8–12 Hz would have penalized the cortical 884

alpha source estimates in the ADMCI group. 885

RsEEG scalp rhythms in the Nold and ADMCI 886

tertiles 887

Figure 4 shows the mean values (± SE, log-10 888

transformed) of the global rsEEG scalp normalized 889
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Table 6
Size effect by Cohen’s d as well as sample size by an alpha level
of 0.05 and the desired power of 0.8 for the global scalp nor-
malized power densities showing statistically significant (p < 0.05
corrected) between-group (Nold versus ADMCI) or within–group

(1st tertile versus 2nd tertile versus 3rd tertile) differences

Global scalp Size Sample
normalized effect size

power density

Nold 1st tertile versus
ADMCI 1st tertile

Delta –1.70 7
Alpha 2 2.35 4
Alpha 3 1.84 6

Nold 2nd tertile versus
ADMCI 2nd tertile

Delta –1.26 11
Alpha 2 1.21 12
Alpha 3 1.12 14

Nold 1st tertile versus
Nold 3rd tertile

Alpha 2 1.29 11
Alpha 3 1.15 13

ADMCI 1st tertile versus
ADMCI 3rd tertile

Alpha 2 –1.17 13
Alpha 3 –0.86 23

ADMCI 2nd tertile versus
ADMCI 3rd tertile

Alpha 2 –0.88 22

power density relative to a statistically significant890

ANOVA interaction effect (F = 12.4, p < 0.00001)891

among the factors Group (Nold and ADMCI), Age892

(1st tertile, 2nd tertile, 3rd tertile), and Band (delta,893

theta, alpha 2, and alpha 3).894

The Fig. 4 (top) illustrates the between-group895

differences (Nold versus ADMCI). The Duncan896

planned post-hoc (p < 0.05 Bonferroni correction for897

2 groups X 3 age X 4 frequency bands, p < 0.05/24 =898

0.002) testing showed that: 1) for the 1st tertile and899

2nd tertile, the discriminant pattern Nold < ADMCI900

was fitted by the delta (p < 0.001) global scalp nor-901

malized power densities; and 2) for the 1st tertile and902

2nd tertile, the discriminant pattern Nold > ADMCI903

was fitted by the alpha 2 (p < 0.00001) and alpha 3904

(p < 0.00001) global scalp normalized power densi-905

ties. No statistically significant between-group differ-906

ences were observed for the 3rd tertile (p > 0.002).907

The Fig. 4 (bottom) illustrates the within-group908

differences (1st tertile versus 2nd tertile versus 3rd909

tertile). The Duncan planned post-hoc (p < 0.05 cor-910

rected = p < 0.002) showed that: 1) for the Nold911

group, the discriminant pattern 1st tertile > 3rd ter-912

tile was fitted by the alpha 2 (p < 0.0001) and alpha 3913

(p < 0.002) global scalp normalized power densities;914

and 2) for the ADMCI group, the discriminant pattern915

1st tertile and 2nd tertile < 3rd tertile was fitted by the916

alpha 2 (p < 0.00005) global scalp normalized power917

densities; 3) for the ADMCI group, the discriminant918

pattern 1st tertile < 3rd tertile was fitted by the alpha 2919

(p < 0.0001) global scalp normalized power densities.920

Table 6 reports the size effect by Cohen’s d and921

sample size by an alpha level of 0.05 and the desired922

power of 0.8 for the global scalp normalized power 923

densities showing statistically significant (p < 0.05 924

corrected = p < 0.002) between-group (Nold versus 925

ADMCI) or within-group (1st tertile versus 2nd ter- 926

tile versus 3rd tertile) differences. The sample sizes 927

ranged from 4 to 23, in line with the number of par- 928

ticipants in the present Nold and ADMCI groups. 929

Of note, the above findings were not due to out- 930

liers from those individual global scalp normalized 931

power densities (log-10 transformed), as shown by 932

Grubbs’ test with an arbitrary threshold of p > 0.001 933

(see Fig. 5). 934

RsEEG source activities in the Nold and ADMCI 935

tertiles 936

Figure 6 shows the mean values (± SE, log-10 937

transformed) of rsEEG source activities (i.e., regional 938

normalized eLORETA current densities) relative to 939

a statistically significant ANOVA interaction effect 940

(F = 6.5 p < 0.0001) among the factors Group (Nold 941

and ADMCI), Age (1st tertile, 2nd tertile, 3rd ter- 942

tile), Band (delta, theta, alpha 2, and alpha 3), and 943

ROI (frontal, central, parietal, occipital, temporal, 944

and limbic). 945

The Fig. 6 (top) illustrates the between-group 946

differences (Nold versus ADMCI). The Duncan 947

planned post-hoc (p < 0.05 Bonferroni correction 948

for 2 groups X 3 age X 4 frequency bands X 949

6 ROIs, p < 0.05/144 = 0.000347) testing showed 950

that: () for the 1st tertile, the discriminant pat- 951

tern Nold < ADMCI was fitted by the frontal (p < 952

0.00001), occipital (p < 0.0005), and temporal (p < 953

0.00001) delta source activities; 2) for the 1st tertile, 954

the discriminant pattern Nold > ADMCI was fitted by 955

the central (p < 0.0001), parietal (p < 0.00001), occip- 956

ital (p < 0.00001), temporal (p < 0.00001), and limbic 957

(p < 0.00001) alpha 2 source activities as well as the 958

central (p < 0.0001), parietal (p < 0.00001), occipi- 959

tal (p < 0.00001), temporal (p < 0.00001), and limbic 960

(p < 0.00001) alpha 3 source activities; 3) for the 961

2nd tertile, the discriminant pattern Nold > ADMCI 962

was fitted by the parietal (p < 0.00001), occipital 963

(p < 0.00001), and limbic (p < 0.0001) alpha 2 source 964

activities as well as the parietal (p < 0.00001), occip- 965

ital (p < 0.00001), and limbic (p < 0.0001) alpha 3 966

source activities. 967

The Fig. 6 (bottom) illustrates the within-group 968

differences (1st tertile versus 2nd tertile versus 3rd 969

tertile). The Duncan planned post-hoc (p < 0.05 cor- 970

rected = p < 0.000347) showed that: 1) for the Nold 971

group, the discriminant pattern 1st tertile and 2nd 972
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Fig. 5. Individual values (log-10 transformed) of the global scalp normalized rsEEG power densities showing statistically significant (p < 0.05
corrected = p < 0.002) between-group (Nold versus ADMCI) and within-group (1st tertile versus 2nd tertile versus 3rd tertile) differences.

tertile > 3rd tertile was fitted by the occipital alpha 2973

(p < 0.00001) and alpha 3 (p < 0.00001) source activi-974

ties; 2) the discriminant pattern 1st tertile > 3rd tertile975

was fitted by the parietal (p < 0.00001) and tempo-976

ral (p < 0.00001) alpha 2 source activities as well as977

parietal (p < 0.0001) alpha 3 source activities; 3) for978

the ADMCI group, the discriminant pattern 1st tertile979

and 2nd tertile < 3rd tertile was fitted by the occipi-980

tal (p < 0.00001) and temporal (p < 0.00001) alpha 2981

source activities.982

Table 7 reports the size effect by Cohen’s d as well983

as the sample size by an alpha level of 0.05 and the984

desired power of 0.8 for the rsEEG source activ-985

ities (i.e., regional normalized eLORETA current986

densities) showing statistically significant (p < 0.05987

corrected = p < 0.000347) between-group (Nold ver-988

sus ADMCI) or within-group (1st tertile versus 2nd989

tertile versus 3rd tertile) differences.990

Of note, these findings were not due to outliers991

from those individual regional normalized eLORETA992

current densities (log-10 transformed), as shown by993

Grubbs’ test with an arbitrary threshold of p > 0.001994

(see Fig. 7).

Results of the control analyses 995

A first control analysis (p < 0.05 corrected) was 996

performed to evaluate whether the above-described 997

relationships between the rsEEG scalp variables 998

and aging in the Nold seniors and the ADMCI 999

patients may also be observed using standardized 1000

fixed delta, theta, and alpha frequency bands. To 1001

address this issue, the procedure was performed 1002

as follows: 1) for each Nold and ADMCI sub- 1003

jects, the global scalp normalized rsEEG power 1004

density values at each fixed frequency band of inter- 1005

est were averaged to obtain the frequency band 1006

values. The rsEEG fixed frequency bands of inter- 1007

est were delta from 2 to 4 Hz, theta from 4 to 1008

8 Hz, low-frequency alpha from 8 to 10.5 Hz, and 1009

high-frequency alpha from 10.5 to 13 Hz; 2) For 1010

each fixed frequency band of interest, the rsEEG 1011

source activities (i.e., regional normalized eLORETA 1012

solutions) were log 10 transformed to make them 1013

Gaussian before the subsequent parametric statisti- 1014

cal analysis; 3) An ANOVA was computed having 1015

the global scalp normalized rsEEG power density 1016
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as a dependent variable (p < 0.05). The ANOVA1017

factors were Group (Nold and ADMCI), Age (1st1018

tertile, 2nd tertile, 3rd tertile), and Band (delta, theta,1019

low-frequency alpha, and high-frequency alpha).1020

The different clinical units were used as a covari-1021

ate. The results showed a statistically significant1022

interaction effect (F = 5.5; p < 0.0001; see Fig. 8) 1023

among the three factors. Figure 8 (top) illustrates the 1024

between-group differences (Nold versus ADMCI). 1025

The Duncan planned post-hoc (p < 0.05 Bonferroni 1026

correction for 2 groups X 3 age X 4 frequency 1027

bands, p < 0.05/24 = 0.002) testing showed that for 1028

Fig. 6. (Continued)
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Fig. 6. Regional normalized exact low-resolution brain electromagnetic source tomography (eLORETA) solutions (mean across subjects,
log-10 transformed) modeling cortical sources of eyes-closed rsEEG rhythms relative to a statistical ANOVA interaction (F = 6.5 p < 0.0001)
among the factors Group (Nold and ADMCI), Age (1st tertile, 2nd tertile, and 3rd tertile), Band (delta, theta, alpha 2, and alpha 3),
and Region of interest, ROI (central, frontal, parietal, occipital, temporal, and limbic). This ANOVA design used the regional normalized
eLORETA solutions as a dependent variable. The between-group (Nold versus ADMCI; top figure) and within-group (1st tertile versus
2nd tertile versus 3rd tertile; bottom figure) differences are illustrated. Legend: the rectangles indicate the cortical regions and frequency
bands in which the eLORETA solutions statistically presented a significant difference among the two groups and the age tertiles (p < 0.05
corrected = p < 0.00035).

the 1st tertile and 2nd tertile, the discriminant pattern1029

Nold > ADMCI was fitted by the low-frequency alpha1030

global scalp normalized power densities (p < 0.0001).1031

No statistically significant between-group differ-1032

ences were observed for the 3rd tertile (p > 0.002).1033

Figure 8 (bottom) illustrates the within-group dif-1034

ferences (1st tertile versus 2nd tertile versus 3rd1035

tertile). The Duncan planned post-hoc (p < 0.002)1036

showed that: (i) for the Nold group, the discriminant1037

pattern 1st tertile > 3rd tertile was fitted by the low-1038

frequency global scalp normalized power densities1039

(p < 0.0005); for the ADMCI group, the discrimi- 1040

nant pattern 1st tertile < 3rd tertile was fitted by the 1041

low-frequency global scalp normalized power den- 1042

sities (p < 0.0005). Of note, these findings were not 1043

due to outliers from those individual global scalp 1044

normalized power densities (log-10 transformed), 1045

as shown by Grubbs’ test with an arbitrary thresh- 1046

old of p > 0.001. Overall, the results of the first 1047

control analysis with fixed rsEEG frequency bands 1048

confirmed most of the age-related effects on the 1049

global rsEEG power density in the Nold and ADMCI 1050
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Table 7
Size effect by Cohen’s d as well as sample size by an alpha level of
0.05 and the desired power of 0.8 for the rsEEG source activities
(i.e., regional normalized eLORETA current densities) showing
statistically significant (p < 0.05 corrected) between-group (Nold
versus ADMCI) or within-group (1st tertile versus 2nd tertile ver-

sus 3rd tertile) differences

Normalized Size Sample
eLORETA effect size

current density

Nold 1st tertile versus
ADMCI 1st tertile

Frontal delta –1.43 9
Occipital delta –1.06 16
Temporal delta –1.53 8
Central alpha 2 1.14 14
Parietal alpha 2 1.54 8

Occipital alpha 2 1.91 6
Temporal alpha 2 1.31 10
Limbic alpha 2 1.54 8
Central alpha 3 1.21 12
Parietal alpha 3 1.37 10

Occipital alpha 3 1.32 11
Temporal alpha 3 1.12 14
Limbic alpha 3 1.35 10

Nold 2nd tertile
versus ADMCI 2nd
tertile

Parietal alpha 2 1.13 14
Occipital alpha 2 1.44 9
Limbic alpha 2 1.22 12
Parietal alpha 3 1.14 14

Occipital alpha 3 1.30 11
Limbic alpha 3 1.21 12

Nold 1st tertile versus
Nold 3rd tertile

Parietal alpha 2 1.02 17
Occipital alpha 2 1.84 6
Temporal alpha 2 1.10 15
Parietal alpha 3 0.77 28

Occipital alpha 3 1.22 12
Nold 2nd tertile

versus Nold 3rd
tertile

Occipital alpha 2 0.96 19
Occipital alpha 3 1.04 16

ADMCI 1st tertile
versus ADMCI 3rd
tertile

Occipital alpha 2 –0.88 22

Temporal alpha 2 –0.78 27
ADMCI 2nd tertile

versus ADMCI 3rd
tertile

Occipital alpha 2 –1.06 16
Temporal alpha 2 –0.78 27

groups observed using the individual rsEEG fre-1051

quency bands.1052

A second control analysis (p < 0.05 corrected)1053

was performed to confirm that the above differ-1054

ences among ADMCI tertiles in the rsEEG scalp and1055

eLORETA source variables may be not due to 1) the1056

global neurodegeneration of the cerebral cortex; 2)1057

the neurodegeneration of particular cerebral struc-1058

tures as the mesial temporal cortex, basal ganglia, and1059

lateral ventricle; and 3) cerebrovascular lesions. In1060

that control analysis, we evaluated whether the MRI1061

markers reflecting those pathological brain processes1062

may differ among ADMCI 1st tertile, ADMCI 2nd1063

tertile, and ADMCI 3rd tertile (p < 0.05 corrected for1064

multiple comparisons as explained in the following).1065

For each ADMCI patient, the procedure was per- 1066

formed as follows: 1) the MRI markers included (i) 1067

the total GM and WM volumes (normalized with the 1068

total intracranial volume) and the total cortical thick- 1069

ness; (ii) the volumes of caudate, putamen, pallidum, 1070

accumbens, hippocampus, amygdala, and lateral ven- 1071

tricle (normalized with the total intracranial volume), 1072

and the thicknesses of the entorhinal cortex; and (iii) 1073

the WM hypointensity and WM lesions (see Table 8); 1074

2) these MRI markers were log-10 transformed to 1075

make them Gaussian before the subsequent paramet- 1076

ric statistical analysis; 3) ANOVAs were computed 1077

to evaluate the presence or absence of statistically 1078

significant differences among ADMCI tertiles for 1079

the above-mentioned MRI markers. To consider the 1080

inflating effects of multiple univariate tests, the sta- 1081

tistical threshold was set at p < 0.0038 (i.e., 13 MRI 1082

markers, p < 0.05/13 = 0.0038) to obtain the Bonfer- 1083

roni correction at p < 0.05 on tail. No statistically 1084

significant differences were found considering the 1085

Bonferroni correction (p > 0.0038 = 0.05 corrected). 1086

Using an explorative statistical threshold of p < 0.05 1087

uncorrected, a decrease in the total GM volume and 1088

total cortical thickness as well as an increase in 1089

the WM hypointensity were found in the ADMCI 1090

3rd tertile as compared to the ADMCI 2nd tertile 1091

and ADMCI 1sr tertile (total GM volume: F = 3.2, 1092

p < 0.05; total cortical thickness: F = 4.3, p < 0.05; 1093

WM hypointensity: F = 5.5, p < 0.01). Figure 9 plots 1094

the individual values, the group means, and the SE of 1095

the total GM volume, the total cortical thickness, and 1096

the WM hypointensity in the three subgroups of the 1097

ADMCI patients (1sr, 2nd, and 3rd tertiles). 1098

To further confirm that the above differences 1099

in the global rsEEG scalp power density among 1100

the ADMCI tertiles may be not due to the global 1101

neurodegeneration of the cerebral cortex and cere- 1102

brovascular lesions, we also performed a third control 1103

analysis. In that control analysis, we implemented 1104

the following procedure: 1) the enrolled ADMCI 1105

patients were stratified into two subgroups, respec- 1106

tively, based on the low and high normalized total 1107

GM volume (GM- and GM+), normalized WM vol- 1108

ume (WM- and WM+), cortical thickness (THICK- 1109

and THICK+), and WM hypointensity (WM-Hypo- 1110

and WM- Hypo+); 2) Four ANOVAs were computed 1111

having the global scalp normalized rsEEG power den- 1112

sity as a dependent variable (p < 0.05). The ANOVA 1113

factors were MRI level (GM- and GM+; WM- and 1114

WM+; THICK- and THICK+; WM-Hypo- and WM- 1115

Hypo+), Age (1st tertile, 2nd tertile, 3rd tertile), and 1116

Band (delta, theta, alpha 2, and alpha 3). Education, 1117
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Fig. 7. Individual values (log-10 transformed) of the regional normalized eLORETA solutions showing statistically significant (p < 0.05
corrected = p < 0.0003) between-group (Nold versus ADMCI) and within-group (1st tertile versus 2nd tertile versus 3rd tertile) differences.

gender, MMSE score, TF, IAFp, and different clin-1118

ical units were used as covariates. No statistically1119

significant main effect for the factor MRI level or sta-1120

tistically significant interaction, including the factor1121

MRI level, were found (p > 0.05).1122

Overall, the results of the second and third con-1123

trol analyses suggest that the age-related effects on1124

the global rsEEG scalp power density and source1125

activities among the ADMCI tertiles may be not sub-1126

stantially due to the neurodegeneration of cortical1127

structures or cerebrovascular lesions.1128

A fourth control analysis was implemented by an1129

independent statistical approach (p < 0.05 corrected)1130

to “cross-validate” the results of the main statistical1131

analysis. This control analysis tested the association1132

between the age and the global rsEEG alpha 2 and1133

3 scalp normalized power density in the Nold and1134

ADMCI groups. Given the complexity of the ANOVA1135

models of the main analysis, it served to give robust-1136

ness to the main findings and conclusions.1137

To the aim of the fourth control analysis, several1138

linear regression models were computed. Specif-1139

ically, the Age variable was considered as both1140

categorical (e.g., ADMCI 1st tertile, ADMCI 2nd ter- 1141

tile, ADMCI 3rd tertile) and continuous to serve as 1142

a predictor, while the global rsEEG alpha 2 and 3 1143

scalp normalized power density (one model for each 1144

variable) served as target variables. Also, the effect 1145

of APOE4 was evaluated only in ADMCI patients. 1146

In these patients, the control statistical models con- 1147

sidered the interaction between the Age variable as 1148

categorical (ADMCI 1st tertile, ADMCI 2nd ter- 1149

tile, ADMCI 3rd tertile) and the presence of APOE4 1150

(dichotomized in APOE4 and APOnonE4) as a pre- 1151

dictor and the global rsEEG alpha 2 and 3 scalp 1152

normalized power densities as target variables. Over- 1153

all, the results of the fourth control analysis confirmed 1154

the findings of the main analysis. There were statisti- 1155

cally significant effects of the Age (both categorical 1156

and continuous) on the global rsEEG alpha 2 and 1157

3 scalp normalized power density in both Nold and 1158

ADMCI groups (p < 0.05). Notably, no effect of the 1159

interaction between Age and APOE4 was observed 1160

in the ADMCI patients (p > 0.05). Beta coefficients 1161

of the model estimates, together with the relative 1162

statistics, are also reported in Table 9.
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Fig. 8. Global scalp normalized rsEEG power density values (mean across subjects, log-10 transformed) about a statistical ANOVA inter-
action (F = 5.5, p < 0.0001) among the factors Group (Nold and ADMCI), Age (1st tertile, 2nd tertile, and 3rd tertile), and Fixed Band
(delta, theta, low-frequency alpha, and high-frequency alpha). This ANOVA design used the global scalp normalized power densities
as a dependent variable. The between-group (Nold versus ADMCI; top figure) and within-group (1st tertile versus 2nd tertile versus
3rd tertile; bottom figure) differences are illustrated. Legend: the rectangles indicate the frequency bands in which the global scalp nor-
malized power densities statistically presented a significant difference among the two groups and the age tertiles (p < 0.05 corrected =
p < 0.002).

DISCUSSION1163

In the present retrospective and exploratory study,1164

we investigated whether the age factor may show1165

similar progressive deranging effects on rsEEG1166

rhythms in Nold and ADMCI seniors. The novel1167

and original results are discussed in the following1168

sections.

Progressive derangement of rsEEG alpha 1169

rhythms with age in Nold seniors 1170

Concerning the physiological aging, the results of 1171

the main analysis showed that in the Nold group, the 1172

age factor did affect neither the TF nor the IAFp, 1173

which are the most robust individual benchmarks 1174

reflecting the slowing in frequency over the age of 1175
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Table 8
Mean values (± SE) of the magnetic resonance imaging (MRI) markers (i.e., volumes of the total gray matter, total white matter, caudate,
putamen, pallidum, accumbens, hippocampus, amygdala, and lateral ventricle; cortical thicknesses of the total and entorhinal cortex; white
matter hypointensity and lesions) as well as the results of their statistical comparisons (ANOVA on log-10 transformed data; p < 0.05
corrected) in the ADMCI patients stratified according to the age in the youngest age tertile (ADMCI 1st tertile, N = 21), median age tertile
(ADMCI 2nd tertile, N = 21), and oldest age tertile (ADMCI 3rd tertile, N = 21). The volumes were normalized with reference to the total

intracranial volume. n.s., not significant (p > 0.05 corrected)

MRI markers in ADMCI patients

ADMCI ADMCI ADMCI ANOVA
1st tertile 2nd tertile 3rd tertile

Global markers
Normalized WM volume 0.30 ± 0.01 SE 0.30 ± 0.01 SE 0.29 ± 0.01 SE n.s.
Normalized GM volume 0.39 ± 0.01 SE 0.39 ± 0.01 SE 0.37 ± 0.01 SE ANOVA: n.s. (F = 3.2, p < 0.05)
Cortical thickness 4.7 ± 0.05 SE 4.8 ± 0.05 SE 4.6 ± 0.06 SE n.s. (F = 4.3, p < 0.01)
Basal ganglia markers
Normalized caudate volume 0.004 ± 0.001 SE 0.004 ± 0.001 SE 0.005 ± 0.001 SE n.s.
Normalized putamen volume 0.006 ± 0.001 SE 0.006 ± 0.001 SE 0.006 ± 0.001 SE n.s.
Normalized pallidum volume 0.003 ± 0.001 SE 0.002 ± 0.001 SE 0.002 ± 0.001 SE n.s.
Normalized accumbens volume 0.0006 ± 0.0001 SE 0.0006 ± 0.0001 SE 0.0005 ± 0.0001 SE n.s.
Mesial temporal markers
Normalized hippocampus volume 0.005 ± 0.001 SE 0.005 ± 0.001 SE 0.005 ± 0.001 SE n.s.
Normalized amygdale volume 0.002 ± 0.001 SE 0.002 ± 0.001 SE 0.002 ± 0.001 SE n.s.
Entorhinal cortical thickness 6.7 ± 0.1 SE 6.6 ± 0.1 SE 6.1 ± 0.1 SE n.s.
Ventricular markers
Normalized lateral ventricle volume 0.019 ± 0.001 SE 0.019 ± 0.001 SE 0.024 ± 0.001 SE n.s.
Hypointensity/lesion WM markers
WM hypointensity 2,022 ± 251 SE 2,364 ± 329 SE 3,907 ± 507 SE n.s.
WM lesions 1,647 ± 419 SE 2,273 ± 631 SE 4,691 ± 1257 SE n.s. (F = 5.5, p < 0.005)

the background rsEEG rhythms [4]. In contrast, the1176

age factor affected the magnitude of rsEEG rhythms1177

in the Nold seniors. As compared to the younger Nold1178

seniors, the older ones were characterized by a lower1179

global magnitude of the rsEEG alpha rhythms at the1180

scalp sensors. Notably, this effect was mainly evident1181

in posterior (eLORETA) cortical sources estimated1182

from those alpha rhythms.1183

The present results confirm previous findings1184

showing that the physiological aging is related to1185

less evident alpha waveforms and power density in1186

rsEEG rhythms recorded in Nold seniors [4, 11, 13,1187

14, 19, 65], especially at the scalp electrodes placed1188

in posterior regions [15]. The present results also1189

extend previous findings by our research group show-1190

ing a decline in posterior cortical sources of rsEEG1191

alpha rhythms estimated in Nold seniors compared to1192

healthy young adults [17].1193

Keeping in mind the above results, we posit that1194

both global rsEEG alpha power density and its pos-1195

terior cortical sources might be useful in clinical1196

research to monitor aging effects on cortical neural1197

synchronization mechanisms regulating brain arousal1198

and vigilance in quiet wakefulness as basis for Nold1199

seniors’ global cognitive status [39]. They may be1200

combined with rsEEG biomarkers in other frequency1201

bands typically deranging with age in Nold seniors1202

[66–69]. In this vein, previous rsEEG studies in Nold 1203

seniors reported that intermittent temporal delta or 1204

theta rhythms may be associated with WM hyperin- 1205

tensities or neurodegenerative processes as revealed 1206

by structural MRIs [7, 68, 70], especially when sev- 1207

eral features indicating their benign nature are not 1208

observed [7]. Another rsEEG study considering delta 1209

to beta rhythms in Nold seniors reported that an 1210

increase in posterior delta rhythms was associated 1211

to cognitive decline and reduced acetylcholinesterase 1212

activity in the CSF [19]. Furthermore, an rsEEG study 1213

in Nold seniors > 90 years reported abnormalities in 1214

delta and/or alpha rhythms in the majority of them 1215

[67]. Moreover, an MRI study in Nold seniors showed 1216

that the DMN and MM microstructure progressively 1217

deranged with the age [36]. In the same line, the 1218

atrophy of medial-temporal, parietal, and cingulate 1219

cortical areas also showed a progressive increase in 1220

Nold seniors at the follow-up [34]. 1221

Keeping in mind the above data and considerations, 1222

future rsEEG studies in Nold seniors may take into 1223

account the following variables to improve the moni- 1224

toring of pathological brain aging: 1) delta-theta and 1225

posterior alpha power density measures computed on 1226

individual basis based on the TF and IAFp [4]; 2) 1227

broad range of ages > 50 years including Nold per- 1228

sons over 90s; 3) AD-related biomarkers based on 1229
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Fig. 9. Individual values (log-10 transformed) of the total grey
matter (GM) volume, total cortical thickness, and white matter
(WM) hypointensity in the three subgroups of the ADMCI patients
(1st, 2nd, and 3rd tertiles).

CSF and MRI measures (e.g., A�42, p-tau, t-tau, cor-1230

tical GM thickness and volumes, acetylcholinesterase1231

activity, WM hyperintensity, etc.) for stratifying Nold1232

seniors in those being positive versus negative to1233

those biomarkers; and 4) well-known risk factors of1234

neurodegenerative dementing disorders such as blood1235

hypertension, diabetes, obesity, chronic neuroinflam-1236

mation, chronic kidney diseases, subtle depression,1237

and sleep disorders for stratification of Nold seniors1238

in those being positive versus negative to those risk1239

factors [71, 72]. Future studies should also consider1240

that even “statistically normal” rsEEG rhythms might1241

not exclude the existence of brain neuropathological1242

processes.1243

AD variants overwhelm aging effects on rsEEG1244

alpha rhythms in ADMCI patients1245

In the present ADMCI patients, the age factor1246

did affect neither the TF nor the IAFp. In contrast,1247

it affected the magnitude of rsEEG alpha rhythms1248

interacting with the disease. As compared to the 1249

younger ADMCI patients, the older ones (matched as 1250

education, gender, and global cognitive status) were 1251

characterized by a paradoxical smaller abnormality 1252

in the global magnitude of rsEEG alpha rhythms 1253

at the scalp sensors. This effect was mainly evi- 1254

dent in the alpha posterior cortical sources, partially 1255

in agreement with previous evidence showing that 1256

abnormalities in rsEEG delta and alpha rhythms were 1257

more pronounced in younger than older ADD patients 1258

[73]. Therefore, the rsEEG alpha rhythms may be 1259

more affected by the early-onset than the late-onset 1260

ADMCI. 1261

Notably, the paradoxical aging effects on rsEEG 1262

activity observed in the present ADMCI patients did 1263

not depend on group differences in the following AD 1264

hallmarks: (1) APOE4 genetic risk of sporadic AD; 1265

(2) CSF (i.e., A �42, p-tau, t-tau) markers of AD neu- 1266

ropathology; and 3) MRI markers of structural brain 1267

impairment such as brain GM and WM volumes, the 1268

ventricular brain volume, and brain WM hyperinten- 1269

sities. Consistently, here we report no aging effects 1270

on the rsEEG delta-theta source activities, typically 1271

related to the mentioned AD hallmarks in ADMCI 1272

and ADD patients [25, 31, 33, 74, 75]. 1273

The lack of aging effects on the MRI biomarkers 1274

measured in the present ADMCI groups apparently 1275

contrasts with previous findings. In an MRI study 1276

in ADMCI seniors, the medial temporal, parietal, 1277

and cingulate cortical areas showed increased atro- 1278

phy related to age [34]. In another MRI study, the 1279

hippocampus and amygdala exhibited more atrophy 1280

over time in younger (but not older) ADMCI patients 1281

with APOE4 than without APOE4 [38]. Furthermore, 1282

even stronger age effects were found in ADD patients. 1283

In an MRI study in ADD patients, addictive aging 1284

and AD factors significantly affected GM atrophy 1285

in many brain regions [35]. In another MRI study, 1286

there was a marked association between the GM atro- 1287

phy in brain regions and cognitive deficits in several 1288

domains in younger ADD patients suffering from 1289

an early-onset disease [76]. In the same study, the 1290

late onset ADD patients also manifested an associ- 1291

ation between global cerebral atrophy and episodic 1292

memory impairment [76]. Finally, further MRI evi- 1293

dence showed that early-onset and late-onset ADD 1294

patients were characterized by different cortical and 1295

subcortical atrophy [77, 78]. 1296

Why did not we see relationships among age, 1297

MRI, and APOE4 biomarkers in the present ADMCI 1298

patients? It can be speculated that this lack of 1299

relationships may be due to their relatively high 1300
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Table 9
Results of the linear regression models evaluating the association between the age and the global rsEEG alpha 2 and 3 scalp normalized

power density in the Nold and ADMCI groups

Dependent Variable Predictors Beta coefficient t-statistics (p) Lower Confidence Upper Confidence
Interval (95%) Interval (95%)

Nold

Global alpha 2 Intercept 0.681 t = 19.032, p = 0.0001 0.609 0.752
Age group = First tertile 0.155 t = 3.060, p = 0.003 0.053 0.256
Age group = Second tertile 0.093 n.s. –0.009 0.194

Global alpha 2 Intercept 1.414 t = 6.414, p = 0.0001 0.972 1.856
Age –0.009 t = –2.960, p = 0.004 –0.016 –0.003

Global alpha 3 Intercept 0.609 t = 17.499, p = 0.0001 0.539 0.678
Age group = First tertile 0.146 t = 2.979, p = 0.004 0.048 0.245
Age group = Second tertile 0.120 t = 2.443, p = 0.018 0.022 0.219

Global alpha 3 Intercept 1.391 t = 6.539, p = 0.0001 0.965 1.816
Age –0.010 t = –3.274, p = 0.002 –0.016 –0.004

ADMCI

Global alpha 2 Intercept 0.734 t = 15.635, p = 0.0001 0.640 0.828
Age group = First tertile –0.239 t = –3.604, p = 0.001 –0.372 –0.106
Age group = Second tertile –0.190 t = –2.860, p = 0.006 –0.323 –0.057

Global alpha 2 Intercept –0.307 n.s. –0.932 0.318
Age 0.013 t = 2.885, p = 005 0.004 0.022

Global alpha 3 Intercept 0.632 t = 13.797, p = 0.0001 0.541 0.724
Age group = First tertile –0.183 t = –2.819, p = 0.007 –0.312 –0.053
Age group = Second tertile –0.121 n.s. –0.250 0.009

Global alpha 3 Intercept –0.113 n.s. –0.714 0.487
Age 0.009 t = 2.157, p = 04 0.001 0.018

Global alpha 2 Age groups∗APOE4 000005 n.s. –0.023 0.024
Global alpha 3 Age groups∗APOE4 –0.0005 n.s. –0.023 0.023

education attainment and mild clinical manifesta-1301

tions. Indeed, they showed a mean MMSE score > 251302

corrected by the age (best cognitive status = 30) and1303

about 11 years of mean education attainment. Such1304

attainment may be related to a significant cognitive1305

reserve and premorbid intelligence that may compen-1306

sate for the natural derangement of brain structure1307

and function with age [79]. In this speculative1308

line, previous evidence showed that high educa-1309

tion attainment might partially counteract structural1310

brain lesions as revealed by MRI biomarkers in1311

AD patients, thus delaying the onset of MCI and1312

dementia in seniors with remarkable cerebral abnor-1313

malities [80, 81]. Furthermore, compared to ADMCI1314

patients with low education attainment, those with1315

high education attainment showed similar cogni-1316

tive deficits despite greater macroscopic WM lesions1317

[82]. Future cross-sectional studies may test this1318

speculative explanation. To this aim, the effects of1319

age and education attainment on rsEEG and neu-1320

roimaging biomarkers may be investigated in AD1321

patients enrolled at the clinical stages of pre-MCI,1322

MCI, mild and moderate ADD as a function of1323

both.

A tentative neurophysiological model 1324

At the present early stage of the research, we poorly 1325

know what neurophysiological aging mechanisms 1326

may induce abnormalities in rsEEG alpha rhythms 1327

recorded in Nold and ADMCI seniors as a function 1328

of aging and disease variants. As part of the scien- 1329

tific challenge, those mechanisms may be sensitive 1330

to both constitutional and environmental factors and 1331

may operate in the brain at various spatial scales 1332

[83, 84]. 1333

According to the present neurophysiological ap- 1334

proach, here we discuss age-related neurophysio- 1335

logical mechanisms affecting rsEEG alpha rhythms 1336

at a large spatial macroscale involving multi- 1337

ple subcortical and cortical oscillating circuits. 1338

Those neurophysiological mechanisms may modu- 1339

late delays in the synchronization at alpha frequencies 1340

of the neural activity within ascending brain net- 1341

works [85, 86]. At the cellular and molecular level, 1342

these networks may include reciprocal thalamus 1343

and cortical loops formed by thalamocortical high- 1344

threshold glutamatergic neurons, thalamocortical 1345

relay-mode glutamatergic neurons, reticular thalamic 1346
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GABAergic neurons, and corticothalamic pyrami-1347

dal glutamatergic neurons [85, 87, 88]. Furthermore,1348

they may include ascending activating reticular sys-1349

tems mainly shaped by brainstem noradrenergic and1350

dopaminergic neurons as well as basal forebrain1351

cholinergic neurons [85, 87].1352

In physiological conditions, these brain networks1353

might enhance the (inhibitory) synchronization at1354

alpha frequencies of cortical neurons not actually1355

involved in the active information processing, thus1356

reducing cortical neural noise and making more1357

efficient the activation of relevant cortical neu-1358

ral populations in response to actual sensory and1359

cognitive-motor events [85, 87, 89]. During physi-1360

ological aging, the efficiency of that synchronization1361

may be reduced in Nold (and ADMCI) seniors.1362

It may partially derange alpha rhythms in target1363

occipital-parietal visual and visuospatial cortical1364

areas, possibly interfering with the event-related1365

desynchronization of alpha rhythms underpinning1366

attention and sensory-motor information processing1367

[1, 8, 89, 90].1368

In this physiological aging mechanism, it can be1369

speculated that a prominent role may be played by the1370

progressive loss of cholinergic basal forebrain projec-1371

tions to the thalamus and posterior cerebral cortex. In1372

a recent study, both young adults and Nold seniors1373

showed that functional rsMRI connectivity between1374

the cholinergic basal forebrain and the occipital cor-1375

tex increased from the eyes-closed to the eyes-open1376

condition proportionally to the reduction in amplitude1377

of rsEEG alpha rhythms [86]. In the Nold seniors,1378

lesions in the WM connectivity between the cholin-1379

ergic basal forebrain and the occipital cortex were1380

related to a reduction of rsEEG alpha reactivity to1381

eye opening [86].1382

In the case of early-onset AD, the above sub-1383

cortical-cortical neural systems generating rsEEG1384

alpha rhythms might be especially impaired. In a1385

previous neuroimaging (MRI-PET) study, abnormal-1386

ities in subcortical structures (amygdala, caudate,1387

and putamen) were more widely associated with AD1388

hallmarks (amyloidosis, tauopathy, and atrophy) and1389

multi-domain cognitive impairment in early-onset1390

than late-onset ADD patients [91]. As compared to1391

the late-onset ADD patients, the early-onset ADD1392

patients also showed a more rapid cognitive impair-1393

ment (attention, language, and frontal-executive)1394

related to the volumetric decline in subcortical (cau-1395

date, putamen, and thalamus) and cortical associative1396

regions at 3-year follow-up [92, 93]. Following this1397

“subcortical” hypothesis, it can be speculated that1398

as compared to the late-onset ADMCI patients, 1399

the early-onset ADMCI patients may suffer from 1400

prominent abnormalities in the rsEEG alpha rhythms 1401

related to greater alterations in the cholinergic 1402

ascending systems to the cerebral cortex. In this 1403

vein, a previous study showed greater alterations in 1404

those systems and posterior rsEEG alpha rhythms 1405

in ADMCI and ADD patients [94]. Furthermore, 1406

the chronic administration of Donepezil (an acetyl- 1407

cholinesterase inhibitor licensed for the treatment of 1408

ADMCI and ADD patients) showed specific bene- 1409

ficial effects on posterior rsEEG alpha rhythms and 1410

global cognitive status in ADMCI and ADD patients 1411

[95]. 1412

Methodological remarks 1413

The clinical 10–20 electrode montage (i.e., 19 1414

scalp electrodes) adopted for the present rsEEG 1415

recordings is suboptimal for accurate rsEEG source 1416

estimations [96, 97], as an optimal rsEEG spatial 1417

sampling would require > 64 scalp electrodes [96, 1418

97]. Therefore, the present spatial analysis of age- 1419

related effects on rsEEG cortical sources should be 1420

considered explorative. 1421

Important critical aspects of the present individual 1422

spectral analysis are the following: 1) We divided the 1423

alpha band into sub-bands because of, in the eyes- 1424

closed rsEEG condition, dominant low-frequency 1425

alpha rhythms (alpha 1 and alpha 2) may denote the 1426

synchronization of diffuse neural networks regulat- 1427

ing the fluctuation of the subject’s global awake and 1428

conscious states, while high-frequency alpha rhythms 1429

(alpha 3) may denote the synchronization of more 1430

selective neural networks specialized in the process- 1431

ing of modal specific or semantic information [4, 89]. 1432

When the subject is engaged in sensorimotor or cog- 1433

nitive tasks, alpha and low-frequency beta (beta 1) 1434

rhythms reduce in power (i.e., desynchronization or 1435

blocking) and are replaced by fast EEG oscillations 1436

at high-frequency beta (beta 2) and gamma rhythms 1437

[89]. 2) We considered individual delta, theta, and 1438

alpha frequency bands because a clinical group may 1439

be characterized by a mean slowing in the peak 1440

frequency of the alpha power density without any sub- 1441

stantial change in the magnitude of the power density. 1442

In that specific case, the use of fixed frequency bands 1443

would result in a statistical effect erroneously show- 1444

ing alpha power density values lower in the clinical 1445

than the control group; 3) We used fixed frequency 1446

ranges for the beta and gamma bands because the 1447

individual beta and gamma frequency peaks were 1448
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evident only in a few subjects (< 10%); and 4) We1449

selected the beginning of the beta frequency range1450

at 14 Hz to avoid the overlapping between individual1451

alpha and fixed beta frequency ranges (i.e., individual1452

alpha frequency band ranged from TF to 14 Hz with1453

an IAFp = 12 Hz). The interpretation of the present1454

results should consider the above methodological1455

options.1456

Another significant methodological limitation is1457

the availability of the rsEEG recordings only at a1458

single data acquisition session, thus preventing the1459

evaluation of the relationship between the age and the1460

deterioration over time in the rsEEG alpha rhythms1461

recorded in Nold and ADMCI seniors.1462

The above methodological limitations motivate1463

resource investments to develop future prospec-1464

tive, longitudinal, and multi-center studies using1465

1) harmonized EEG hardware systems and clinical1466

protocols; () a higher number of exploring scalp elec-1467

trodes for spatially enhanced rsEEG source estimates;1468

and 3) at least 2 follow-ups better capturing the effects1469

of the age on rsEEG alpha rhythms in both Nold and1470

ADMCI seniors.1471

CONCLUSIONS1472

Here, we tested whether the age may differently1473

affect rsEEG alpha rhythms in Nold and ADMCI1474

persons.1475

As compared to the younger Nold seniors, the1476

older ones showed greater reductions in rsEEG alpha1477

rhythms with major topographical effects in posterior1478

regions. On the contrary, in relation to the younger1479

ADMCI patients, the older ones displayed lesser1480

reductions in those rhythms. Notably, these results in1481

the ADMCI patients were not affected by CSF AD-1482

related diagnostic biomarkers, GM and WM brain1483

lesions, and clinical and neuropsychological scores.1484

The results of the present study suggest that in1485

Nold seniors, the aging factor may significantly1486

affect neurophysiological brain neural synchroniza-1487

tion mechanisms underpinning the generation of1488

dominant rsEEG alpha rhythms for the regulation of1489

cortical arousal during the quiet vigilance. In contrast,1490

rsEEG alpha rhythms recorded in ADMCI patients1491

may be more affected by the disease variants, with1492

more deleterious effects observed in early- than the1493

late-onset ADMCI patients. In the ADMCI patients,1494

the mere effects of the aging factor may be hidden by1495

dysfunctions in subcortical structures, including the1496

cholinergic basal forebrain and thalamus.1497

Keeping in mind the above data and considerations, 1498

the present rsEEG measures may be included in an 1499

ideal biomarker panel for future longitudinal clini- 1500

cal trials involving both Nold and ADMCI groups of 1501

seniors. These measures may account for the aging 1502

and disease effects on the neurophysiological mech- 1503

anisms underpinning brain arousal and vigilance, in 1504

line with the recent recommendations by an Expert 1505

Workgroup of the Electrophysiology Professional 1506

Interest of Alzheimer’s Association [39]. 1507
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