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Abstract

Objective: The present study tested the hypothesis that cortical electroencephalographic (EEG) rhythms. change across normal elderly

(Nold), mild cognitive impairment (MCI), and Alzheimer’s disease (AD) subjects as a function of the global cognitive level.

Methods: Resting eyes-closed EEG data were recorded in 155 MCI, 193 mild AD, and 126 age-matched Nold subjects. EEG rhythms of

interest were delta (2–4 Hz), theta (4–8 Hz), alpha 1 (8–10.5 Hz), alpha 2 (10.5–13 Hz), beta 1 (13–20 Hz), and beta 2 (20–30 Hz). EEG

cortical sources were estimated by LORETA.

Results: Occipital delta and alpha 1 sources in parietal, occipital, temporal, and ‘limbic’ areas had an intermediate magnitude in MCI subjects

compared to mild AD and Nold subjects. These five EEG sources presented both linear and nonlinear (linear, exponential, logarithmic, and

power) correlations with the global cognitive level (as revealed by mini mental state examination score) across all subjects.

Conclusions: Cortical EEG rhythms change in pathological aging as a function of the global cognitive level.

Significance: The present functional data on large populations support the ‘transitional hypothesis’ of a shadow zone across normality,

pre-clinical stage of dementia (MCI), and AD.
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1. Introduction

Recent advances for early diagnosis of Alzheimer

disease (AD) have led researchers to focus on presympto-

matic phases of the disease (Arnaiz and Almkvist, 2003;

Galluzzi et al., 2001; Scheltens et al., 2002). In this vein,

mild cognitive impairment (MCI) has often been considered
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as a precursor of AD. It is a clinical condition characterized

by memory impairment not causing functional impairment

and not meeting criteria for a diagnosis of dementia (Flicker

et al., 1991; Petersen et al., 1995; 2001).

Recent studies have shown a very high risk of

progression to AD in MCI subjects (Bachman et al., 1993;

Gao et al., 1998; Petersen et al., 2001). In normal aging

(with no MCI symptoms), annual conversion rate to AD

ranges from 0.17% at age 65–69 to 3.86% at age 85–89,

whereas the cumulative rate for all dementias ranges from

0.82 to 5.33% (Petersen et al., 2001). At the same ages,

instead, the annual conversion rate from MCI to AD seems

to be much higher, ranging from 6 to 25% (Petersen et al.,

2001). Furthermore, an influential longitudinal study has

shown that MCI converts to AD at a rate of 12% per year

(Petersen et al., 1999) and, at the end of 6 years,

approximately 80% of MCI subjects had developed AD.

Taken together, these data suggest the hypothesis that MCI

is a transition state on a linear progression towards mild AD.

According to such a hypothesis, early identification of MCI

patients might be crucial to start rehabilitative or pharma-

cological interventions aimed at slowing the progression of

cognitive deficits and onset of disability (Braak et al., 1991;

Rogers et al., 1996; Small et al., 1997).

A great deal of attention has been directed to

electrophysiological substrate of AD and MCI, to evaluate

the ‘transition’ hypothesis of a linear progression from MCI

to mild AD. In mild AD, electroencephalographic (EEG)

rhythms differ from normal elderly (Nold) and vascular

dementia subjects, AD patients being characterized by

higher delta (0–3 Hz) and lower posterior alpha (8–12 Hz;

Babiloni et al., 2004a; Dierks et al., 1993; 2000; Huang

et al., 2000; Moretti et al., 2004). Abnormality of EEG

rhythms in dementia has been associated with altered

regional cerebral blood flow (rCBF)/metabolism and

cognitive function (Celsis et al., 1990; Ihl et al., 1989;

Joannesson et al., 1977; Julin et al., 1995; Nobili et al.,

2002a,b; 1999a,b; Sheridan et al., 1988; Sloan et al., 1995;

Szelies et al., 1992). Furthermore, parieto-temporal EEG

rhythms and rCBF have been correlated with severity of AD

as expressed by Mini Mental State Examination (MMSE)

score (Rodriguez et al., 1998). Similarly, MCI subjects have

shown increase of theta (4–7 Hz) power (Grunwald et al.,

2001; Jelic et al., 1996; Zappoli et al., 1995) as well as

decrease of alpha power (Frodl et al., 2002; Grunwald et al.,

2002; Grunwald et al., 2001; Huang et al., 2000; Jelic et al.,

1996; Zappoli et al., 1995), when compared to normal

elderly (Nold) subjects. In line with the ‘transition’

hypothesis, these EEG parameters have presented an

intermediate magnitude in MCI subjects with respect to

those observed in Nold and dementia patients (Elmstahl and

Rosen, 1997; Huang et al., 2000; Jelic et al., 2000).

‘Transition’ hypothesis, however, is challenged by

observations indicating that not all MCI patients deteriorate

over time (Bennett et al., 2002; Larrieu et al., 2002). In fact,

the risk of AD in MCI subjects has been shown to be higher
than in normal controls only during the first 4 years of

follow up (Bennett et al., 2002). Furthermore, previous

evidence has indicated that cumulative conversion rates

from MCI to AD have ranged from 40 to 60%, depending on

the studies (Bennett et al., 2002; Fisk et al., 2003; Larrieu

et al., 2002). Practical consequence of these observations is

that a diagnosis of MCI might be clinically not relevant

because of the uncertainty of the conversion to dementia.

The present study used cortical sources of resting EEG

rhythms as a functional probe to test the ‘transitional’

hypothesis of a shadow zone across normality, pre-clinical

stage of dementia (MCI), and mild AD. The prediction of

the ‘transitional’ hypothesis was that the resting cortical

EEG rhythms would correlate with the global cognitive

status of Nold, MCI, and AD subjects considered as a

unique group. Cortical sources of the EEG rhythms were

estimated by low-resolution brain electromagnetic tom-

ography (LORETA; Pascual-Marqui and Michel, 1994,

1999, 2002), which has been successfully used in recent

studies on physiological and pathological aging (Babiloni

et al., 2004a, 2005a; Dierks et al., 2000).
2. Methods

We have been extensively described in two recent papers

part of the procedures (EEG recordings and LORETA

analysis) pertinent to the current study as well as a

description of the potential meaning of cortical rhythms in

aging (Babiloni et al., 2004a, 2005a). However, it should be

stressed that the aims of the previous studies the and current

one are totally different. The previous studies aimed at

analyzing (i) the distributed EEG sources specific to mild

AD as compared to vascular dementia or normal aging

(Babiloni et al., 2004a); and (ii) the distributed EEG sources

during physiological aging (Babiloni et al., 2005a). In

contrast, the current study focused on the distributed EEG

sources in a very large group of MCI subjects when

compared to control groups including mild AD and Nold

subjects.

2.1. Subjects

For the present multicenter study, we enrolled 155 MCI

subjects, 193 AD patients and 126 Nold subjects as controls.

Local institutional ethics committees approved the study.

All experiments were performed with the informed and

overt consent of each participant or caregiver, in line with

the Code of Ethics of the World Medical Association

(Declaration of Helsinki) and the standards established by

the Author’s Institutional Review Board. The recruitment of

subjects began in the year 2000 by five Italian clinical

centres (University ‘Campus Biomedico’ of Rome; Fate-

benefratelli Hospital of Brescia; Fatebenefratelli Hospital of

Rome; OASI Institute of Troina; University of Genova) and

one Japanese clinical centre (Dokkyo University School,



Table 1

Demographic and neuropsychological data of interest of normal aging

(Nold), mild cognitive impairment (MCI) and mild Alzheimer’s disease

(AD) subjects

Nold MCI Mild AD

N 126 155 193

Age (years) 65.4 (G0.9 SE) 72.1 (G0.7 SE) 76.2 (G0.6 SE)

Gender (F/M) 76/50 97/58 151/42

MMSE 28.3(G0.1 SE) 25.9 (G0.2 SE) 20.7 (G0.2 SE)

Education

(years)

9.7 (G0.3 SE) 7.4 (G0.3 SE) 6.7 (G0.3 SE)

Disease dur-

ation (months)

– 19.3 (G1.2 SE) 24 (G1.7 SE)
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Japan). The mean contribution of these clinical units to the

data collection was 16.7 (G3.9% standard error, SE).

2.2. Diagnostic criteria

Probable AD was diagnosed according to NINCDS-

ADRDA (McKhann et al., 1984) and DSM IV criteria. The

recruited AD patients underwent general medical, neuro-

logical and psychiatric assessments. Patients were also rated

with a number of standardized diagnostic and severity

instruments that included MMSE (Folstein et al., 1975),

clinical dementia rating scale (CDR; Hughes et al.,

1982), geriatric depression scale (GDS, Yesavage et al.,

1983), hachinski ischemic scale (HIS, Rosen et al., 1980),

and instrumental activities of daily living scale (IADL,

Lawton and Brodie, 1969). Neuroimaging diagnostic

procedures (CT or MRI) and complete laboratory analyses

were carried out to exclude other causes of progressive or

reversible dementias, in order to have a homogenous mild

AD patient sample. Exclusion criteria included, in particu-

lar, any evidence of (i) frontotemporal dementia, (ii)

vascular dementia (i.e. the vascular dementia was also

diagnosed according to NINDS-AIREN criteria; Roman

et al., 1993), (iii) extra-pyramidal syndromes, (iv) reversible

dementias (including pseudodementia of depression), and

(v) fluctuations in cognitive performance (suggestive of a

possible Lewy body dementia). The detection of vascular

component in dementia and MCI was accounted based on

previous theoretical guidelines from our network (Frisoni

et al., 1995; Galluzzi et al., 2005). The participating AD

patients had MMSE scores ranging from 17 to 24, with a

mean of about 21. Of note, benzodiazepines, antidepressant

and/or antihypertensive were suspended for about 24 h

before EEG recordings. This did not insure a complete

washout of the drug, but made it comparable the drug

condition across the patients. Washed out of the drugs

would have required a too long suspension of the drugs with

high risks for the patients. Of note, about 10% of AD

patients underwent to therapy with acetylcholinesterase

inhibitors at the time of EEG recording (donepezil; 5–10 mg

per day; rivastigmine 3mg per day). Furthermore, about 5%

of the AD patients were treated with neuroleptics

(quetiapine 25 mg per day; risperidone 5 mg per day;

olanzapine 2.5 mg per day).

The present inclusion and exclusion criteria for MCI

diagnosis were based on previous seminal studies (Albert

et al., 1991; Devanand et al., 1997; Flicker et al., 1991;

Petersen et al., 1995, 1997; 2001; Rubin et al., 1989; Zaudig;

1992) and aimed at selecting elderly persons with objective

cognitive deficits, especially in the memory domain, who did

not meet criteria for a diagnosis of dementia or AD. Inclusion

criteria for MCI subjects were the following: (i) objective

memory impairment on neuropsychological evaluation, as

defined by performances R1.5 standard deviation below age

and education-matched controls; (ii) normal activities of

daily living as documented by the history and evidence of
independent living; (iii) clinical dementia rating score of 0.5;

and (iv) MMSE score of 24–27. Exclusion criteria for MCI

were: (i) mild AD, as diagnosed by the procedures described

above; (ii) evidence of concomitant dementia such as

frontotemporal, vascular dementia, reversible dementias

(including pseudo-depressive dementia), fluctuations in

cognitive performance, and/or features of mixed dementias;

(iii) evidence of concomitant extra-pyramidal symptoms;

(iv) clinical and indirect evidence of depression as revealed

by GDS scores lower than 14; (v) other psychiatric diseases,

epilepsy, drug addiction, alcohol dependence, and use of

psychoactive drugs including acetylcholinesterase inhibitors

or other drugs enhancing brain cognitive functions; and

(vi) current or previous systemic diseases (including diabetes

mellitus) or traumatic brain injuries.

Nold subjects were recruited mainly among patients’

spouses. All Nold subjects underwent physical and

neurological examinations as well as cognitive screening

(including MMSE). Subjects affected by chronic systemic

illnesses (i.e. diabetes mellitus or organ failure) were

excluded, as were subjects receiving psychoactive drugs.

Subjects with a history of present or previous neurological

or psychiatric disease were also excluded. All Nold subjects

had a GDS score lower than 14.

Table 1 reports the mean values of relevant personal and

clinical parameters of participating mild AD, MCI, and

Nold subjects. As expected, women were overrepresented in

the AD group. Three ANOVA analyses using the factor

Group (Nold, MCI, AD) were computed to evaluate the

presence or absence of statistically significant differences

among the Nold, MCI, and mild AD groups for age,

education, and gender. Statistically significant differences

for age (P!0.001), education (P!0.001), and gender

(P!0.009) were found. Among these variables, age and

education were used as covariates in the statistical

evaluation of cortical sources of EEG rhythms, to remove

possible confounding effects.
2.3. EEG recordings

EEG data were recorded in resting subjects (eyes-closed)

by specialized clinical units. EEG recordings were



C. Babiloni et al. / Clinical Neurophysiology 117 (2006) 252–268 255
performed (0.3–70 Hz bandpass) from 19 electrodes

positioned according to the International 10–20 System

(i.e. Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5,

P3, Pz, P4, T6, O1, O2). A specific kind of reference

electrode was not imposed to all recording units of this

multicenter study, given that preliminary data analysis and

LORETA source analysis were carried out after that EEG

data were re-referenced to common average reference (i.e.

all electrodes were included in the average reference). To

monitor eye movements, electrooculogram (0.3–70 Hz

bandpass) was also collected. All data were digitized in

continuous recording mode (5 min of EEG; 128–256 Hz

sampling rate, the sampling rate being fixed in each

recording research unit of this multicenter study). In all

subjects, EEG recordings were performed at late morning.

During all EEG recordings, to keep state of vigilance at

constant level, an operator controlled on-line the EEG traces

and verbally alerted the subject any time there were sign of

behavioral drowsiness.

Of note, EEG recordings lasting 5 min allowed the

comparison of the present results with several previous AD

studies using either recording EEG periods no longer than

5 min (Babiloni et al., 2004a,b; Buchan et al., 1997; Muller

et al., 1997; Pucci et al., 1999; Rodriguez et al., 2002;

Szelies et al., 1999) or EEG periods shorter than 1 min

(Dierks et al., 1993; 2000). Longer resting EEG recordings

in AD patients would have reduced the variability of the

data but would have increased the possibility of slowing of

EEG oscillations due to reduced vigilance and arousal.

EEG data were analyzed and fragmented off-line in

consecutive epochs of 2 s. On average, 150 epochs (5 min)

for each subject were examined. For standardization

purposes, the preliminary analysis of all data was performed

at one of the research units. EEG epochs with ocular,

muscular and other types of artifact were preliminary

identified by a computerized automatic procedure. The EEG

epochs including ocular artifacts (less than 15% of the total

ones) were then corrected by an autoregressive method

(Moretti et al., 2003). Two independent experimenters

manually confirmed the EEG segments accepted for further

analysis. At the end of the preliminary analysis of EEG data,

the mean of the individual artifact-free EEG epochs was 120

(G10 SE). This is a sufficient number of 2s-EEG epochs for

further LORETA analysis.

2.4. Spectral analysis of the EEG data

A digital FFT-based power spectrum analysis (Welch

technique, Hanning windowing function, no phase shift)

computed power density of EEG rhythms with 0.5 Hz

frequency resolution. The following standard band frequen-

cies were studied: delta (2–4 Hz), theta (4–8 Hz), alpha

1 (8–10.5 Hz), alpha 2 (10.5–13 Hz), beta 1 (13–20 Hz), and

beta 2 (20–30 Hz). These band frequencies were chosen

averaging those used in previous relevant EEG studies on

dementia (Besthorn et al., 1997; Chiaramonti et al., 1997;
Jelic et al., 1996; Leuchter et al., 1993; Rodriguez et al.,

1999a,b) and have been successfully used in recent studies

on AD of this Consortium (Babiloni et al., 2004a,b). Sharing

of a frequency bin by two contiguous bands was allowed to

be consistent with a bulk of EEG literature on dementia

(Holschneider et al, 1999; Besthorn et al., 1997; Cook and

Leutcher, 1996; Jelic et al., 1996; Kolev et al., 2002;

Leutcher et al., 1993; Nobili et al., 1998; Pucci et al., 1997).

Furthermore, it followed Klimesch and others’ theoretical

consideration that near EEG rhythms may overlap at their

frequency borders (Babiloni et al., 2004b,c,d,e,f; 2005b,c;

Klimesch, 1996; 1999; Klimesch et al., 1997; 1998).

Choice of fixed EEG bands did not account for individual

alpha frequency (IAF) peak, defined as the frequency

associated with the strongest EEG power at the extended

alpha range (Klimesch, 1999). However, this may not affect

the results, since most of the subjects had IAF peaks within

alpha 1 band (8–10.5 Hz). In particular, mean IAF peak was

9.4 Hz (G0.1 standard error, SE) in Nold subjects, 9.2 Hz

(G0.1 SE) in MCI subjects, and 8.5 Hz (G0.1 SE) in mild

AD subjects. Furthermore, IAF peak was used as a covariate

for further statistics (Klimesch, 1999).

We could not use narrow frequency bands for beta 1

(13–20 Hz) and beta 2 (20–30 Hz), because of the

variability of the beta peaks in the power spectra. Therefore,

the LORETA results for the beta bands could suffer from the

sensitivity limitations of EEG spectral analyses for large

bands (Szava et al., 1994).

2.5. Cortical source analysis of the EEG rhythms by

LORETA

As aforementioned, the popular LORETA technique was

used for the EEG source analysis as provided at http://www.

unizh.ch/keyinst/NewLORETA/LORETA01.htm (Pascual–

Marqui et al., 1994, 1999, 2002). LORETA computed 3D

linear solutions (LORETA solutions) for EEG inverse

problem within a three-shell spherical head model including

scalp, skull, and brain compartments. Brain compartment

was restricted to the cortical gray matter/hippocampus of a

head model co-registered to Talairach probability brain atlas

and digitized at the Brain Imaging Center of the Montreal

Neurologic Institute (Talairach and Tournoux, 1988). This

compartment included 2394 voxels (7 mm resolution), each

voxel containing an equivalent current dipole. LORETA is

one EEG functional imaging technique belonging to a

large family of linear inverse solution and tomographic

procedures (Fuchs et al., 2001; Gross et al., 2003; Pascual-

Marqui et al., 2002; Sekihara et al., 2005; Valdes et al.,

1998), modeling 3D distributions of EEG sources with

comparable performances. In our studies, we preferred to

use LORETA for two reasons. Firstly, LORETA has been

repeatedly used from data collected by low spatial sampling

of 10–20 system (19 electrodes, Anderer et al., 2000; 2003;

2004; Babiloni et al., 2004a; Cincotti et al., 2004; Isotani et

al., 2001; Kawasaki et al., 2004; Laufer and Pratt, 2003a,b;

http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm
http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm


Table 2

Brodmann areas included in the cortical regions of interest (ROIs) of the

present study

Loreta broadmann areas into the

regions of interest (ROIs)

Frontal 8, 9, 10, 11, 44, 45, 46, 47

Central 1, 2, 3, 4, 6

Parietal 5, 7, 30, 39, 40, 43

Temporal 20, 21, 22, 37, 38, 41, 42

Occipital 17, 18, 19

Limbic 31, 32, 33, 34, 35, 36

LORETA solutions were collapsed in frontal, central, parietal, temporal,

occipital, and limbic ROIs.
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Mulert et al., 2001; Veiga et al., 2003; Winterer et al., 2001).

Secondly, several investigation of EEG rhythms in

physiological and pathological aging used LORETA, so

the results of the present study could be put in a large

framework of previous evidence (Anderer et al., 1998a,b;

2003; Babiloni et al., 2004a, 2005a; Cincotti et al., 2004a;

Dierks et al., 2000; Goforth et al., 2004; Huang et al., 2002;

Saletu et al., 2002). This was probably due to the fact that

spatial smoothing of the LORETA solutions (resolution in

centimeters) and its head template could reliably take into

account the slight change in the cortical volume (resolution

in millimeters) present in the mild stages of AD.

The LORETA solutions consisted of voxel spectral

density of estimated z-current density values able to predict

EEG spectral data at scalp electrodes. These solutions are

reference free, in that one obtains the same LORETA source

distribution for EEG data referenced to any reference

electrode including common average. To enhance the

topographical results, a ‘spatial’ normalization was obtained

by normalizing the LORETA current density at each voxel

with the LORETA power density averaged across all

frequencies (0.5–45 Hz) and across all 2.394 voxels of the

brain volume. After the normalization, the LORETA

solutions lost the original physical dimension and were

represented by an arbitrary unit scale. This procedure

reduced inter-subjects variability and was used in previous

our EEG study (Babiloni et al., 2004a; 2005a). The general

procedure fitted the LORETA solutions in a Gaussian

distribution and reduced inter-subject variability (Nuwer,

1988; Leuchter et al., 1993).

Solutions of the EEG inverse problem are under-

determined and ill-conditioned when the number of spatial

samples (electrodes) is lower than that of the unknown

samples (current density at each voxel). To account for that,

the cortical LORETA solutions predicting scalp EEG

spectral power density were regularized to estimate

distributed rather than punctual EEG source patterns

(Pascual-Marqui et al., 1994, 1999, 2002). Of note,

LORETA package associated each LORETA solution

with a Brodmann area. In line with the low spatial resolution

of the LORETA technique, we used our MATLAB software

to collapse the voxels of LORETA solutions at frontal,

central, temporal, parietal, occipital, and ‘limbic’

(as defined in the original LORETA package; we used the

brackets since, the ‘limbic’ LORETA sources can recovery

only a part of the actual limbic rhythms) regions of the brain

model coded into Talairach space. The Brodmann areas

listed in Table 2 formed each of these regions of interest

(ROIs). Of note, the same procedure were used in our

previous studies (Babiloni et al., 2004a, 2005a). Finally, the

main advantage of the regional analysis of LORETA

solutions was that our modelling could disentangle rhythms

of contiguous cortical areas. For example, the rhythms of

the occipital source were disentangled with respect to those

of the contiguous parietal and temporal sources etc. This

was made possible by the fact that LORETA solves the
linear inverse problem by taking into account the well-

known effects of the head as a volume conductor.
2.6. Statistical analysis of the LORETA solutions

Regional normalized LORETA solutions were used as

dependent variables for ANOVA analysis, using subjects’ age,

education and IAF peak as covariates. To test the present

working hypothesis, ANOVA factors (levels) were Group

(mild AD, MCI, Nold; independent variable), Band (delta,

theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (central, frontal,

parietal, occipital, temporal, limbic). Mauchly’s test evaluated

the sphericity assumption. Correction of the degrees of

freedom was made with the Greenhouse-Geisser procedure.

Duncan test was used for post-hoc comparisons (P!0.05).

The planned post-hoc testing evaluated the prediction of

progressive changes in magnitude of the LORETA solutions

across Nold, MCI, and mild AD subjects. That prediction

would be confirmed by the following LORETA patterns:

NoldOMCIOmild AD and Nold!MCI!mild AD.

LORETA solutions showing statistically significant

differences according to the LORETA pattern NoldO
MCIOmild AD or Nold !MCI!mild AD were evaluated

as linear and non-linear correlations with MMSE score in all

subjects as a single group. The linear correlation was

computed with Pearson test (Bonferroni corrected, P!0.05).

The non-linear correlations were computed evaluating the

coefficient of determination r2 for exponential, logarithmic,

and power functions. The r2 value was computed with the

following mathematical formula:

r2 Z 1KðSSE=SSTÞ

where

SSE Z
X

ðyiK¥iÞ and SST Z
X

ðy2
i ÞK

P
ðyiÞ

2

n

where n is the number of samples (i.e. subjects), yi is the real

value and ¥i is the approximated value calculated with the

following formula:

¥i Z c ln xi Cb for logarithmic functions ðc; b constantÞ
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¥i Z c ebx for exponential functions ðc; b constantÞ

¥i Z c xb
i for power functions ðc; b constantÞ

Finally, r2 of the non-linear simple functions was

compared with r2 of the linear function, to evaluate the

prevalence of linear or non-linear EEG correlations between

regional LORETA solutions and MMSE score. Of note, the

non linear correlations between MMSE and LORETA

solutions were studied with simple non linear functions. The

same non linear functions have been successfully used in

our previous EEG study on physiological aging (Babiloni

et al., 2005a). An interesting alternative approach for future

investigations would have the use of general nonlinear

coefficient h2, which could deal with all types of nonlinear

correlation (Lopes da Silva et al., 1989) and a deeper

correlative analysis of EEG sources and neuropsychological

variables other than the MMSE score.
3. Results

3.1. Topography of the EEG cortical sources

estimated by LORETA

For illustrative purposes, Fig. 1 maps the grand average

of the LORETA solutions (i.e. relative z-current density at

cortical voxels) modeling the distributed EEG sources for
Fig. 1. Grand average of LORETA solutions (i.e. normalized relative current den

theta, alpha 1, alpha 2, beta 1, and beta 2 bands in Nold, MCI and mild AD group

Legend: LORETA, low-resolution brain electromagnetic tomography. Color scale

alpha 1 power value of occipital region in Nold). The maximal value of power is
delta, theta, alpha 1, alpha 2, beta 1, and beta 2 bands in

Nold, MCI, and mild AD groups. The Nold group presented

alpha 1 sources with maximal values of the relative current

density distributed in parieto-occipital regions. Delta, theta

and alpha 2 sources had moderate relative current density

values when compared to alpha 1 sources. Finally, beta 1

and beta 2 sources were characterized by lowest relative

current density values. Compared to Nold group, mild AD

group showed an increase of widespread delta sources,

along with a dramatic reduction of parieto-occipital alpha 1

sources. With respect to Nold and mild AD groups, MCI

group showed intermediate magnitude of delta and alpha 1

sources and greater magnitude of alpha 2 sources.
3.2. Statistical analysis of the EEG cortical sources

estimated by LORETA

Fig. 2 shows mean regional LORETA solutions

(distributed EEG sources) relative to a statistical ANOVA

interaction (F(50,11750)Z5.4; MSeZ0.63; P!0.00001)

among the factors Group (Nold, MCI, mild AD), Band

(delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI

(central, frontal, parietal, occipital, temporal, limbic). In the

figure, LORETA solutions had the shape of EEG relative

power spectra. Notably, profile and magnitude of these

spectra in Nold, MCI, and mild AD groups differed in the

diverse cortical regions, thus supporting the idea that scalp
sity at the cortical voxels) modeling the distributed EEG sources for delta,

s. The left side of the maps (top view) corresponds to the left hemisphere.

: all power estimates was scaled based on the averaged maximum value (i.e.

reported under each column.



Fig. 2. Regional LORETA solutions (mean across subjects) relative to a statistical ANOVA interaction among the factors Group (Nold, MCI, mild AD), Band

(delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (central, frontal, parietal, occipital, temporal, limbic). This ANOVA design used the normalized relative

current density values at ROI level as a dependent variable. Subjects’ age, education and individual alpha frequency peak (IAF) were used as covariates.

Regional LORETA solutions modeled the EEG relative power spectra as revealed by a sort of ‘virtual’ intracranial macro-electrodes ‘disposed’ on the

macrocortical regions of interest. Legend: the rectangles indicate the cortical regions and frequency bands in which LORETA solutions presented statistically

significant different values with respect to the LORETA patterns: NoldOMCIOmild AD, Nold!MCI!mild AD and MCIsNold and mild AD (P!0.05,

planned Duncan post-hoc testing). See Methods for further details.

C. Babiloni et al. / Clinical Neurophysiology 117 (2006) 252–268258
EEG rhythms are generated by a distributed pattern of

cortical sources.

According to the working hypothesis, the planned

Duncan post-hoc testing assessed the progressive differ-

ences in the regional LORETA solutions across the three

groups, that is NoldOMCIOmild AD or Nold!MCI!
mild AD. In that line, parietal, occipital, temporal, and

limbic alpha 1 sources showed stronger amplitude in Nold

compared to MCI group (P!0.01) and in MCI compared to

mild AD group (P!0.000008). On the contrary, occipital

delta sources showed lower amplitude in Nold compared to

MCI group (P!0.04) and in MCI compared to mild AD

group (P!0.00006).

Magnitude values of these five EEG sources were

correlated with MMSE score in all subjects as a single

group (Pearson test; Bonferroni correction for five rep-

etitions of the test gave the threshold P!0.01 to obtain the

Bonferroni corrected P!0.05). Fig. 3 shows scatterplots

between individual LORETA solutions and MMSE

scores of the statistically significant correlations

(P!0.01). According to the first working hypothesis,

MMSE score negatively correlated with occipital delta

sources (rZK0.18, PZ0.00007) and positively correlated

with parietal (rZ0.15, PZ0.0009), occipital (rZ0.19,

PZ0.00003), temporal (rZ0.16, PZ0.0005), and limbic

(rZ0.18, PZ0.00004) alpha 1 sources. We repeated
the correlation analysis between MMSE score and the five

EEG sources using Spearman test (P!0.01). The results

confirmed those obtained with Pearson test. Indeed, the

MMSE score negatively correlated with occipital delta

sources (rZK0.13, PZ0.004) and positively correlated

with parietal (rZ0.13, PZ0.003), occipital (rZ0.15,

PZ0.001), temporal (rZ0.13, PZ0.004), and ‘limbic’

(rZ0.14, PZ0.002) alpha 1 sources. Remarkably, we

preferred correlate MMSE score and EEG source in all

subjects as a single group, since the range of the MMSE

score within the single groups was very low.

Table 3 reports coefficient of determination r2 between

individual regional LORETA solutions and MMSE score in

all subjects considered as a single group. The r2 value is

reported for the linear (Pearson), exponential, logarithmic,

and power functions. In general, r2 values for linear,

exponential, logarithmic, and power functions were quite

similar. Of note, non linear functions included only simple

functions such as logarithmic, exponential and power ones,

since the scatterplot distribution of the data discouraged

complex non linear functions such as polynomial ones.
3.3. Control analyses

As a first control analysis, the planned Duncan post-hoc

testing assessed the differences of the regional LORETA



Fig. 3. Scatterplots between the individual regional LORETA solutions and the MMSE score in all Nold, MCI, and mild AD subjects as a single group. These

solutions refer to the EEG sources showing a statistically significant progression of the magnitude values across Nold, MCI, and mild AD, namely occipital

delta source as well as parietal, occipital, temporal and limbic alpha 1 sources. The r and p value between the individual regional LORETA solutions and the

MMSE score are reported within the diagrams.
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solutions characterizing the MCI group with respect to the

Nold and mild AD groups, namely the source patter

MCIsNold and mild AD. In that line, the occipital alpha

2 sources showed stronger amplitude in MCI group than in

Nold (P!0.0001) and mild AD (P!0.0001) groups. As a

note, the Duncan post-hoc also unveiled that: (i) the delta

sources in parietal, temporal and limbic areas showed

stronger amplitude in AD group compared than in Nold

(P! 0.02) and MCI (P!0.0005) groups; (ii) the theta

sources in parietal, occipital, temporal and limbic

areas showed stronger amplitude in AD group than in

Nold (P! 0.02) and MCI (P!0.002) groups. Finally, the

Duncan post hoc test showed that the amplitude of beta 1

and beta 2 sources did not differ among Nold, MCI and mild

AD subjects. Of note, the very low amplitude of the beta

sources indicated that the EEG recordings were not
contaminated by muscular and instrumental artifacts.

Indeed, the presence of these artifacts would have increased

the amplitude of the beta LORETA sources.

As previously mentioned, age, education and gender

significantly differed among Nold, MCI, and mild AD. For

this reason, a second control ANOVA analysis was

necessary to assure that the above described LORETA

source differences among Nold, MCI, and mild AD groups

were not due to age, education, and gender. We considered

sub-groups of Nold (NZ50), MCI (NZ50) and mild

AD (NZ50) subjects, having practically equal age,

education, and ratios of gender. Table 4 reports the means

of personal and neurophysiological parameters of these

three sub-groups. The LORETA solutions were used as a

dependent variable. The ANOVA factors (levels) were

Group (Nold, MCI, mild AD; independent variable), Band



Table 3

Correlation (coefficient of determination r2) between individual regional

LORETA solutions and Mini Mental State Evaluation (MMSE) score in all

Nold, MCI and mild AD subjects considered as a single group

Correlation between LORETA current density and MMSE score

(coefficient of determination r2)

Linear Logarithmic Exponential Power

Occipital

delta source

0.03 0.03 0.01 0.01

Parietal

alpha 1

source

0.02 0.02 0.02 0.02

Occipital

alpha 1

source

0.04 0.04 0.03 0.2

Temporal

alpha 1

source

0.02 0.02 0.01 0.01

Limbic

alpha 1

source

0.03 0.03 0.02 0.02

The r2 value is reported for linear (Pearson test), exponential, logarithmic,

and power function. Of note, only the regional LORETA solutions showing

the progressive differences across the three groups (NoldOMCIOmild AD

or Nold!MCI!mild AD) were considered for that analysis.
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(delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI

(central, frontal, parietal, occipital, temporal, limbic). There

was a statistical interaction (F(50,3675)Z3.55; MSeZ0.58;

PZ0.0001) among factors Group, Band and ROI (see

Fig. 4). Notably, profile and magnitude of these LORETA

sources in Nold, MCI, and mild AD sub-groups were similar

compared to those of the larger three groups with age,

education and gender bias. According to the statistical

results obtained in the full groups, the planned Duncan post-

hoc testing assessed the progressive differences in the

regional LORETA solutions across the three groups, that is

NoldOMCIOmild AD or Nold!MCI!mild AD. In that

line, parietal, occipital, temporal alpha 1 sources showed

stronger amplitude in Nold compared to MCI group

(P!0.0001) and in MCI compared to mild AD group

(P!0.004). On the contrary, occipital delta sources showed

lower amplitude in Nold compared to MCI group (P!0.02)

and in MCI compared to mild AD group (P!0.00007).

Furthermore, the planned Duncan post-hoc testing assessed
Table 4

Demographic and neuropsychological data of interest of normal aging

(Nold), mild cognitive impairment (MCI) and mild Alzheimer’s disease

(AD) subjects

Nold MCI Mild AD

N 50 50 50

Age (years) 72.1 (G0.9 SE) 72.1 (G0.6 SE) 72 (G1.1 SE)

Gender (F/M) 28/22 28/22 28/22

MMSE 27.8 (G0.2 SE) 25.4 (G0.4 SE) 20.9 (G0.4 SE)

Education

(years)

8.1 (G0.4 SE) 8.1 (G0.6 SE) 8.1 (G0.6 SE)

The number of subjects was 50 for each group, having practically equal age,

education and ratios of gender.
the differences of the regional LORETA solutions char-

acterizing the MCI group with respect to the Nold and mild

AD groups, namely the source pattern MCIsNold and mild

AD. In that line, the occipital alpha 2 sources showed

stronger amplitude in MCI group than in Nold (P!0.05)

and mild AD (P!0.0001) groups. The Duncan post-hoc

also unveiled that: (i) the delta sources in frontal, parietal,

temporal and limbic areas showed stronger amplitude in

AD group compared than in Nold (P!0.03) and MCI

(P!0.0001) groups; (ii) the theta sources in parietal,

occipital, temporal and limbic areas showed stronger

amplitude in AD group compared than in Nold (P!0.02)

and MCI (P!0.003) groups. This control ANOVA analysis

fully confirmed the results obtained with the larger groups.

Therefore, the LORETA source differences obtained in the

full groups were not due to age, education, and gender.

Furthermore, two control ANOVA analyses were

performed to assure that the above described LORETA

source differences among Nold, MCI, and mild AD groups

were not due to extremely large number of subjects. We

considered two sub-groups of Nold, MCI and mild AD

subjects: the sub-group A (63 Nold, 78 MCI, 97 mild AD)

and the sub-group B (63 Nold, 77 MCI, 96 mild AD). The

LORETA solutions were used as a dependent variable. The

ANOVA factors (levels) were Group (Nold, MCI, mild AD;

independent variable), Band (delta, theta, alpha 1, alpha 2,

beta 1, beta 2), and ROI (central, frontal, parietal, occipital,

temporal, limbic). For both sub-groups, there was a

statistical interaction among factors Group, Band and ROI

(P!0.0001). According to the statistical results obtained in

the full groups, the planned Duncan post-hoc testing

assessed the progressive differences in the regional

LORETA solutions across the three groups, that is NoldO
MCIOmild AD or Nold!MCI!mild AD. In that line, for

both sub-groups, parietal, occipital, temporal, limbic alpha 1

sources showed stronger amplitude in Nold compared to

MCI group (p!0.04) and in MCI compared to mild AD

group (p!0.05). On the contrary, the occipital delta sources

showed lower amplitude in Nold compared to MCI group

(P!0.03) and in MCI compared to mild AD group

(P!0.007) only for sub-group B. For the sub-group A,

the occipital delta sources showed lower amplitude in Nold

and MCI compared to mild AD group (P!0.02).

Furthermore, the planned Duncan post-hoc test assessed

the differences of the regional LORETA solutions char-

acterizing the MCI group with respect to the Nold and mild

AD groups, namely the source pattern MCIsNold and mild

AD. In that vein, the occipital alpha 2 sources showed

stronger amplitude in MCI group than in Nold (P!0.00001)

and mild AD (P!0.0001) groups only for sub-groups A.

This control ANOVA analysis globally (alpha 1 and delta)

confirmed the results obtained with the full groups.

To cross-validate the LORETA differences among Nold,

MCI, and mild AD groups, the analysis was directly

repeated on the EEG data used as an input for the LORETA

analysis. For this analysis, we considered the above



Fig. 4. Regional LORETA solutions (mean across subjects) relative to a statistical ANOVA interaction among the factors Group (Nold, MCI, mild AD), Band

(delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (central, frontal, parietal, occipital, temporal, limbic). This ANOVA design used the normalized relative

current density values at ROI level as a dependent variable. Subjects’ age, education and individual alpha frequency peak (IAF) were used as covariates. The

number of subjects was 50 for each group, having practically equal age, education and ratios of gender. Legend: the rectangles indicate the cortical regions and

frequency bands in which LORETA solutions presented statistically significant different values with respect to the LORETA patterns: NoldOMCIOmild AD,

Nold!MCI!mild AD and MCIsNold and mild AD (P!0.05, planned Duncan post-hoc testing).
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described subgroups of Nold (NZ50), MCI (NZ50) and

mild AD (NZ50) subjects. The same frequency bands of

interest of the LORETA analysis were considered, namely

delta (2–4 Hz), theta (4–8 Hz), alpha 1 (8–10.5 Hz), alpha 2

(10.5–13 Hz), beta 1 (13–20 Hz), and beta 2 (20–30 Hz).

Five ROIs were considered. These ROIs included, respect-

ively: (i) C3, Cz and C4 electrodes for the central region, (ii)

F3, Fz and F4 electrodes for the frontal region, (iii) P3, Pz

and P4 electrodes for the parietal region, (iv) O1, O2

electrodes for the occipital region, (v) T3, T4, T5, T6 for the

temporal region. Compared to the LORETA results,

the ‘limbic’ region was excluded due to its deep location.

The same kind of normalization of the LORETA solutions

was used for the EEG spectral solutions of this control

analysis. The EEG spectral power density at each electrode

was normalized to the EEG spectral power density averaged

across all frequencies (0.5–45 Hz) and across all electrodes.

The values of normalized spectral power density of the

electrodes belonging to the same ROI were averaged at each

of the 6 frequency bands of interest.

The results of the control data analysis were used as

inputs for an ANOVA analysis. The values of the

normalized, regional spectral power density served as a

dependent variable. The ANOVA factors (levels) were

Group (Nold, MCI, mild AD), Band (delta, theta, alpha 1,

alpha 2, beta 1, beta 2), and ROI (central, frontal, parietal,
occipital, temporal). Subjects’ age, education and IAF

were used as covariates. This ANOVA design showed

a statistical interaction (F(40,2940)Z7.41; MSeZ0.92;

P!0.0001) between factors Group, Band and ROI (see

Fig. 5). According to the statistical results obtained in the

LORETA sources analysis, the planned Duncan post-hoc

testing assessed the progressive differences in the

normalized regional spectral power density across the

three groups, that is NoldOMCIOmild AD or Nold!
MCI!mild AD. In that line, parietal, occipital, temporal

alpha 1 sources showed stronger amplitude in Nold

compared to MCI group (P!0.003) and in MCI

compared to mild AD group (P!0.0009). On the

contrary, occipital delta sources showed lower amplitude

in Nold compared to MCI group (P!0.03) and in MCI

compared to mild AD group (P!0.004). Furthermore, the

planned Duncan post-hoc testing assessed the differences

of the normalized regional spectral power density

characterizing the MCI group with respect to the Nold

and mild AD groups, namely the source pattern

MCIsNold and mild AD. In this vein, the occipital

alpha 2 sources showed stronger amplitude in MCI group

than in Nold (P!0.02) and mild AD (P!0.000001)

groups. On the whole, these ANOVA results confirmed

the differences among Nold, MCI and mild AD in line

with the results of the LORETA analysis.



Fig. 5. Normalized regional EEG spectral power density relative to a statistical ANOVA interaction among the factors the factors Group (Nold, MCI, mild AD),

Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (central, frontal, parietal, occipital, temporal). This control ANOVA design was focused on the

EEG data used as an input for the LORETA analysis, in order to cross validate the LORETA solutions. The ANOVA design used the normalized regional EEG

spectral power density as a dependent variable. Subjects’ age, education and individual alpha frequency peak (IAF) were used as covariates. Legend: the

rectangles indicate the cortical regions and frequency bands in which LORETA solutions presented statistically significant different values with respect to the

LORETA patterns: NoldOMCIOmild AD, Nold!MCI!mild AD and MCIsNold and mild AD (P!0.05, planned Duncan post-hoc testing).
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4. Discussion
4.1. Cortical sources of EEG rhythms change as a function

of the global cognitive level

In the present study, low-band (8–10.5 Hz) alpha sources

in parietal, occipital, temporal, and limbic areas had an

intermediate magnitude in MCI subjects when compared to

mild AD and Nold subjects. Furthermore, magnitude of

these five EEG sources showed positive linear and non-

linear (i.e. correlations with MMSE score (global cognitive

level) across all Nold, MCI, and mild AD subjects as a

single group. These results suggest that the global

neurophysiological variables (posterior cortical rhythmi-

city) were linearly and not linearly correlated with global

clinical and cognitive status (MMSE score) across the

shadow region between physiological and pathological

aging. In this sense, they support the hypothesis of a

transition from MCI to AD having linear and non-linear

components. However, it should be remarked that, even if

statistically significant (up to PZ0.0005), the absolute

values of the linear and non linear correlations were

relatively low (i.e. rZ0.15–0.19). Therefore, the present

results indicate that focusing on dual relationships between

a single EEG cortical source and pathological aging may be
insufficient to model the effects of pathological aging on

cortical EEG rhythms. This is true even if both linear and

non linear trends are taken into account by correlative

approach. It can be speculated that a so high variance of the

correlative data might be better explained by considering

the complex relationships among several EEG cortical

sources and the global clinical and cognitive status. As a

logical consequence, this phenomenon should be accounted

for using not only linear (i.e. logistics regression) but also

non-linear (i.e. artificial neural networks) predictors. Of

note, the present results cannot be explained by invoking

neither the effects of psychoactive drugs possibility or that

our MCI subjects had early mild AD, vascular and/or extra-

pyramidal co-morbidity. Indeed, special attention was paid

to these aspects during clinical recruitment (see Methods).

The present results extend in spatial detail previous EEG

evidence showing a decrease of alpha power in MCI

compared to normal subjects (Frodl et al., 2002; Grunwald

et al., 2001; Huang et al., 2000; Jelic et al., 1996; 2000).

Furthermore, they complement previous evidence of early

atrophy signs in limbic, precuneus, and posterior cingulate

areas of MCI subjects (Baron et al., 2001; Callen et al.,

2001). Finally, the present results complement previous

evidence of reduced rCBF and/or glucose metabolism in

temporo-parietal association areas, posterior cingulate,
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and hippocampus in MCI subjects, which were associated

with a higher risk of progressive cognitive decline (Arnaiz

et al., 2001; Huang et al., 2002; Johnson et al., 1998;

Kitayama et al., 2001; Minoshima et al., 1994; Okamura et

al., 2002; Rodriguez et al., 2000).

From a physiological point of view, alpha rhythms are

mainly modulated by thalamo-cortical and cortico-cortical

interactions (Brunia, 1999; Pfurtscheller and Lopes da

Silva, 1999; Steriade and Llinas, 1988). Within extended

alpha band (8–13 Hz), low-band alpha would be mainly

related to subject’s global attentional readiness, whereas

high-band alpha would reflect the engagement of specific

neural channels for the elaboration of sensorimotor or

semantic information (Klimesch, 1996; Klimesch et al.,

1997; 1998). At rest, the voltage of the alpha rhythms would

be inversely correlated with the cortical excitability and

level of attention processes depending on the novelty and

importance of the stimulus. For this reason, it has been

suggested that the amplitude of alpha rhythms and

corresponding cortical excitability reflect at least in part

the time-varying inputs of forebrain cholinergic pathways

(Ricceri et al., 2004). These concepts constitute an

important element of the current theory on the functional

meaning of alpha rhythms.

Keeping in mind the mentioned concepts, a tentative

speculation to explain the present results can be as follows.

In our MCI subjects, magnitude decrease of posterior low-

band alpha sources may be related to an initial selective

impairment of cholinergic basal forebrain, which might

induce sustained increase of the excitatory activity in

cholinergic brain-stem pathway (Kobayashi and Tadashi,

2002; Sarter and Bruno, 1997; 1998). As a consequence, the

thalamocortical excitability would desynchronize resting

alpha rhythms (Muzur et al., 2002) and would enhance

cortical excitability in AD patients (Alagona et al., 2001;

Babiloni et al., 2000; 2005b; Ferri et al., 1996; Ferreri et al.,

2003; Pennisi et al., 2002). In line with this explanation,

previous studies have shown that resting rhythms including

alpha were lowered by experimental damage to the

cholinergic pathways stemming from basal forebrain

(Holschneider et al., 1998; Mesulam, 2004). This pattern

is consistent with what observed in mild AD, a disease

deeply affecting that cerebral region (Babiloni et al., 2004a;

Dierks et al., 1993; 2000; Huang et al., 2000; Moretti et al.,

2004; Rodriguez et al., 1999a,b). Furthermore, cholinergic

basal forebrain was more structurally impaired in AD

responders than non responders to treatment with cholin-

esterase inhibitors (Tanaka et al., 2003). Conversely, brain-

stem cholinergic innervations of the thalamus were found to

be relatively spared in AD patients (Geula and Mesulam,

1989; 1996; 1999; Mash et al., 1985; Mesulam, 2004).

In our MCI group, the alpha findings paralleled those in

occipital delta (2–4 Hz), which had an intermediate

magnitude compared to mild AD and Nold subjects.

Furthermore, magnitude of these EEG sources showed

negative linear and non-linear correlations with MMSE
score (global cognition) across all subjects. These results are

compatible with previous EEG evidence showing increased

slow rhythms in MCI compared to normal controls

(Grunwald et al., 2001; Jelic et al., 2000; Prichep et al.,

1994; Wolf et al., 2003). Furthermore, previous evidence

have shown that the increase of slow EEG rhythms in AD is

secondary to progressive cortical hypoperfusion (Brenner

et al., 1986; Dossi et al., 1992; Kwa et al., 1993;

Niedermeyer, 1997; Nobili et al., 1998; Passero et al.,

1995; Rae-Grant et al., 1987; Stigsby et al., 1981; Steriade

et al., 1994; Rodriguez et al., 1999a; Young, 1987).

From a physiological viewpoint, delta rhythms have been

intensively studied during slow wave sleep. These rhythms

are then replaced by fast (beta and gamma) cortical

oscillations induced by the depolarizing effects of meso-

pontine cholinergic neurons acting on thalamocortical

neurons and by the depolarizing effects of nucleus basalis

cholinergic neurons acting on cortical neurons (Steriade,

2003). Therefore, it can be speculated that the increment of

delta oscillations in MCI and AD subjects might be related

to loss of hippocampal and posterior cortical neurons, which

are impinged by cholinergic inputs. Indeed, it has been

demonstrated that early degeneration in mesial temporal

cortex of MCI and AD subjects can affect functional

connectivity between hippocampal formation and tempor-

oparietal cortex (Killiany et al., 1993). Furthermore, a

bilateral reduction of gray matter volume in the hippocam-

pal formation and entorhinal cortex of AD subjects was

correlated with an increment of delta rhythms in posterior

cortex (Fernandez et al., 2003).

In the present study, the theta sources in parietal,

occipital, temporal and limbic areas had a stronger

magnitude in mild AD subjects than MCI and Nold

subjects. These results extend in spatial detail previous

EEG evidence showing an increase of theta power in

mild AD compared to normal subjects (Coben et al.,

1983; Huang et al., 2000; Mattia et al., 2003;

Ponomareva et al., 2003). This might be secondary to

an impairment of cholinergic systems. A recent study in

elderly subjects has shown enhancement of theta rhythm

and decline of cognitive performance after the admin-

istration of a cholinergic antagonist (Osipova et al.,

2003). In this vein, theta rhythm decreases in AD

subjects after cholinergic therapy (Adler et al., 2001,

2004; Brassen and Adler, 2003). However, at the end of

this part of the discussion, it should be remarked that

abnormal EEG rhythms can be observed not only in

people with pathological aging but also in other kinds

of neurologic disorders not clearly related to an

impairment of the cholinergic systems (Priori et al.,

2004). Therefore, the specific relationships between

cortical EEG rhythms and AD should be further

explored in future studies with several kinds

of neurological disorders including vascular and fronto-

temporal dementias (Babiloni et al., 2004a).
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4.2. Peculiar modulation of EEG sources in MCI subjects

At first glance, we were surprised by the level of high-

band alpha source (10.5–13 Hz) in MCI when compared to

the other control groups, in line with previous evidence

obtained with a spatial average across the scalp of EEG

power spectrum in a very initial stage of AD (Rodriguez

et al., 1999b). It did not depend on the IAF peak, since the

vast majority of our subjects had IAF peak within low-band

alpha range (8–10.5 Hz).

An emerging feature of thalamo-cortical and cortico-

cortical pathways is that the frequency of alpha oscillations

is negatively correlated with their amplitude (Klimesch,

1996; Klimesch et al., 1997; Adler and Brassen, 2001;

Klimesch, 1999; Nunez et al., 2001; Pfurtscheller and

Lopes da Sarter and Bruno, 1997). Since the amplitude of

the oscillations is proportional to the number of synchro-

nously active neural elements (Fernandez et al., 2003),

slowly oscillating cell assemblies comprise more synchro-

nized neurons than fast oscillating cells (Singer, 1993). This

might be due to the interplay of inter-neurons and

coherently activated neurons (Lopes da Silva et al., 1976;

Pfurtscheller and Lopes da Silva, 1999). Therefore, the

enhanced high-band alpha of MCI subjects might

be mediated by a decreasing number of synchronizing

inter-neurons in the target cortical modules (Tononi et al.,

1994). Future research should test if high-band alpha

rhythms predict the cognitive decline in MCI. Indeed, not

all MCI patients deteriorate over time (Bennett et al., 2002;

Larrieu et al., 2002).

4.3. Conclusions

The results of the present study showed that cortical

sources of EEG rhythms changed across Nold, MCI, and

mild AD subjects, as a function of the global cognitive level.

This was true for occipital delta and alpha 1 sources in

parietal, occipital, temporal, and limbic areas, which had an

intermediate magnitude in MCI subjects compared to mild

AD and Nold subjects and were correlated with MMSE

score across all subjects. The present results prompt future

studies on the predictive value of cortical EEG rhythms in

the early discrimination of MCI subjects who will convert to

AD. This interesting issue could be addressed to by a proper

longitudinal study. MCI subjects should be divided into

‘converted’ and ‘stable’ sub-groups, according to final out-

come as revealed by follow up after about 5 years (i.e. the

period needed for conversion of all MCI subjects fated to

decline over time based on the mentioned literature). This

study should demonstrate that the amplitude of EEG source

at baseline measurement was different between MCI

converted and MCI stable. Furthermore, baseline values of

EEG sources in individual MCI subjects should be

successfully used as an input by linear (i.e. logistics

regression) and non-linear (i.e. artificial neural networks)

predictors of conversion to dementia. These intriguing
research perspectives are the sign of the heuristic value of

the present findings. However, apart of clinical perspectives,

the present findings have an intrinsic value for clinical

neurophysiology. They provided further functional data

from a large aged population to support ‘transitional’

hypothesis of a shadow zone across normality, pre-clinical

stage of dementia (MCI), and mild AD.
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