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Frontal white matter volume and delta EEG sources negatively
correlate in awake subjects with mild cognitive
impairment and Alzheimer’s disease
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Abstract

Objective: A relationship between brain atrophy and delta rhythmicity (1.5—4 Hz) has been previously explored in Alzheimer’s disease (AD)
subjects [Fernandez A, Arrazola J, Maestu F, Amo C, Gil-Gregorio P, Wienbruch C, Ortiz T. Correlations of hippocampal atrophy and focal
low-frequency magnetic activity in Alzheimer disease: volumetric MR imaging-magnetoencephalographic study. Am J Neuroradiol. 2003
24(3):481-487]. In this study, we tested the hypothesis that such a relationship does exist not only in AD patients but also across the
continuum of subjects with mild cognitive impairment (MCI) and AD.

Methods: Resting, eyes-closed EEG data were recorded in 34 MCI and 65 AD 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. Cortical EEG sources were correlated with MR-based measurements of lobar brain volume (white and gray matter).

Results: A negative correlation was observed between the frontal white matter and the amplitude of frontal delta sources (2—4 Hz) across MCI
and AD subjects.

Conclusions: These results confirmed for the first time the hypothesis that the sources of resting delta rhythms (2—4 Hz) are correlated with
lobar brain volume across MCI and AD subjects.

Significance: The present findings support, at least at group level, the ‘transition hypothesis’ of brain structural and functional continuity
between MCI and AD.

© 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Keywords: Mild cognitive impairment (MCI); Alzheimer’s disease (AD); Electroencephalography (EEG); Magnetic resonance imaging (MRI); Low resolution
brain electromagnetic tomography (LORETA)

* Corresponding author. Address: Dipartimento di Fisiologia Umana e Farmacologia, Universita degli Studi di Roma ‘La Sapienza’, P.le Aldo Moro 5, 00185
Rome, Italy. Tel.: +39 06 49910989; fax: +39 06 49910917.
E-mail address: claudio.babiloni @uniromal.it (C. Babiloni).
URL: http://hreeg.ifu.uniromal.it/ (C. Babiloni).

1388-2457/$30.00 © 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.clinph.2006.01.020


http://www.elsevier.com/locate/clinph
mailto:claudio.babiloni@uniroma1.it
http://hreeg.ifu.uniroma1.it/

1114 C. Babiloni et al. / Clinical Neurophysiology 117 (2006) 1113-1129

1. Introduction

Mild cognitive impairment (MCI) is a clinical state
between elderly normal cognition and dementia featuring
memory complaints and cognitive impairment on neurop-
sychological testing, but no dementia (Flicker et al., 1991;
Petersen et al., 1995, 2001). MCI is regarded a precursor of
Alzheimers’ disease (AD) (Arnaiz and Almkvist, 2003;
Galluzzi et al., 2001; Scheltens et al., 2002), since recent
studies have shown a high rate of progression to AD
(Bachman et al., 1993; Gao et al., 1998; Petersen et al.,
2001). In cognitively intact elders, the incidence of AD
ranges from 0.17 to 3.86% (Frisoni et al., 2004; Petersen
et al., 2001), while in patients with MCI it is much higher,
ranging from 6 to 25% (Petersen et al., 2001). However, the
‘transition’ hypothesis is challenged by observations
indicating that not all MCI patients deteriorate over time
(Bennett et al., 2002; Larrieu et al., 2002), as AD cumulative
incidence rates ranged from 40 to 60% (Bennett et al., 2002;
Fisk et al., 2003; Larrieu et al., 2002).

MCI patients that will convert to dementia are the ideal
target of preventive therapeutic strategies (Braak and Braak,
1991; Rogers et al., 1996; Small et al., 1995) and might be
identified with functional and structural imaging techniques.
Previous studies have successfully investigated the electro-
physiological substrate of AD. In mild AD, electroencepha-
lographic (EEG) rhythms differ from normal elderly (Nold)
and vascular dementia subjects, AD patients featuring an
excess of delta (0—4 Hz) and a significant decrement of
posterior alpha rhythms (812 Hz; Babiloni et al., 2004a;
Dierks et al., 1993, 2000; Huang et al., 2000; Jeong, 2004;
Ponomareva et al., 2003). EEG rhythm abnormalities in
dementia have been associated with altered regional cerebral
blood flow (rCBF)/metabolism and cognitive function
(Celsis et al., 1990; Ihl et al., 1989; Jeong, 2004; Joannesson
et al., 1977; Nobili et al., 2002a,b; Passero et al., 1995;
Rodriguez et al., 1998, 1999a,b; Sheridan et al., 1988; Sloan
et al., 1995; Szelies et al., 1992). Similarly, MCI subjects
have shown a decrease of alpha power when compared to
normal elderly subjects (Babiloni et al., 2006a; Koenig et al.,
2005; Zappoli et al., 1995; Elmstahl and Rosen, 1997; Huang
et al., 2000; Jelic et al., 2000).

Several other studies with magnetic resonance imageign
(MRI) have demonstrated that structural changes of brain
volume characterize AD (de Leon et al., 2004). Algorithms
denoting gray matter loss or white matter changes (voxel-
based morphometry, VBM) have shown medial temporal
lobe atrophy as well as temporoparietal atrophy in mildly to
moderately severe AD patients (Baron et al., 2001; Frisoni
et al., 2002; Ohnishi et al., 2001; Rombouts et al., 2000). In
MCI subjects, these algorithms have also detected atrophy
in the medial temporal lobe, temporal neocortex, superior
parietal lobule, anterior cingulate gyrus, and thalamus
(Chetelat et al., 2002; Pennanen et al., 2005). Other
techniques of structural MRI analysis have corroborated
the finding of medial temporal atrophy in MCI subjects,

which is also the most common MRI finding in AD patients
(Testa et al., 2004; Wolf et al., 2003). Based on these data,
one can speculate that the aforementioned changes of EEG
rhythms in MCI and AD are related to loss of neurons in
limbic and neocortical regions. Indeed, the bilateral
reduction of hippocampal and entorhinal volumes of AD
subjects has been recently correlated with an increment of
cortical delta rhythms (Fernandez et al., 2003).

To the best of our knowledge, the relationship between
brain atrophy and EEG rhythms has not been explored in
MCI subjects. In this study, we test the hypothesis that such
a relationship does exist not only in AD patients but across
the continuum between MCI and AD, in line with the idea
that MCI is often due to underlying neurodegenerative
processes. Cortical sources of resting EEG rhythms in MCI
and mild AD subjects were estimated by low-resolution
brain electromagnetic tomography (LORETA; Pascual
Marqui et al., 1994, 1999, 2002), which has been
successfully used in recent studies on physiological and
pathological aging (Babiloni et al., 2004a, 2005a, 2006a,b;
Dierks et al., 2000). The main statistical analysis aimed at
evaluating two working hypotheses. A preliminary control
hypothesis was that lobar EEG sources as revealed by the
LORETA solutions had amplitude sensitivity to the
cognitive status of recruited subjects. The experimental
hypothesis stated a correlation between lobar brain volumes
and EEG sources across MCI and mild AD subjects.

2. Methods

We have extensively described in 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, 2006a). 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); (ii) the distributed EEG sources
during physiological aging (Babiloni et al., 2005a); and (iii)
the cortical EEG rhythms change across Nold, MCI and
mild AD subjects as a function of the global cognitive level
(Babiloni et al., 2006a). As an original contribution, the
current study focused on the relationship between dis-
tributed EEG sources and lobar volume (MRI) in MCI and
mild AD subjects. For the convenience of readers, here we
describe the EEG methodology although reported in the
mentioned previous papers.

2.1. Subjects and diagnostic criteria

Sixty-five MCI subjects and 28 mild AD patients were
enrolled. We also recruited 34 cognitively normal elderly
(Nold) subjects as controls. Local institutional ethics
committees approved the study. All experiments were
performed with the informed and overt consent of each



C. Babiloni et al. / Clinical Neurophysiology 117 (2006) 1113-1129 1115

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 present inclusion and exclusion criteria for MCI
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). These
criteria 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. The
inclusion criteria for the MCI subjects were the following:
(i) objective memory impairment on neuropsychological
evaluation, as defined by performances >1.5 standard
deviation below the mean value of age and education-
matched controls for a test battery including Busckhe-Fuld
and Memory Rey tests; (ii) normal activities of daily living
as documented by the history and evidence of independent
living; and (iii) clinical dementia rating score of 0.5. The
exclusion criteria for MCI were as follows: (i) mild AD, as
diagnosed by the procedures described below; (ii) evidence
of concomitant dementia such as frontotemporal, vascular
dementia, reversible dementias (including pseudo-depres-
sive dementia), fluctuations in cognitive performance, and/
or features of mixed dementias; (iii) evidence of con-
comitant extra-pyramidal symptoms; (iv) clinical and
indirect evidence of depression as revealed by Geriatric
Depression Scale scores higher than 13; (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
uncontrolled or complicated systemic diseases (including
diabetes mellitus) or traumatic brain injuries. In one of the
research units (Brescia), the subjects were recruited within
an observational study on the natural history of MCI.

Probable AD was diagnosed according to NINCDS-
ADRDA (McKhann et al., 1984). Patients underwent
general medical, neurological and psychiatric assessments
and were also rated with a number of standardized
diagnostic and severity instruments that included MMSE
(Folstein et al., 1975), Clinical Dementia Rating Scale
(Hughes et al., 1982), Geriatric Depression Scale (Yesavage
et al., 1983), Hachinski Ischemic Scale (Rosen et al., 1980),
and Instrumental Activities of Daily Living Scale (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. The exclusion criteria included, in particular, any
evidence of (i) frontotemporal dementia diagnosed accord-
ing to criteria of Lund and Manchester Groups (1994); (ii)
vascular dementia as diagnosed according to NINDS-
AIREN criteria (Roman et al., 1993); (iii) extra-pyramidal
syndromes; (iv) reversible dementias (including pseudode-
mentia of depression); and (v) Lewy body dementia
according to the criteria by McKeith et al. (1999). The
detection of the vascular component in dementia and MCI
was accounted based on previous theoretical guidelines
from our network (Frisoni et al., 1995; Galluzzi et al., 2005).
Of note, benzodiazepines, antidepressant and/or antihyper-
tensive drugs were withdrawn for about 24 h before the
EEG recordings. The mild AD patients were recruited
within an ongoing study on structural and cerebrovascular
brain features of persons with dementia.

The control Nold group was recruited in order to
ascertain that EEG rhythmic activity changed across the
continuum of Nold, MCI, and mild AD subjects, a pre-
requisite for further analyses based on EEG data. Indeed, it
allowed to verify whether cortical EEG rhythms differed in
the MCI and AD subjects of the present study when
compared to Nold subjects. The Nold subjects were
recruited mostly among non-consanguineous patients’
relatives. All Nold subjects underwent physical and
neurological examinations as well as cognitive screening.
Subjects affected by chronic systemic illnesses, subjects
receiving psychoactive drugs, and subjects with a history of
present or previous neurological or psychiatric disease were
excluded. All Nold subjects had a GDS score lower than 14
(no depression).

For a preliminary validation of the EEG source analysis,
the MCI subjects were subdivided in two sub-groups based
on a cut-off of 27 at MMSE score: MCI— (35 subjects,
MMSE >27) and MCI+ (30 subjects, 22 <MMSE <27).
That criterion allowed the formation of two sub-groups of
MCI subjects with similar personal features but different
cognitive status. The control hypothesis was that EEG
sources differed in line with the cognitive status across
Nold, MCI—, MCI+, and mild AD. Table 1 summarizes
the relevant demographic and clinical data of the recruited
Nold (N=34), MCI— (N=30), MCI+ (N=35), and mild
AD (N=28) subjects. Of note, age, education and gender

Table 1

Demographic and neuropsychological data of interest of normal elderly (Nold), mild cognitive impairment (MCI), and mild Alzheimer’s disease (AD) subjects
Nold MCI— MCI+ Mild AD

N 34 35 30 28

Age (years) 68.8 (£1.7 SE) 67.8 (£1.5 SE) 72 (+0.8 SE) 76.6 (£1.3 SE)

Gender (F/M) 17F/17TM 28F/TM 15F/15M 20F/8M

MMSE 29 (+0.2 SE) 28.1 (£0.2 SE) 25 (+0.2 SE) 23.1 (£0.6 SE)

Education (years) 9.4 (£0.9 SE) 6.6 (0.6 SE) 7.7 (£0.7 SE) 7.7 (£0.8 SE)

Of note, MCI subjects were subdivided in two sub-groups: MCI— (mini mental state evaluation, MMSE >27) and MCI+ (22 <MMSE<27).
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were used as covariates in the statistical evaluation of the
cortical sources of EEG rhythms.

2.2. Magnetic resonance imaging (MRI)

High-resolution sagittal T1-weighted volumetric MRIs
were acquired in MCI and mild AD subjects using a 1.5 T
Magnetom scanner (Siemens, Erlangen, Germany), with a
gradient echo 3D technique: TR=10 ms, TE=4 ms, TI=
300 ms, flip angle=10° field of view=250 mm, acqui-
sition matrix 160X256, and a slice thickness of 1.3 mm.

The MRIs were analyzed by Statistical Parametric
Mapping software (SPM99, www fil.ion.ucl.ac.uk/spm).
The images were pre-processed following an optimized
protocol (Good et al., 2001), which included (i) generation
of customized template, (ii) generation of customized prior
probability maps, and (iii) the following voxel-based
morphometry (VBM) steps: normalization of the original
MR images; segmentation of normalized images into gray
matter (GM) and white matter (WM); cleaning and
modulation of GM and WM images; and smoothing of
modulated images. In order to calculate GM and WM
volumes, a customized program (SPM 99) was applied to
GM and WM modulated images. In particular, the
modulated images were 3D matrices where the intensity
of each voxel was proportional to GM, WM, and
cerebrospinal fluid (CSF) volume within each voxel. The
program calculated volumes by summing up the number of
voxels of the modulated images and multiplying it times the
voxel’s volume. Total intracranial volume (TIV) was
computed as the sum of GM, WM and CSF volumes.

Lobar volumes were defined by applying to the
modulated images binary lobar masks, which were
previously traced along the boundaries of the frontal,
temporal, parietal-occipital lobes. The lobar boundaries for
the binary masks were defined by manually tracing coronal
slices according to conventional segmentation already used
with different techniques (De Carli et al., 1992, 1994). All
lobes were traced on aligned coronal slices proceeding from
anterior to posterior. According to this conventional
segmentation, the first region of interest (ROI) for both
frontal and temporal lobes was traced on the slices where
the brain matter could initially be appreciated and the last
ROIs on the slice where the sylvian acqueduct appeared in
its whole length. The mask for the parietal lobe started at the
immediately successive slice, and included all visual brain.
As both the calcarine and the parieto-occipital sulci were
clearly appreciable in the same slice, all visible brain was
traced as belonging to the occipital lobe. As to the cerebellar
mask, attention was paid to exclude segmental structures
(Pierson et al., 2002).

The correlation analysis among lobar brain volume
indexes (GM, WM) and corresponding lobar brain EEG
sources imposed a limitation in the number of ROIs, to
reduce the risk of statistical alpha 1 errors during the
statistical analysis. Therefore, we just considered 3

macroregions for our correlation analysis at lobar level,
namely frontal, parietal-occipital, and temporal ROI. Of
note, the lobar volumes of these 3 ROI were normalized
respect to the TIV. Therefore, the lobar volumes lost the
original physical dimension and were represented by an
arbitrary unit scale.

Finally, we were unable to recruit a sufficient number of
Nold subjects for the MRI data acquisition, since many of
them refused the MRI recording. This made it not viable the
analysis of the correlation between lobar brain volume
indexes and corresponding lobar brain EEG sources in Nold
subjects compared to MCI and mild AD subjects. It should
be considered as an important issue for future research.

2.3. EEG recordings

EEG data was recorded by specialized clinical units in
Nold, MCI, and mild AD subjects at resting state (eyes-
closed). EEG recordings were performed (0.3-70 Hz
bandpass) from 19 electrodes positioned according to the
International 10-20 System (i.e. Fpl, Fp2, F7, F3, Fz, F4,
F8, T3, C3, Cz, C4, T4, TS5, P3, Pz, P4, T6, O1, O2).
A specific reference electrode was not imposed to all
recording units of this multi-centric study, since preliminary
data analysis and LORETA source analysis were carried out
after EEG data were re-referenced to a common average
reference. To monitor eye movements, the horizontal and
vertical 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 multi-centric study. In all subjects, the EEG
recordings were performed in the late morning. In order to
keep constant, the level of vigilance, an operator controlled
on-line the subject and the EEG traces. He verbally alerted
the subject any time there were signs of behavioral and/or
EEG drowsiness.

The duration of the EEG recording (5 min) allowed the
comparison of the present results with several previous AD
studies using either EEG recording periods shorter than
5 min (Babiloni et al., 2004a,b; Buchan et al., 1997; Pucci
et al., 1999; Rodriguez et al., 2002; Szelies et al., 1999) or
shorter than 1 min (Dierks et al., 1993; 2000). Longer
resting EEG recordings in AD patients would have reduced
data variability but would have increased the possibility of
EEG ‘slowing’ because of reduced vigilance and arousal.

The recorded EEG data were analyzed and fragmented
off-line in consecutive epochs of 2 s. For standardization
purposes, preliminary analysis of all data was centralized in
one research unit. The EEG epochs with ocular, muscular,
and other types of artifact were preliminary identified by a
computerized automatic procedure. EEG epochs with
sporadic blinking artifacts (Iess than 15% of the total) were
corrected by an autoregressive method (Moretti et al., 2003).
Two independent experimenters manually confirmed the
EEG segments accepted for further analysis. Of note, they
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were blind to the diagnosis at the time of the EEG data
analysis. Indeed, the diagnosis required the integration of
many other clinical and psychometric parameters and was
formulated several weeks after the EEG data recording and
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 the 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, 2005a,
2006a,b). Sharing of a frequency bin by two contiguous
bands is a widely accepted procedure (Besthorn et al., 1997;
Cook and Leuchter, 1996; Holschneider et al., 1999; Jelic
et al., 1996; Kolev et al., 2002; Leuchter et al., 1993; Nobili
et al., 1998; Pucci et al., 1997). Furthermore, this fits the
theoretical consideration that near EEG rhythms may overlap
at their frequency borders (Babiloni et al., 2004c—g, 2005b;
Klimesch, 1996, 1999; Klimesch et al., 1997, 1998).

Choice of the 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
should not affect the results, since most of the subjects had
IAF peaks within the alpha 1 band (8-10.5 Hz). In
particular, mean IAF peak was 9 Hz (£0.2 standard error,
SE) in Nold subjects, 9.3 Hz (0.2 SE) in MCI — subjects,
9.4 Hz (£ 0.2 SE) in MCI + subjects, and 8.6 Hz (+0.3 SE)
in mild AD patients. To control for the effect of IAF on the
EEG comparisons between these 4 groups, the IAF peak
was used as a covariate (together with age, education and
gender) for further statistics.

We could not use narrow frequency bands for beta 1
(13-20 Hz) and beta 2 (20-30 Hz), because of the
variability of beta peaks in the power spectra. Therefore,
LORETA results for the beta bands could suffer from
sensitivity limitations of EEG spectral analyses for large
bands (Szava et al., 1994).

The analysis of the delta band was restricted to 2—4 Hz
for homogeneity with previously quoted field literature and
to avoid the residual effects of uncontrolled head move-
ments especially in AD patients. However, previous
evidence has shown that delta band contains two distinct
oscillations. There are slow oscillations around 1 Hz
(Achermann and Borbely, 1997; Amzica and Steriade,
1997) and oscillations at 2-3 Hz (Massimini et al., 2004).
For this reason, we performed a separate control analysis for

the study of the slow component of the delta rhythms,
namely at 0.5-1.5 Hz.

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/LORETAO1.htm (Pascual-
Marqui et al., 1994, 1999, 2002). LORETA is a functional
imaging technique belonging to a family of linear inverse
solution procedures (Valdes et al., 1998) modeling 3D
distributions of EEG sources (Pascual-Marqui et al., 2002).
With respect to the dipole modeling of cortical sources, no a
priori decision of the dipole position is required by the
investigators in LORETA estimation. In a previous review
paper, it has been shown that LORETA was quite efficient
when compared to other linear inverse algorithms like
minimum norm solution, weighted minimum norm solution
or weighted resolution optimization (Pascual-Marqui et al.,
1999). Furthermore, independent validation of the LOR-
ETA solutions has been provided by recent studies (Phillips
et al., 2002; Yao and He, 2001). Finally, LORETA has been
successfully used in recent EEG studies on pathological
aging (Babiloni et al., 2004a, 2005b; Dierks et al., 2000).
LORETA computes 3D linear solutions (LORETA sol-
utions) for the EEG inverse problem within a 3-shell
spherical head model including scalp, skull, and brain
compartments. The brain compartment is restricted to the
cortical gray matter/hippocampus of a head model co-
registered to the Talairach probability brain atlas and
digitized at the Brain Imaging Center of the Montreal
Neurological Institute (Talairach and Tournoux, 1988). This
compartment includes 2394 voxels (7 mm resolution), each
voxel containing an equivalent current dipole.

LORETA can be used from EEG data collected by low
spatial sampling of 10-20 system (19 electrodes) when
cortical sources are estimated from resting EEG rhythms. In
fact, several previous studies have shown that these rhythms
are generated by largely distributed cortical sources that can
be accurately investigated by standard 10-20 system and
LORETA (Anderer et al., 2000, 2003, 2004; Babiloni et al.,
2004a, 2005a, 2006a,b; Isotani et al., 2001; Laufer and Pratt,
2003a,b; Mulert et al., 2001; Veiga et al., 2003; Winterer
et al., 2001).

LORETA solutions consisted of voxel z-current density
values able to predict EEG spectral power density at scalp
electrodes. It is widely accepted the idea that LORETA is a
reference-free method of EEG analysis, in that one obtains
the same LORETA source distribution for EEG data
referenced to any reference electrode including common
average. A normalization of the data 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 2394 voxels of the brain volume.
After the normalization, the LORETA solutions lost the
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original physical dimension and were represented by an
arbitrary unit scale. This procedure reduced inter-subjects
variability and was used in previous EEG studies (Babiloni
et al., 2004a, 2005a, 2006a,b). The general procedure fitted
the LORETA solutions in a Gaussian distribution and
reduced inter-subject variability (Leuchter et al., 1993;
Nuwer, 1988). Other methods of normalization using the
principal component analysis are effective for estimating the
subjective global factor scale of the EEG data (Hernandez
et al., 1994). These methods are not available in the
LORETA package, so they were not used in this study.

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). In line with the
low spatial resolution of the LORETA technique and with
the lobar volume measurements, we collapsed LORETA
solutions at frontal, parietal-occipital, and temporal ROIs of
the brain model coded into the Talairach space. The
Brodmann areas for each ROI are listed in Table 2.

The main advantage of the regional analysis of LORETA
solutions was that our modeling could disentangle the EEG
rhythms of contiguous cortical areas. For example, the EEG
rhythms of the parieto-occipital source were disentangled
with respect to those of the contiguous temporal sources,
etc. This was made it 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. With
respect to other procedures of data reduction, this type of
lobar approach may represent an important reference for
multi-modal comparisons with structural and functional
neuroimaging methods (SPECT, PET, surface EEG/MEG
topography). Finally, it can be stated that the present
approach represents a clear methodological improvement
compared to the EEG spectral analyses at surface
electrodes. Indeed, the EEG potentials collected at each
scalp electrode are strongly affected by head volume
conductor effects. For example, the parieto-occipital
electrodes collect scalp EEG potentials generated not only
from the parieto-occipital cortex but also from temporal
cortices, due to head volume conductor effects.

The LORETA technique including a template head model
has been repeatedly used in the investigation of EEG rhythms

Table 2
Brodmann areas included in the cortical regions of interest (ROIs) of the
present study

Frontal 8,9, 10, 11, 44, 45, 46, 47
Parietal-occipital 5,7,17, 18, 19, 30, 39, 40, 43
Temporal 20, 21, 22, 37, 38, 41, 42

LORETA solutions were collapsed in frontal, parietal-occipital, and
temporal ROIs.

in physiological and pathological aging (Anderer et al.,
1998a,b, 2003; Babiloni et al., 2004a; 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 the
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.

2.6. Statistical analysis of lobar brain volumes

A statistical analysis evaluated whether the lobar brain
volume indexes of GM and WM differed among MCI—,
MCI+, and mild AD subjects. To this aim, the lobar brain
volumes from MCI—, MCI+ and mild AD subjects were
used as an input for two ANOVA analyses for WM and GM
volumes, respectively. Subjects’ age served as covariate.
Indeed, previous papers have shown that the white matter
decreased with age (Bartzokis et al., 2001; Meier-Ruge et al.,
1992). Correction of the degrees of freedom was made with the
Greenhouse—Geisser procedure. The two ANOVA analyses
used the factors Group (MCI—, MCI+, mild AD; indepen-
dent analysis) and ROI (frontal, parietal-occipital, temporal).

2.7. Statistical analysis of lobar LORETA solutions

As a aforementioned, the main statistical analysis aimed at
evaluating two working hypotheses. The first hypothesis was
that lobar EEG sources as revealed by the LORETA solutions
had amplitude sensitive to the cognitive status of Nold, MCI —
, MCI+, and mild AD subjects. The confirmation of this
hypothesis would validate the procedures relative to subjects’
recruitment and EEG data analysis. To this aim, the lobar
LORETA solutions from Nold, MCI —, MCI+ and mild AD
subjects were used as an input for an ANOVA analysis.
Subjects’ age, education, gender and IAF peak served as
covariates. Mauchly’s test evaluated the sphericity assump-
tion. Correction of the degrees of freedom was made with the
Greenhouse—Geisser procedure. The ANOVA analysis used
the factors Group (Nold, MCI—, MCI+, mild AD;
independent analysis), Band (delta, theta, alpha 1, alpha 2,
beta 1, beta 2), and ROI (frontal, parietal-occipital, temporal).
The first hypothesis would be confirmed by the following 3
statistical results: (i) a statistical ANOVA effect including the
factor Group (P<0.05); (ii)) a post hoc test indicating
statistically significant differences of the LORETA solutions
with the pattern mild AD=+#Nold, MCI—, and MCI+
(Duncan test, P<0.05); (iii) a statistically significant
correlation in all subjects as a single group among the
MMSE score and the lobar LORETA solutions fitting the
pattern mild AD#Nold, MCI—, MCI+ (Spearman test;
Bonferroni corrected, P <0.05).

The second hypothesis regarded the correlation between
lobar brain volumes and EEG sources in MCI and mild
AD subjects. This hypothesis would be confirmed by
statistically significant correlations (Pearson test, P <0.01)
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among lobar brain volumes and the amplitude of the lobar
LORETA solutions at the corresponding ROI (note the
LORETA solutions were those fitting the pattern mild
AD#Nold, MCI—, MCI+ and having a statistically
significant correlation with the MMSE score).

In addition, separate control analyses were performed on
slow component of the delta rhythms (i.e. 0.5-1.5 Hz), on
sub-groups of subjects paired as personal variables, and
on individual alpha rhythms (see Section 3).

3. Results

3.1. Topography of the EEG cortical sources as 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
delta, theta, alpha 1, alpha 2, beta 1, and beta 2 bands in
Nold, MCI—, MCI+ and mild AD groups. The Nold group
presented alpha 1 sources with the maximal values of
amplitude distributed in parieto-occipital regions. Delta,
theta and alpha 2 sources had moderate amplitude values
when compared to alpha 1 sources. Finally, beta 1 and beta 2
sources were characterized by lowest amplitude values.
Compared to Nold group, both MCI— and MCI+ groups
showed a decrease in amplitude of the parieto-occipital and
temporal alpha 1 sources. This was slightly stronger in
MCI+ than MCI— group. With respect to Nold, MCI, and
MCI+ groups, mild AD group showed an amplitude
increase of widespread delta sources, along with a strong
amplitude reduction of parieto-occipital alpha 1 sources.
Finally, there were relatively high values of the theta
sources in mild AD group.

GRAND AVERAGE OF LORETA CURRENT DENSITY

delta theta

alpha1

alpha2 beta1 beta2

arbitrary unit (a.u.)

Fig. 1. Grand average of LORETA solutions (i.e. normalized relative current density at the cortical voxels) modeling the distributed EEG sources for delta,
theta, alpha 1, alpha 2, beta 1, and beta 2 bands in Nold, MCI— (MMSE >27), MCI+ (22 <MMSE <27), and mild AD groups. The left side of the maps (top
view) corresponds to the left hemisphere. Legend: LORETA, low resolution brain electromagnetic tomography. Color scale: all power density estimates were
scaled based on the averaged maximum value (i.e. alpha 1 power value of occipital region in Nold). The maximal value of power density is reported under each

column.
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3.2. Statistical analysis of the lobar brain volumes

Fig. 2 provides the information of lobar brain volumes
(frontal, temporal and parietal-occipital) of WM and GM for
MCI—, MCI+ and mild AD subjects. The ANOVA
analysis for WM volumes showed a statistical interaction
(F(4,180)=9.5; MSe=49.6; P <0.0001) among the factors
Group (MCI—, MCI+, mild AD) and ROI (frontal,
parietal-occipital, temporal). The planned Duncan post
hoc testing showed that the amplitude of frontal and
parietal-occipital WM was lower in mild AD compared
to MCI— (P<0.00002) and MCI+ group (P <0.00002).
The ANOVA analysis for GM volumes showed neither
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Fig. 2. Lobar brain volumes of white matter (WM) and gray matter (GM)

for MCI—, MCI+ and mild AD subjects. The following lobar volumes
were considered: frontal, parietal-occipital, and temporal.

a statistical main effect for factor Group (P>0.4) nor a
statistical interaction between Group and ROI (P>0.15).

3.3. Statistical analysis of the EEG cortical sources
estimated by LORETA

Kolmogorov—Smirnov test was used to evaluated the
Gaussian distribution of the normalized regional LORETA
solutions in Nold, MCI—, MCI+ and AD subjects. The
results showed that almost all normalized regional
LORETA solutions presented a Gaussian distribution in
the 4 groups (P>0.1). The only violations of the
Gaussianity were observed for the LORETA solutions
relative to parietal-occipital theta (in MCI+ subjects) and
frontal alpha 2 (in AD subjects) (P <0.05). These LORETA
solutions were not further considered for the ANOVA
analysis.

Fig. 3 shows mean lobar LORETA solutions (distributed
EEG sources) relative to a statistical ANOVA interaction
(F(30,1230)=4.4; MSe=0.78; P<0.0001) among the
factors Group (Nold, MCI—, MCI+, mild AD), Band
(delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI
(frontal, parietal-occipital, temporal). In the figure, the lobar
LORETA solutions had the shape of EEG relative power
spectra. Notably, profile and magnitude of these spectra in
Nold, MCI—, MCI+ and mild AD groups differed across
diverse cortical macro-regions, thus supporting the idea that
scalp EEG rhythms are generated by a distributed pattern of
cortical sources. The planned post hoc testing showed that
the source pattern mild AD+# Nold, MCI—, MCI+ was
fitted by the following 5 lobar LORETA solutions: parietal-
occipital and temporal alpha 1 sources (P<<0.000009 to
P<0.000001) as well as frontal, parietal-occipital, and
temporal delta sources (P<0.002 to P<0.000001).
Furthermore, the parietal-occipital and temporal alpha 1
sources showed stronger amplitude in Nold compared to
MCI— group (P<0.02 to P<0.000003) and in MCI—
compared to MCI+ group (P <0.02 to P<0.007).

These 5 lobar LORETA solutions were correlated with
the MMSE score in all subjects as a whole group (Spearman
test; Bonferroni correction for 5 repetitions of the test gave
the threshold P<0.01 to obtain the Bonferroni corrected
P <0.05). The MMSE score negatively correlated with the
frontal (r=—0.22, P=0.01) and temporal (r=—0.26,
P=0.003) delta sources. Furthermore, the MMSE score
positively correlated with the parietal-occipital (r=0.22,
P=0.01) alpha 1 sources. These 3 lobar LORETA sources
were considered as specifically sensitive to pathological
aging across the recruited Nold, MCI, and mild AD subjects.
Remarkably, we correlated 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. Furthermore,
this procedure is in line with the transition hypothesis about
MCI condition.

The mentioned 3 lobar LORETA sources were then used
as an input for the correlation with the indexes of the
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STATISTICAL ANOVA INTERACTION OF GROUP, BAND AND ROI
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Fig. 3. Lobar LORETA solutions (mean across subjects) relative to a statistical ANOVA interaction among the factors Group (Nold, MCI—, MCI+, mild
AD), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (frontal, parietal-occipital, temporal). This ANOVA design used the normalized relative
current density values at lobar 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 LORETA patterns mild AD# Nold, MCI—, MCI+ (P <0.05, planned Duncan post hoc testing). A sub-group of the mentioned rectangles
emphasize the following source sub-pattern Nold >MCI— >MCI+ >mild AD. See Section 2 for further details.

corresponding lobar brain volumes in MCI and mild AD
subjects as a whole group (Pearson test). In particular, (i) the
amplitude of the frontal delta LORETA sources was
correlated with frontal WM, GM, and CSF; (ii) the
amplitude of the temporal delta LORETA sources was
correlated with temporal WM, GM, and CSF; (iii) the
amplitude of the parietal-occipital alpha 1 LORETA sources
was correlated with parietal-occipital WM, GM, and CSF.
The results showed a statistically significant negative
correlation between frontal delta LORETA sources and
frontal WM in the MCI and mild AD subjects (r=—0.27,
P=0.009). Fig. 4 shows the scatterplot of that correlation.
Of note, the correlation analysis of the frontal brain volume
and frontal LORETA delta sources gave no statistically
significant results when applied at the MCI and mild AD
groups considered separately.

3.4. Control statistical analyses

As previously mentioned, a significant negative corre-
lation was observed between frontal WM and amplitude of
the frontal delta LORETA sources in MCI and mild AD
subjects considered as a single group. However, one may
argue that the results could be merely due to age effect. As a
first control analysis, a partial correlation analysis (Pearson

test; P <0.05) tested whether that correlation was not due to
age differences between MCI and mild AD groups. The
partial correlation analysis gave a statistically significant
result (P=0.04; r=—0.21) confirming the results of
Section 2.
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Fig. 4. Scatterplots among the frontal delta LORETA density current and
frontal white matter (WM) volume in MCI—, MCI+, and mild AD
subjects as a single group. The r and P values are reported within the
diagram.
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As aforementioned, the statistical ANOVA and prelimi-
nary correlation analyses of lobar LORETA solutions and
MMSE were performed on Nold, MCI—, MCI+ and AD
subjects, to select EEG sources sensitive to continuous
processes across physiological and pathological aging.
Diversely, the correlation between the selected EEG sources
and corresponding lobar structural indexes was computed
just on MCI and AD subjects. To verify whether the initial
inclusion of Nold group could bias the results, a second
control ANOVA analysis was performed. In this analysis,
we considered only 3 groups of 30 MCI—, 35 MCI+ and
28 mild AD subjects. The lobar LORETA solutions were
used as a dependent variable. The ANOVA factors (levels)
were Group (MCI—, MCI+, mild AD; independent
analysis), Band (delta, theta, alpha 1, alpha 2, beta 1, beta
2), and ROI (frontal, parietal-occipital, temporal). There
was a statistical interaction (£(20,900)=3.4; MSe=0.63;
P=0.0001) among factors Group, Band and ROI. The
planned post hoc testing showed that the source pattern mild
AD#MCI—, MCI+ was fitted by the following 5 lobar
LORETA solutions: parietal-occipital and temporal alpha 1
sources (P <0.000004 to P<0.000001) as well as frontal,
parietal-occipital, and temporal delta sources (P <0.00001
to P<0.00002). This control ANOVA analysis fully
confirmed the results obtained with the inclusion of Nold
group. These 5 lobar LORETA solutions were correlated
with the MMSE score in all subjects as a whole group
(Spearman test; Bonferroni correction for 5 repetitions of
the test gave the threshold P <0.01 to obtain the Bonferroni
corrected P <0.05). The MMSE score negatively correlated
with the frontal (r=—0.27, P=0.007) and temporal
(r=—0.26, P=0.01) delta sources. Therefore, the frontal
delta and temporal delta LORETA sources were selected for
the following correlation with corresponding lobar volumes
either including either excluding the Nold group in the
statistical analysis of the lobar LORETA solutions

A third control ANOVA analysis tested the hypothesis
that the LORETA source differences among Nold, MCI—,
MCI+ and mild AD groups were not due to age, education,
and gender. We considered sub-groups of Nold (N=17),
MCI— (N=17), MCI+ (N=17) and mild AD (N=17)
subjects, having practically equal age (from 73.4 to 73.5
years), education (from 8.1 to 8.4 years), and ratios of
gender (10 female and 7 male). The lobar LORETA
solutions were used as a dependent variable. The ANOVA
factors (levels) were Group (Nold, MCI—, MCI+, mild
AD; independent analysis), Band (delta, theta, alpha 1,
alpha 2, beta 1, beta 2), and ROI (frontal, parietal-occipital,
temporal). There was a statistical interaction (F(30,640)=
3.72; MSe=0.66; P=0.0001) among factors Group, Band
and ROI. The Duncan planned post hoc testing 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.

A fourth control ANOVA analysis was performed
excluding 6 subjects with MMSE <24 in MCI+ group,

although MMSE does not provide a cut-off for AD diagnosis
and MCI status was accurately assessed by specialized
clinicians (see Section 2). Therefore, we considered groups
of 34 Nold, 24 MCI—, 35 MCI+ and 28 mild AD subjects.
The lobar LORETA solutions were used as a dependent
variable. The ANOVA factors (levels) were Group (Nold,
MCI—, MCI+, mild AD; independent analysis), Band
(delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI
(frontal, parietal-occipital, temporal). There was a statistical
interaction (F(30,1170)=4.15; MSe=0.81; P=0.0001)
among factors Group, Band and ROI. According to the
statistical results obtained in the full groups, the Duncan
planned post hoc testing showed that the source pattern mild
AD#Nold, MCI—, MCI+ was fitted by the following
5 lobar LORETA solutions: parietal-occipital and temporal
alpha 1 sources (P <0.000005 to P<0.000001) as well as
frontal, parietal-occipital, and temporal delta sources
(P<0.003 to P<0.000002). This control ANOVA analysis
fully confirmed the results obtained with the full MCI+
group. Therefore, the LORETA source differences obtained
in the full groups were not due to the MCI+ subjects with
MMSE < 24.

A fifth control ANOVA analysis tested the hypothesis
that the LORETA source differences among Nold, MCI—,
MCI+ and mild AD groups were not due to differences in
the TAF. In this control ANOVA analysis, we considered 3
EEG sub-bands, whose band limits were defined according
to the IAF (Klimesch, 1996; 1999; Klimesch et al., 1998).
The frequencies of the 3 sub-bands were: (i) from IAF-4 Hz
to IAF-2 Hz, (ii) from IAF-2 Hz to IAF, and (iii) from IAF
to IAF+2 Hz. The lobar LORETA solutions at these 3 sub-
bands were used as a dependent variable. The ANOVA
factors were Group (Nod, MCI—, MCI+, mild AD), Sub-
Band (IAF-4 to IAF-2, IAF-2 to IAF, IAF to IAF+2), and
ROI (frontal, parietal-occipital, temporal). Subjects’ age
and education were used as covariates. There was a
statistical interaction (F(12,492)=2.7, MSe=1.34;
P <0.0016) among the factors Group, Sub-Band, and ROIL.
The Duncan planned post hoc testing showed that the source
pattern mild AD# Nold, MCI—, MCI+ was fitted by the
sub-band from IAF-2 to IAF (parietal-occipital and
temporal areas, P<<0.0002 to P<0.000001) and by the
sub-band from IAF Hz to IAF+ 2 Hz IAF (parietal-occipital
and temporal areas, P<0.0001 to P<0.000001). Further-
more, in the sub-band from IAF to IAF+2, the parietal-
occipital sources showed stronger amplitude in Nold
compared to MCI— group (P<0.001) and in MCI—
compared to MCI+ group (P<0.05), while the temporal
sources showed stronger amplitude in Nold compared to
MCI— and MCI+ (P<0.001). On the whole, these
ANOVA results fully confirmed those obtained with the
fixed EEG bands.

Finally, a sixth control ANOVA analysis was carried out
to verify that the low-band delta (0.5-1.5 Hz) as revealed by
the LORETA solutions had amplitude sensitive to the
cognitive status of Nold, MCI—, MCI+, and mild AD
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subjects. To this aim, the low-band delta LORETA solutions
from Nold, MCI—, MCI+ and mild AD subjects were used
as an input for an ANOVA analysis, which used subjects’
age, education, and IAF peak as covariates. The ANOVA
analysis also used the factors Group (Nold, MCI—, MCI +,
mild AD; independent analysis) and ROI (frontal, parietal-
occipital, temporal). There was only a main statistical effect
for Group (F(3,120)=4.2; MSe=283.9; P <0.007). Duncan
post hoc testing indicated that the LORETA sources at low-
band delta had stronger amplitude in AD group compared to
Nold (P <0.01), MCI— (P <0.001) and MCI+ (P <0.003)
groups. Remarkably, we preferred to exclude the low-band
delta LORETA solutions in the ANOVA analysis including
the other 6 bands (delta, theta, alpha 1, alpha 2, beta 1, and
beta 2) for two reasons: (i) the low-band delta could be
affected by residual ocular and instrumental artifacts; (ii) the
inclusion of low-band delta would have increase the number
of level of factor band. The frontal, parietal-occipital and
temporal low-band delta LORETA solutions were corre-
lated with the MMSE score in all subjects as a whole group
(Spearman test). There was no statistically significant
correlations (P>0.05). Therefore, the low-band delta
LORETA sources were no specifically sensitive to
pathological aging across the recruited Nold, MCI, and
mild AD subjects.

4. Discussion

4.1. Sources of delta and alpha rhythms change across Nold,
MCI and AD subjects

A preliminary control analysis allowed the modeling of
resting EEG sources (LORETA solutions) sensitive to
global cognitive status (MMSE score) in the recruited Nold,
MCI, and mild AD subjects. When compared to Nold
subjects, EEG rhythms in MCI and mild AD subjects were
characterized by a marked magnitude decrease of alpha 1
sources in parieto-occipital and temporal areas. In mild AD
subjects, they were also characterized by a marked
magnitude increase of frontal, parieto-occipital, and
temporal delta sources. Across all Nold, MCI, and mild
AD subjects, MMSE score (global cognitive level) was
correlated with the amplitude of alpha 1 sources in parieto-
occipital areas and with the amplitude of delta sources in
frontal and temporal areas. Finally, slow component of the
delta rhythms (0.5-1.5 Hz) pointed to sources higher in
amplitude in mild AD than the other groups. However, they
showed no statistically significant correlation with MMSE
score (P>0.01). These results are globally in line with
previous evidence showing an enhancement of the delta
rhythms in AD compared to Nold subjects (Babiloni et al.,
2004a, 2005b,c; Koenig et al., 2005; Prichep et al., 1994;
Wolf et al., 2003) and a magnitude decrease of the alpha
rhythms in AD and/or MCI compared to Nold subjects
(Babiloni et al., 2004a, 2005b,c; Dierks et al., 1993; 2000;

Koenig et al., 2005; Moretti et al., 2004; Rodriguez et al.,
1999a,b). From a methodological viewpoint, they validated
the present procedures for subjects’ selection and EEG data
analysis, thus corroborating the novel results of the present
study (i.e. the relationships among lobar brain volume and
corresponding EEG sources).

The aforementioned results arise the issue of cerebral
systems that produce and modulate delta and alpha rhythms
in normal conditions. In the condition of slow-wave sleep,
corticofugal slow oscillations (<1 Hz) are effective in
grouping thalamic-generated delta rhythms (1-4 Hz) and
spindling activity (7-14 Hz) rhythms (Steriade, 2003).
In the condition of brain arousal, spindles, high and low
components of the delta rhythms are blocked by the
inhibition of oscillators within, respectively, reticulo-
thalamic (7-14 Hz), thalamo-cortical (1-4 Hz), and intra-
cortical (<1 Hz), neuronal circuits. These rhythms are
replaced by fast (beta and gamma) cortical oscillations,
which are mainly induced by forebrain (nucleus basalis)
cholinergic inputs to hippocampus and cortex as well as by
thalamocortical projections (Steriade, 2003; Steriade et al.,
1996). In the condition of awake rest, low-band (8—10.5 Hz)
alpha would be mainly related to subject’s global attentional
readiness (Klimesch, 1996; Klimesch et al., 1997; 1998,;
Rossini et al., 1991; Steriade and Llinas, 1988) and would
mainly reflect time-varying inputs of forebrain cholinergic
pathways (Ricceri et al., 2004). However, it should be noted
that brain arousal and corresponding EEG oscillations are
commonly considered as due to not only cholinergic
systems. Rather, they would depend on a complex balance
among cholinergic, serotoninergic, histaminergic, noradren-
ergic, glutammaergic, and GABAergic neurotransmitters
systems.

Keeping this theoretical framework in mind, changes of
resting delta and alpha rhythms in MCI and mild AD
subjects might be mainly due to the impairment of nucleus-
basalis cholinergic neurons. This impairment would
uninhibit cortical slow oscillators triggering delta and
spindles’ pacemakers at thalamic level (Steriade, 2003).
Furthermore, it would reduce cortico-cortical functional
coupling of EEG rhythms, that is the main generation
mechanism of awake resting alpha rhythms at parieto-
occipital cortex (Manshanden et al., 2002; Nunez et al.,
2001). Together with cholinergic systems, monoamminer-
gic (Dringenberg, 2000) and non-NMDA vs. NMDS
glutammaergic unbalance (Di Lazzaro et al., 2004) might
affect cortical excitability and EEG rhythms in AD.

4.2. Frontal brain volume and delta EEG sources negatively
correlated in MCI and mild AD subjects

As a main result of the present study, a negative
correlation was observed between frontal WM and
amplitude of the frontal delta sources (as revealed by
LORETA solutions) in MCI and AD subjects considered as
a single group. A crucial question is then why did lobar
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brain volume affect delta but not alpha rhythms in MCI and
AD subjects? Keeping in mind the mentioned theoretical
framework, it can be speculated that this would depend on
the loss of cholinergic basal forebrain neurons projecting to
hippocampus and fronto-parietal connections (Helkala
et al., 1996; Holschneider et al., 1999; Mesulam et al.,
2004). These neurons would be the main responsible
together with serotoninergic neurons of the replacement of
spindles and delta rhythms by fast EEG rhythms during
wakefulness (Dringenberg, 2000; Dringenberg et al., 2002).
The loss of cholinergic basal forebrain neurons projecting to
hippocampus and frontal areas might explain at least in part
the present results. Several lines of evidence have shown
that experimental lesions of the basal forebrain increased
the amplitude of slow EEG rhythms and decreased that of
faster EEG rhythms, respectively (Buzsaki et al., 1988; Ray
and Jackson, 1991; Stewart et al., 1984). The same was true
for slow EEG rhythms in AD subjects supposed to have an
impairment of cholinergic basal forebrain (Babiloni et al.,
2004a; Dierks et al., 1993; 2000; Huang et al., 2000;
Mesulam et al., 2004; Moretti et al., 2004; Rodriguez et al.,
1999a,b).

These lesions were found to relatively spare brainstem
cholinergic innervation of the thalamus (Geula and
Mesulam, 1989; 1996; 1999; Mash et al., 1985; Mesulam
et al., 2004). Finally, cholinergic basal forebrain was more
structurally impaired in AD responders than non-responders
to cholinergic therapy (Tanaka et al., 2003).

The above ‘cholinergic’ explanation fits with the
mentioned previous evidence. However, at lest two issues
should be taken into account. Firstly, the relationships
between cholinergic tone and neurodegenerative processes
in AD may be non-linear. Indeed, two studies have
suggested that cognitive deficits in MCI and early AD
were not associated with the loss of cholinergic levels
(Davis et al., 1999; DeKosky et al., 2002). In the first study
(Davis et al., 1999), neocortical cholinergic deficits were
characteristic of severely demented AD patients, but
cholinergic deficits were not apparent in individuals with
mild AD. In the second study (DeKosky et al., 2002), the
cholinergic system determined compensatory responses
during the early stage of dementia (DeKosky et al., 2002).
This up-regulation was seen in frontal cortex and could be
an important factor in preventing the transition of MCI
subjects to AD (DeKosky et al., 2002). Finally, 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 cholinergic systems (Priori et al., 2004).
Secondly, according to the above ‘cholinergic’ explanation,
the impairment of cholinergic inputs to cortex should
impinge upon correlations between frontal WM and alpha
rhythms and between frontal WM and delta rhythms.
This was not the case. A reasonable explanation is that the
alpha rhythms of MCI and AD subjects were sensitive

to functional abnormalities of cortical neurons impinged by
cholinergic neurons rather than to their structural deficit

This explanation is in line with previous findings in AD
patients showing a clearcut correlation of delta rhythms with
neuronal death in mesial-temporal and posterior cortical
areas (Fernandez et al., 2003). Furthermore, there is a bulk
of previous findings on the strict relationship between
cerebral atrophy or lesion and generation of delta rhythms
(de Jongh et al., 2003; Harmony et al., 1993; Hensel et al.,
2004; Murri et al., 1998).

Another question raised by the present results is why the
correlation of the frontal delta source is specifically with
WM. A tentative explanation relies on the loss of neuronal
fibers of basal forebrain cholinergic neurons projecting to
frontal lobe and of frontal cortical neurons impinged by
them (Helkala et al., 1996; Holschneider et al., 1999;
Mesulam et al., 2004). Volume reduction of the WM would
reflect the impairment of input/output cortical information
flows to frontal lobe in MCI and AD subjects. This would
cause a frontal ‘disconnection mode’ that would pathologi-
cally disclose the cortico-fugal EEG rhythms triggering
thalamus-cortical delta rhythms. This explanation empha-
sizes the possibility that abnormal connectivity to and from
frontal lobe impinges more effectively upon the generation
of the local delta rhythms than the volume of the frontal GM
does. The explanation is in line with the idea that EEG
rhythms strongly depend on mechanisms that spread the
neural synchronization/desynchronization to recruit or
inhibit cortical modules. It is also in line with recent
evidence showing that in mild to moderate AD patients,
WM hyper-intensity involved frontal lobes and was
significantly correlated with memory, verbal fluency, and
executive performance (Capizzano et al., 2004; Gootjes
et al.,, 2004; Tullberg et al., 2004). There are strict
relationships among that structural impairment of frontal
lobe, increase of slow EEG rhythms, and relative cortical
hypoperfusion of blood (Brenner et al., 1986; Dossi et al.,
1992; Kwa et al., 1993; Nobili et al., 1998; Passero et al.,
1995; Rae-Grant et al., 1987; Rodriguez et al., 1999a;
Steriade, 1994; Stigsby et al., 1981).

A last question raised by the present results is why did
lobar brain volume affect frontal delta but not temporal delta
activity in MCI and AD subjects? Indeed, previous studies
have shown an effect of early mesial-temporal degeneration
on hippocampus-temporoparietal connectivity in MCI and
AD subjects (Killiany et al., 1993) and an effect of
hippocampal-entorhinal atrophy on posterior delta rhythms
in AD subjects (Fernandez et al., 2003). In the present study,
the absence of relationship between lobar brain volume and
temporal activity is probably due to the fact that we used a
conventional but low EEG spatial sampling (19 channels)
and a compatible EEG source analysis having a low spatial
resolution (LORETA). Such methodological limitations did
not allow the evaluation of the correlations among fine
structural features of mesial-temporal cortex and posterior
EEG slow rhythms.
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5. Conclusions

We have confirmed for the first time the hypothesis that
sources of the resting EEG rhythms are correlated with
spatially corresponding lobar brain volume across MCI and
AD subjects. We found a negative correlation between the
frontal delta sources with global cognitive status (MMSE)
and the volume of frontal WM. The present findings further
support the ‘transition hypothesis’ of brain structural and
functional continuity between MCI and mild AD, at least at
group level. They also prompt future studies for the
identification of MCI individuals with extremely high
statistical chances of progressing to AD, based on combined
structural and functional indexes of the brain. To that aim,
future studies might integrate the present approach with the
evaluation of the relationships between cortical rhythms and
temporo-mesial atrophy. This would also provide an
independent validation of recent magnetoencephalographic
evidence showing strict relationships among parieto-
temporal delta sources and atrophy of hippocampus in AD
patients (Fernandez et al., 2003).
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