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Abstract: Cortical gray matter volume and resting state cortical electroencephalographic rhythms are
typically abnormal in subjects with amnesic mild cognitive impairment (MCI) and Alzheimer’s disease
(AD). Here we tested the hypothesis that in amnesic MCI and AD subjects, abnormalities of EEG
rhythms are a functional reflection of cortical atrophy across the disease. Eyes-closed resting state EEG
data were recorded in 57 healthy elderly (Nold), 102 amnesic MCI, and 108 AD patients. Cortical gray
matter volume was indexed by magnetic resonance imaging recorded in the MCI and AD subjects
according to Alzheimer’s disease neuroimaging initiative project (http://www.adni-info.org/). EEG
rhythms of interest were delta (2–4 Hz), theta (4–8 Hz), alpha1 (8–10.5 Hz), alpha2 (10.5–13 Hz), beta1
(13–20 Hz), beta2 (20–30 Hz), and gamma (30–40 Hz). These rhythms were indexed by LORETA. Com-
pared with the Nold, the MCI showed a decrease in amplitude of alpha 1 sources. With respect to the
Nold and MCI, the AD showed an amplitude increase of delta sources, along with a strong amplitude
reduction of alpha 1 sources. In the MCI and AD subjects as a whole group, the lower the cortical gray
matter volume, the higher the delta sources, the lower the alpha 1 sources. The better the score to cogni-
tive tests the higher the gray matter volume, the lower the pathological delta sources, and the higher the
alpha sources. These results suggest that in amnesic MCI and AD subjects, abnormalities of resting state
cortical EEG rhythms are not epiphenomena but are strictly related to neurodegeneration (atrophy of
cortical gray matter) and cognition. Hum Brain Mapp 34:1427–1446, 2013. VC 2012 Wiley Periodicals, Inc.

Keywords: Alzheimer’s disease neuroimaging initiative (ADNI); amnesic mild cognitive impairment
(MCI); resting state electroencephalography (EEG); rhythms; magnetic resonance imaging
(MRI); low resolution brain electromagnetic tomography (LORETA); gray matter volume
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INTRODUCTION

Elderly subjects with amnesic mild cognitive impair-
ment (MCI) are characterized by an objective impairment
of memory, without (single-domain) or with (multido-
main) decline of other cognitive functions; furthermore,
the impairment of cognitive and social skills do not yet
fulfill the clinical picture of dementia [Petersen et al., 2001,
2004, 2008]. Noteworhty, there was a remarkably higher
rate of AD conversion on annual basis in amnesic MCI
patients [6–40%; Jack et al., 2005; Petersen et al., 2001] than
in normal elderly subjects [0.17–3.86%; Frisoni et al., 2004;
Petersen et al., 2001]. However, not all MCI patients pro-
gress to dementia, but they can even reverse back to com-
plete normality [Jack et al., 2001; Petersen et al., 1995,
2001].

It is understandable that with such a scenario, a reliable
diagnostic/prognostic marker of AD in amnesic MCI sub-
jects would be extremely useful for screening large sam-
ples of elderly populations including subjects with
subjective memory complaints and amnesic MCI, to imme-
diately start medical and rehabilitation treatments. Because
subjective memory complaints and amnesic MCI subjects
are quite numerous, still falling within ‘‘normal condition,’’
screening methods should be noninvasive, widely avail-
able, and cheap. Along this line, a method based on the
analysis of a routine electroencephalogram (EEG) would
be an ideal candidate. Resting state eyes closed EEG
rhythms probe general neurophysiological mechanisms of
cortical neural synchronization, namely the global tempo-

ral summation of postsynaptic potentials at the basis of
EEG activity. Therefore, quantitative EEG markers may
contribute not only to a preliminary instrumental assess-
ment of subjects with subjective memory complaints and
amnesic MCI but also to a better understanding of neuro-
physiological mechanisms affected by neurodegeneration.

Previous studies in AD and MCI subjects have shown
that resting state EEG rhythms may be promising markers
of disease. When compared to normal elderly (Nold) sub-
jects, AD patients have been characterized by high power
of delta (0–4 Hz) and theta (4–7 Hz) rhythms, as well as
by low power of posterior alpha (8–12 Hz) and/or beta
(13–30 Hz) rhythms [Babiloni et al., 2004; Dierks et al.,
1993, 2000; Huang et al., 2000; Jeong, 2004; Koenig et al.,
2005; Ponomareva et al., 2003]. With reference to Nold
subjects, MCI subjects have displayed increased theta
power [Grunwald et al., 2001; Jelic et al., 1997; Zappoli
et al., 1995] as well as decreased alpha power [Babiloni
et al., 2006b; Elmstahl and Rosen, 1997; Frodl et al., 2002;
Grunwald et al., 2001, 2002; Huang et al., 2000; Jelic et al.,
1997, 2000; Koenig et al., 2005; Zappoli et al., 1995; for a
review see Rossini et al., 2007]. In line with the ‘‘transi-
tion’’ hypothesis, power of resting state EEG alpha
rhythms was high in Nold subjects, intermediate in MCI
subjects, and low in AD patients [Elmstahl and Rosen,
1997; Huang et al., 2000; Jelic et al., 2000; Jeong, 2004].

Practical use of EEG markers for the assessment of
amnesic MCI and mild AD subjects would require a pre-
liminary validation study demonstrating that these
markers specifically reflect neurodegenerative processes as
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revealed by brain atrophy. In this regard, structural mag-
netic resonance imaging (MRI) of the brain provides valid
markers of AD state and progression. Brain tissue loss
including hippocampal pathway and cerebral cortex corre-
lates well with cognitive deficits in AD subjects both cross-
sectionally and longitudinally [Ezekiel et al., 2004; Frisoni
et al., 2009; Jack et al., 2004; Ridha et al., 2006; Schott et al.,
2005]. Furthermore, longitudinal pattern of regional brain
volume changes has differentiated normal aging from MCI
[Driscoll et al., 2009]. Finally, it has been reported evidence
of an atrophy of cholinergic pathways and cortical white
matter connectivity in MCI subjects when compared to
healthy elderly subjects [Teipel et al., 2010] as well as a
reduction of cortical gray matter volume [Prestia et al.,
2010].

Here we tested the hypothesis that in amnesic MCI and
AD subjects, abnormalities of resting state EEG rhythms
correlate with cortical gray matter atrophy and cognitive
functions. To this aim, eyes-closed resting EEG rhythms
were recorded in Nold, amnesic MCI, and AD subjects.
Global cortical gray matter volume was indexed on the ba-
sis of the MRIs recorded in amnesic MCI and AD subjects.
Power of cortical EEG rhythms was indexed by LORETA
software, which has been repeatedly and successfully used
to model these rhythms in MCI and AD subjects [Babiloni
et al., 2004, 2006a,b,c,d,e].

METHODS

Subjects

In this study, 102 amnesic MCI subjects and 108 AD
patients were recruited. Furthermore, 57 cognitively intact
elderly (Nold) subjects were used as a control group (Ta-
ble I). These Nold subjects had been recruited (Isola Tiber-
ina Fatebenefratelli Hospital, Rome; IRCCS Fatebenefratelli
Brescia; University ‘‘Campus Biomedico’’ Rome; IRCCS
Oasi, Troina) in the framework of previous research proj-
ects, and their data were selected to globally match the
personal variables of the MCI and AD subjects.

The study was approved by the local Institutional ethics
committee, and follows prescriptions of the Good Clinical
Practice (GCP); informed and overt consent of subjects or
subjects’ legal representatives, 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.

Diagnostic Criteria

The present inclusion and exclusion criteria for amnesic
MCI subjects were based on previous seminal reports
[Albert et al., 1991; Devanand et al., 1997; Flicker et al.,
1991; Petersen, 2004; Petersen et al., 1995, 1997, 2001; Portet
et al., 2006; Rubin et al., 1989; Zaudig, 1992]. Summarizing,
the inclusion criteria were as follows: (i) objective memory
impairment on ADNI neuropsychological evaluation prob-
ing cognitive performance in the domains of memory, lan-
guage, executive function/attention, etc; (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 included: (i) mild
dementia of the AD type, as diagnosed by standard proto-
cols including NINCDS-ADRDA [McKhann et al., 1984]
and DSM-IV; (ii) evidence (including magnetic resonance
imaging—MRI—procedures) of concomitant cerebral
impairment such as frontotemporal degeneration, cerebro-
vascular disease as indicated by Hatchinski ischemic score
[Rosen et al., 1980] and MRI vascular lesions, and reversi-
ble cognitive impairment (including pseudo-depressive de-
mentia); (iii) marked fluctuations in cognitive performance
[Geser et al., 2005] compatible with Lewy body dementia
and/or features of mixed cognitive impairment including
cerebrovascular disease (particular attention was devoted
to this point given the working hypothesis focused on cog-
nitive stability in MCI subjects); (iv) evidence of concomi-
tant extra-pyramidal symptoms; (v) clinical and indirect
evidence of depression as revealed by the geriatric depres-
sion scale [GDS; Yesavage et al., 1982] scores > 14; (vi)
other psychiatric diseases, epilepsy, drug addiction, alco-
hol dependence (as revealed by a psychiatric interview)
and use of psychoactive drugs including acetylcholinester-
ase inhibitors or other drugs enhancing brain cognitive
functions; and (vii) current or previous uncontrolled or
complicated systemic diseases (including diabetes melli-
tus) or traumatic brain injuries.

Probable AD was diagnosed according to NINCDS-
ADRDA [McKhann et al., 1984] and DSM IV criteria. Most
of the AD patients (more than 95%) followed a long term
treatment with standard daily doses of acetylcholinesterase
inhibitors. The recruited AD patients underwent general
medical, neurological, neuropsychological (ADNI battery),
and psychiatric assessments. Patients were rated with a
number of standardized diagnostic and severity instru-
ments that included MMSE [Folstein et al., 1975], clinical
dementia rating scale [CDR; Hughes et al., 1982], GDS

TABLE I. Demographic and clinical data of healthy elderly (Nold), amnesic mild cognitive

impairment (MCI), and Alzheimer (AD) subjects

Subjects Age (years) IAF MMSE IADL CDR

Nold 57 73.4 (� 0.9 SE) 9.2 (� 0.2 SE) 27.7 (� 0.2 SE) — —
MCI 102 69.4 (� 1.0 SE) 9.5 (� 0.1 SE) 25.8 (� 0.3 SE) 2.7 (� 0.2 SE) 0.3 (� 0.08 SE)
AD 108 71.0 (� 0.8 SE) 8.8 (� 0.1 SE) 19.8 (� 0.5 SE) 4.2 (� 0.3 SE) 1.0 (� 0.12 SE)

r EEG and Gray Matter Volume in MCI and AD r

r 1429 r



[Yesavage et al., 1982], Hachinski ischemic score [HIS;
Rosen et al., 1980], and instrumental activities of daily liv-
ing scale [IADL; Lawton and Brodie, 1969]. Neuroimaging
diagnostic procedures (MRI) and complete laboratory anal-
yses were carried out to exclude other causes of progres-
sive or reversible dementias, to have a clinically
homogenous mild AD group. Exclusion criteria included
any evidence of (i) frontotemporal dementia, diagnosed
according to current criteria [Knopman, 2005], (ii) vascular
dementia, diagnosed according to NINDS-AIREN criteria
[Roman et al., 1993], (iii) extrapyramidal syndromes, (iv)
reversible dementias (including pseudodementia of
depression); and (v) Lewy body dementia, according to
the criteria by McKeith [2005].

A battery of neuropsychological tests was performed to
assess cognitive performance in several domains including
memory, language, executive function/attention, and
visuo-construction abilities. The tests to assess memory
were the delayed recall of Rey figures [Rey, 1968] and the
Prose Memory Test delayed recall of a story [Spinnler and
Tognoni, 1987]. The tests to assess language were the
1-min verbal fluency for letters [Novelli, 1986], and the
1-min verbal fluency for fruits, animals, or car trades
[Novelli, 1986]. The tests to assess executive function and
attention were the Trail Making Test part A and B [Reitan,
1958]. Finally, the tests to assess visuo-construction were
the copy of Rey figures [Rey, 1968].

The Nold subjects were recruited mostly from noncon-
sanguineous relatives of AD patients. All Nold subjects
underwent physical and neurological examinations as well
as cognitive screening (including MMSE). Among them,
those affected by chronic systemic illnesses (i.e., diabetes
mellitus or organ failure) were excluded, as were subjects
receiving psychoactive drugs. The Nold subjects with his-
tory of present or previous neurological or psychiatric dis-
ease were also excluded. All Nold subjects had a GDS
score lower than 14 (no depression). Unfortunately, MRIs
of the Nold subjects were not available for the present
study, so we could not compare the MRI indexes between
healthy controls and MCI subjects in the present study.

Magnetic Resonance Imaging (MRI)

The 3-D T1-weighted volumetric MRI data were
recorded by the clinical units of the present Italian multi-
centric study (University of Foggia-Ospedali Riuniti di
Foggia; San Raffaele Cassino; Isola Tiberina Fatebenefra-
telli Hospital, Rome; IRCCS Fatebenefratelli Brescia; IRCCS
Centro Neurolesi, Messina; Azienda Ospedaliera Sant’An-
drea University of Rome ‘‘Sapienza’’; University of Naples
‘‘Federico II’’; Second University of Naples; University
‘‘Campus Biomedico’’ Rome; IRCCS and Fondazione SDN
Naples; IRCCS Oasi, Troina). Some of these units (IRCCS
Centro Neurolesi ‘‘Bonino-Pulejo,’’ Messina; Azienda
Ospedaliera Sant’Andrea University of Rome ‘‘Sapienza’’;
University of Naples ‘‘Federico II’’; Second University of

Naples; University ‘‘Campus Biomedico’’ Rome; IRCCS
and Fondazione SDN Naples; IRCCS Oasi, Troina) col-
lected the MRIs following the ADNI protocol (http://
www.adni-info.org/). The MRI scans were visually
inspected to verify the absence of structural abnormalities
or technical artifacts. Centralized MRI data analysis was
performed by MATLAB 7.0 (MathWorks, Natick, MA) and
SPM2 (Wellcome Dept. Cogn. Neurol., London; http://
www.fil.ion.ucl.ac.uk/spm). Specifically, the processing of
the MRI data was as follows. First, a study-specific cus-
tomized anatomical template was created from the MRIs
of all MCI and AD subjects, to reduce any potential bias
for the spatial normalization [Good et al., 2001]: the native
MRI data of each patient were registered to this specific
template, by minimizing the residual sum of squared dif-
ferences between them [Ashburner and Friston, 1997]. Sec-
ond, the spatially normalized images were next
partitioned into cortical gray matter, white matter, and cer-
ebrospinal fluid compartments; this was done by using a
modified mixture model based on cluster analysis tech-
nique with a correction for the nonuniformity of MRI in-
tensity [Ashburner and Friston, 1997]. Third, the
intensities of the partitioned MRIs were multiplied by the
Jacobian determinants from spatial normalization (SPM2),
to preserve the original volume of the three compartments.
Fourthly, a home-made MATLAB script was used to calcu-
late the normalized volumes of cortical gray matter, white
matter, and cerebrospinal fluid compartments. In this
script, the absolute total volume of these compartments
was calculated by summing the voxels in the modulated
MRIs and multiplying by the voxel volume (i.e., product
of voxel size). The normalized volumes were obtained
dividing the absolute volume of each compartment (i.e.,
gray matter, white matter, and cerebrospinal fluid) by the
total absolute volume. Of note, the above procedure
seemed to be more appropriate than voxel-based mor-
phometry (VBM) for the analysis of the relationship
between low-resolution (LORETA) EEG source estimates
and MRI markers. Indeed, VBM is based on an intrinsi-
cally high-resolution voxel-by-voxel approach.

EEG Recordings

EEG data were recorded by the mentioned clinical units
in resting state eyes-closed subjects. These data were
acquired (0.3–70 Hz bandpass) from 19 electrodes posi-
tioned 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; see Fig. 1). Linked earlobe reference elec-
trode was appreciated but not mandatory, since all
recorded EEG data were off-line rereferenced to common
average. To monitor eye movements, the horizontal and
vertical electrooculogram (0.3–70 Hz bandpass) was simul-
taneously recorded. All data were digitalized in continu-
ous recording mode (about 5 min of EEG; 128–256 Hz
sampling rate, the sampling rate being fixed in each
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recording research unit of this multicentric study). In all
subjects, EEG recordings were performed in the late morn-
ing. To keep constant the level of vigilance, an operator
controlled on-line the subject and the EEG traces, verbally
alerting the subject any time there were signs of behavioral
and/or EEG drowsiness.

Preliminary Analysis of the EEG Data

The recorded EEG data were segmented and analyzed
off-line in consecutive 2 s epochs. We rejected the EEG
segments associated with operator’s markers indicating
drowsiness, verbal warnings, eyes opening, arm/hand
movements, or other events disturbing the EEG record-
ings. Furthermore, the EEG segments with ocular, muscu-
lar, and other types of artifacts were preliminarily
identified by a computerized automatic procedure. EEG
epochs with sporadic blinking artifacts (less than 15% of
the total) were then corrected by an autoregressive method
[Moretti et al., 2003]. Finally, two independent experiment-
ers—blind to the diagnosis at the time of the EEG analy-
sis—manually confirmed the EEG segments accepted for
further analysis. The amount of segments rejected was
lower than 20% of the recorded EEG data. Finally, we
rereferenced artifact free EEG data to common average for
further analysis.

Spectral Analysis of the EEG Data

The digital FFT-based power spectrum analysis (Welch
technique, Hanning windowing function, no phase shift)
was evaluated to calculate the individual alpha frequency
(IAF) peak, defined as the frequency associated to the
strongest EEG power at the extended alpha range [Kli-
mesch, 1999]. Mean IAF peak was 9.3 Hz (�0.2 standard

error, SE) in the Nold subjects, 9.3 Hz (�0.1 SE) in the
MCI subjects, and 8.6 Hz (�0.3 SE) in the AD subjects. No
statistically significant ANOVA differences were found (P
> 0.05). However, the IAF peak was used as a covariate
(together with age, gender) in the statistics on the spectral
coherence. Indeed, the IAF is a frequency of special impor-
tance, since it is associated with maximum power of rest-
ing eyes-closed EEG rhythms [Klimesch, 1999]. The above
procedure minimized the possibility that small differences
in the IAF peak could confound the comparisons among
the Nold, MCI, and AD groups. The standard frequency
bands 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), beta
2 (20–30 Hz) and gamma (30–40 Hz), in continuity with a
bulk of previous studies on the cortical sources of resting
EEG rhythms in pathological aging [Babiloni et al., 2004,
2006a,b,c,d,e]. Choice of the fixed EEG bands did not
account for IAF peak. However, this should not affect the
results, since more than 90% of the subjects had the IAF
peaks within the alpha 1 band (8–10.5 Hz) and the IAF
was used as a covariate in the statistical analysis.

Cortical Source of EEG Rhythms as

Computed by LORETA

Low resolution electromagnetic source tomography
(LORETA) as provided at http://www.unizh.ch/keyinst/
NewLORETA/LORETA01.htm was used for the estima-
tion of cortical sources of EEG rhythms [Pascual-Marqui
and Michel, 1994; Pascual-Marqui et al., 1999, 2002]. LOR-
ETA is a source reconstruction technique belonging to a
family of linear inverse solution procedures modeling 3D
distributions of EEG sources [Pascual-Marqui et al., 2002].
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; Phillips et al., 2002; Yao and He, 2001]. Furthermore,
it has been successfully used by independent research
groups in recent EEG studies on AD using the same ex-
perimental set up of the present study, including fre-
quency sampling and 19-electrodes 10–20 system montage
[Babiloni et al., 2004, 2006a,b,c,d,e, 2007c; Dierks et al.,
2000; Gianotti et al., 2007]. Noteworthy, this electrode
montage is considered as an adequate EEG spatial sam-
pling for the estimation of cortical sources of eyes closed
resting state EEG rhythms, since these rhythms are widely
represented across all human cerebral cortex in contrast to
the circumscribed functional topography of event-related
EEG changes (especially at high frequencies) in response
to specific sensory or motor events. Therefore, eyes closed
resting state EEG rhythms can be properly sampled with a
relatively low amount of electrodes, as opposed to the
higher spatial sampling required to take into account to
the detailed functional topography of event-related EEG
activity. This relatively low-spatial sampling of EEG

Figure 1.

Recording sites of the 19 scalp 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, and O2).
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rhythms is in line with the fact that LORETA solutions are
intrinsically maximally smoothed at source space, due to its
regularization procedure [Pascual-Marqui and Michel, 1994].

LORETA computes 3D linear solutions (LORETA solu-
tions) for the EEG inverse problem within a three-shell
spherical head model including scalp, skull, and brain com-
partments. The brain compartment is restricted to the corti-
cal gray matter/hippocampus of a head model coregistered
to the Talairach probability brain atlas and digitized at the
Brain Imaging Center of the Montreal Neurological Insti-
tute [Talairach and Tournoux, 1988]. This compartment
includes 2,394 voxels (7-mm resolution), each voxel contain-
ing an equivalent current dipole. LORETA computes relative
currents for z, x, and y components of any dipole. As a meth-
odological limitation of the present study, EEG electrode
positions were not coregistered to individual brain source
models. LORETA solutions consisted of voxel z-current den-
sity values able to predict EEG spectral power density at
scalp electrodes, being a reference-free method of EEG analy-
sis, 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 power density averaged across all frequencies (0.5–
45 Hz) and across all 2,394 voxels of the brain volume. After
the normalization, the solutions lost the original physical
dimension and were represented by an arbitrary unit scale.
As an advantage, this procedure reduced intersubject vari-
ability [Leuchter et al., 1993 and Nuwer, 1988]. Other meth-
ods of normalization using the principal component analysis
are effective for estimating the subjective global factor scale
of the EEG data [Hernández et al., 1994].

Solutions of the EEG inverse problem are under-deter-
mined and ill conditioned when the number of spatial
samples (electrodes) is lower than that of the unknown
samples (current density at each voxel). To properly
address this problem, the cortical LORETA solutions pre-
dicting scalp EEG spectral power density were regularized
to estimate distributed rather than punctual EEG source
patterns [Pascual-Marqui and Michel, 1994; Pascual-Mar-
qui et al., 1999, 2002]. In line with the low spatial resolu-
tion of the adopted technique, we used our MATLAB
software to average LORETA solutions across all voxels of
a given cortical macroregion of interest (ROI) such frontal,
central, parietal, occipital, temporal, and limbic regions of
the brain model (Table II lists the ROIs in terms of Brod-
mann areas as defined within the LORETA source space).
This methodological option may minimize the effects of
poor LORETA estimates in deep voxels (i.e., including
those of the limbic region) at which the estimation of EEG
sources could be imprecise, especially using an EEG spa-
tial sampling from 19 electrodes (10–20 system).

As a methodological remark, we emphasize that the use
of the LORETA package using an average brain model
and large macroregions of interest allowed the ‘‘confirma-
tion’’ of the EEG markers extensively used in the our pre-
vious studies on MCI and AD subjects [Babiloni et al.,

2004, 2006a,b,c,d,e]. This ‘‘confirmation’’ is represented by
the present analysis of the relationship between the (LOR-
ETA) EEG markers and cortical atrophy as a standard
marker of cortical neurodegeneration along the AD pro-
cess. Another advantage using these procedures is the fact
that all clinical units having a digital EEG system and
access to Internet could download and use the LORETA
freeware to replicate the present results and extend them
to their clinical environment. However, LORETA cannot
be considered as an international standard or the most sci-
entifically appropriate approach for EEG source estima-
tion. Future studies should validate the present results
using more advanced methodological procedures to esti-
mate EEG source of resting state EEG rhythms. Those pro-
cedures may include a higher number of electrodes,
preprocessing using principal/independent component
analysis, realistic subjects’ brain models for LORETA
source estimation, digitalization of the electrode position,
and some mathematical threshold filtering out low-ampli-
tude LORETA solutions at deep voxels. Furthermore,
LORETA solutions at macroregions of interest are not fully
independent statistically, as a result of an inverse problem
resolution based on EEG rhythms recorded from 19 elec-
trodes. This is a potential source of bias in the data analy-
sis, although previous studies have reported a good
spatial correspondence between LORETA solutions and
PET findings when the analysis is performed at cortical
regions of interest rather than at single voxels [Dierks
et al., 2000]. Furthermore, our previous studies using the
present procedures of EEG data analysis unveiled that the
differences among Nold, MCI, and AD groups were quite
specific in frequency bands and regional spatial localiza-
tion [Babiloni et al., 2004, 2006a,b,c,d,e].

We also used our MATLAB software to collapse all vox-
els of LORETA solutions across frontal, central, parietal,
occipital, temporal, and limbic regions of the brain model
to obtain the global LORETA.

Statistical Analysis of the LORETA Solutions

To map the spatial distribution of resting state EEG
sources among the Nold, MCI, and AD subjects, the re-
gional LORETA solutions were used as a dependent

TABLE II. Brodmann areas included in the cortical

regions of interest (ROIs) of the present study. LORETA

solutions were collapsed in frontal, central, parietal,

occipital, temporal ROIs

Loreta Brodmann areas into the regions of interest (ROIs)

Frontal 8, 9, 10, 11, 44, 45, 46, 47
Central 1, 2, 3, 4, 6
Parietal 5, 7, 30, 39, 40, 43
Temporal 20, 21, 22, 37, 38, 41, 42
Occipital 17, 18, 19
Limbic 31, 32, 33, 34, 35, 36

r Babiloni et al. r

r 1432 r



variable for an ANOVA design using subjects’ age, gen-
der, IAF peak, recording unit site, and use or not of the
ADNI protocol as covariates. The ANOVA factors (levels)
were Group (Nold, MCI, AD), Region of interest (frontal,
central, limbic, temporal, parietal, and occipital), and Band
(delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma).
Mauchly’s test evaluated the sphericity assumption. Cor-
rection 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 regional changes in
magnitude of the LORETA solutions across the Nold,
MCI, and AD subjects. Specifically, we expected a statisti-
cal ANOVA effect including the factors Group and Region
of interest (P < 0.05).

Statistical analysis aimed at evaluating five main work-
ing hypotheses. These hypotheses were the following: (1)
LORETA solutions of resting state cortical EEG rhythms
show difference in amplitude among the Nold, MCI, and
AD subjects; (2) cortical gray matter volume is lower in
the AD than MCI subjects; (3) LORETA solutions point to
difference in amplitude across the MCI and AD subjects as
a function of the normalized gray matter volume; (4) LOR-
ETA solutions point to difference in amplitude across the
MCI and AD subjects as a function of the neuropsycholog-
ical data; and (5) normalized gray matter volume points to
difference across the MCI and AD subjects as a function of
the neuropsychological data.

To test the first working hypothesis, the global LORETA
solutions were used as a dependent variable for an
ANOVA design using subjects’ age, gender, IAF peak and
recording unit site as covariates. The ANOVA factors (lev-
els) were Group (Nold, MCI, AD) and Band (delta, theta,
alpha 1, alpha 2, beta 1, beta 2, gamma). 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 eval-
uated the prediction of progressive changes in magnitude
of the LORETA solutions across the Nold, MCI, and AD
subjects. Specifically, the working hypothesis would be
confirmed by a statistical ANOVA effect including the fac-
tor Group (P < 0.05).

To test the second working hypothesis, the cortical gray
matter volume was used as a dependent variable for an
ANOVA design using subjects’ age, gender, recording unit
site, and use or not of the ADNI protocol as covariates
(P < 0.05). The ANOVA factor (levels) was Group (MCI,
AD). In the same line, the statistical analysis of the cere-
brospinal fluid between the MCI and AD subjects was per-
formed as a control of the measurement of the cortical
gray matter, since an opposite trend is expected between
cerebrospinal fluid and gray matter volume during the
neurodegenerative process (i.e., the higher the neurode-
generation, the lower the cortical gray matter, the higher
the cerebrospinal fluid). Finally, the same analysis for the
white matter volume was reported to give a complete pic-

ture of the changes of the main MRI indexes in the AD
patients compared to the amnesic MCI subjects.

To test the third working hypothesis, linear correlation
was computed between the LORETA solutions and nor-
malized cortical gray matter volume in all MCI and AD
patients as a single group as well as in the single groups
considered separately. Specifically, the linear correlation
was computed with Pearson test (Bonferroni corrected, P
< 0.05). As a control analysis, non-linear correlations were
computed evaluating the coefficient of determination r2 for
exponential, logarithmic, and power functions.

To test the fourth and fifth working hypotheses, a linear
correlation was computed between the neuropsychological
score and LORETA solutions or normalized gray matter
volume in all MCI and AD patients as a single group
(Pearson test, P < 0.05).

RESULTS

For illustrative purpose, Figure 2 maps the grand aver-
age of the normalized LORETA source solutions (i.e., rela-
tive power current density) modeling the distributed
cortical EEG sources for delta, theta, alpha 1, alpha 2, beta
1, beta 2, and gamma bands in the Nold, MCI, AD groups.
Posterior alpha sources were generally higher in ampli-
tude in the Nold than MCI and AD group, whereas the
opposite is true for the posterior delta sources.

Figure 3 shows the grand average of regional normal-
ized LORETA source solutions (i.e., relative power current
density averaged with each ROI) relative to an ANOVA
interaction (F(60,7920) ¼ 9.76; P < 0.0001) among the fac-
tors Group (Nold, MCI, AD), Band (delta, theta, alpha 1,
alpha 2, beta 1, beta 2, gamma), and ROI (frontal, central,
parietal, occipital, temporal, limbic). Subjects’ age, gender,
IAF peak, and recording unit site were used as covariates.
Planned post-hoc testing disclosed the pattern
Nold>MCI>AD for the parietal, occipital, and limbic alpha
1 sources (P < 0.0001). Furthermore, central, frontal, parie-
tal, occipital, temporal, and limbic delta sources were
lower in amplitude in the Nold and MCI than in the AD
groups (P < 0.00005). No statistically significant difference
was observed in the delta sources between the Nold and
MCI groups (P < 0.05). Table III reports the mean and
standard error (SE) values of regional LORETA solutions
for the Group (Nold, MCI, AD), Band (delta, theta, alpha
1, alpha 2, beta 1, beta 2, gamma), and ROI (frontal, cen-
tral, parietal, occipital, temporal, limbic).

Figure 4 maps the grand average of the global LORETA
source solutions (i.e., relative power current density aver-
aged across all cortical voxels � SE) modeling the distrib-
uted cortical EEG sources for delta, theta, alpha 1, alpha 2,
beta 1, beta 2, and gamma bands in the Nold, MCI, and
AD groups. Subjects’ age, gender, IAF peak, and recording
unit site were used as covariates. In line with the above
analysis for regions of interest, the Nold group presented
alpha 1 sources with the maximal values of amplitude.
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Figure 3.

Statistical ANOVA interaction (F(60,7920) ¼ 9.76; P < 0.0001) among the factors Group (Nold,

MCI, AD), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma), and ROI (frontal, central,

parietal, occipital, temporal, limbic).

Figure 2.

Grand average of LORETA solutions (i.e., normalized relative current density at the cortical vox-

els) modeling the distributed EEG sources for delta, theta, alpha 1, alpha 2, beta 1, beta 2, and

gamma bands in Nold, MCI, 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).



Delta, theta, and alpha 2 sources had lower amplitude val-
ues when compared to alpha 1 sources. Finally, beta 1,
beta 2 and gamma sources were characterized by lowest
amplitude values. Compared to the Nold group, the MCI
group showed a decrease in amplitude of alpha 1 sources.
With respect to the Nold and MCI groups, the AD group
showed an amplitude increase of widespread delta sour-
ces, along with a strong amplitude reduction of alpha 1
sources.

Statistical analysis of the above global LORETA source
solutions showed a statistically significant ANOVA inter-
action (F(12,1542) ¼ 13.87; P < 0.00001) between the fac-
tors Group (AD, MCI, Nold) and Band (delta, theta, alpha
1, alpha 2, beta 1, beta 2, gamma). Subjects’ age, gender,
IAF peak and recording unit site were used as covariates.
The planned post-hoc testing indicated that the alpha 1
sources were higher in amplitude in the Nold than in the
MCI group, and in the MCI than in the AD group (P <

TABLE III. Mean and standard error (SE) values of regional LORETA solutions for the group

(Nold, MCI, AD), band (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma), and ROI

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

Band ROI

AD MCI Nold

Media �SE Media �SE Media �SE

Delta Central 1.78 0.11 1.24 0.09 1.27 0.06
Frontal 1.94 0.10 1.30 0.07 1.34 0.06
Parietal 2.13 0.12 1.44 0.09 1.54 0.08
Occipital 1.95 0.13 1.16 0.07 1.40 0.07
Temporal 2.61 0.12 1.68 0.07 1.66 0.06
Limbic 1.75 0.08 1.27 0.05 1.40 0.06

Theta Central 1.08 0.08 0.83 0.06 1.04 0.10
Frontal 0.98 0.05 0.71 0.04 0.88 0.07
Parietal 1.44 0.11 1.20 0.10 1.88 0.26
Occipital 1.35 0.10 1.14 0.10 2.34 0.41
Temporal 1.64 0.09 1.36 0.11 1.67 0.19
Limbic 1.06 0.06 0.88 0.06 1.39 0.18

Alpha1 Central 1.04 0.09 1.33 0.12 1.39 0.13
Frontal 0.82 0.06 0.89 0.06 0.97 0.08
Parietal 1.79 0.16 3.22 0.30 4.25 0.47
Occipital 1.92 0.18 3.69 0.43 5.68 0.75
Temporal 1.89 0.13 3.15 0.28 3.34 0.33
Limbic 1.14 0.08 1.86 0.18 2.51 0.26

Alpha2 Central 0.78 0.07 0.97 0.07 0.85 0.11
Frontal 0.60 0.04 0.65 0.03 0.58 0.05
Parietal 1.30 0.13 1.89 0.14 1.87 0.19
Occipital 1.40 0.20 1.78 0.14 2.23 0.32
Temporal 1.38 0.16 1.64 0.08 1.44 0.12
Limbic 0.81 0.08 1.01 0.06 1.10 0.12

Beta1 Central 0.53 0.04 0.68 0.04 0.59 0.05
Frontal 0.50 0.03 0.56 0.03 0.48 0.04
Parietal 0.70 0.05 0.91 0.04 0.87 0.07
Occipital 0.61 0.05 0.75 0.04 0.85 0.07
Temporal 0.94 0.06 1.12 0.05 0.94 0.07
Limbic 0.46 0.03 0.54 0.02 0.54 0.04

Beta2 Central 0.38 0.02 0.57 0.04 0.39 0.04
Frontal 0.46 0.03 0.54 0.04 0.40 0.04
Parietal 0.43 0.03 0.60 0.03 0.46 0.04
Occipital 0.35 0.02 0.52 0.04 0.47 0.06
Temporal 0.77 0.06 0.94 0.06 0.68 0.08
Limbic 0.34 0.02 0.44 0.02 0.36 0.03

Gamma Central 0.21 0.02 0.29 0.02 0.17 0.02
Frontal 0.29 0.02 0.39 0.03 0.23 0.02
Parietal 0.26 0.02 0.36 0.03 0.23 0.03
Occipital 0.23 0.02 0.41 0.04 0.34 0.06
Temporal 0.61 0.06 0.85 0.07 0.48 0.07
Limbic 0.20 0.01 0.30 0.02 0.20 0.02
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0.00001); these results disclosed the pattern
Nold>MCI>AD for the alpha sources. Furthermore, the
delta sources were lower in amplitude in the Nold and
MCI than in the AD groups (P < 0.00001), in line with the
pattern Nold= AD. No statistically significant differences
were observed in the delta sources between the Nold and
MCI groups (P < 0.05).

Table IV reports the results of the analyses of the corti-
cal gray matter, white matter, and cerebrospinal fluid vol-
umes in the MCI vs. AD subjects. As expected, there were
significantly higher values of gray and white matter vol-
umes in the MCI than AD subjects (P < 0.005), whereas
the opposite was true for the cerebrospinal fluid volume.

As mentioned above, the power of delta and alpha 1
sources showed statistically significant differences in the
Nold subjects when compared to the MCI and AD subjects

(P < 0.05). Therefore, these sources were selected for the
correlation analyses with the normalized cortical gray mat-
ter volume in the continuum of the MCI and AD subjects.

Concerning the linear correlation analysis between the
LORETA source solutions and the normalized cortical
gray matter volume, a negative correlation was observed
between the central, frontal, parietal, occipital, temporal,
and limbic delta sources and the normalized cortical gray
matter volume (from r ¼ -0.2173, P < 0.005, to r ¼ -0.1362,
P < 0.05). Furthermore, there was a positive correlation
between the parietal, occipital, and limbic alpha 1 sources
and the normalized gray matter volume (from r ¼ 0.2039,
P < 0.005, to r ¼ -0.2702, P < 0.0001). The correlation val-
ues for any region of interest are reported in the Table V.

With regard to the linear correlation analysis between
the global LORETA source solutions and the normalized
cortical gray matter volume, a negative correlation was
observed between the global delta sources and normalized
cortical gray matter volume (r ¼ -0.209, P ¼ 0.005). Fur-
thermore, there was a positive correlation between the
global alpha 1 sources and the normalized gray matter
volume in the MCI and AD subjects considered as a whole
group (r ¼ 0.26, P ¼ 0.0001). Figure 5 plots the scatterplots
of the above results on the global LORETA source solu-
tions (MCI and AD groups are distinguished by different
colors, while the regression line is in black). The lower the
normalized cortical gray matter volume, the higher
the delta sources, the lower the alpha 1 sources. Of note,
the above linear correlations were statistically significant
(P < 0.05) even if the r values were relatively low in
amplitude, especially at global delta band. This may be
due to the complexity of the relationships between the
delta or alpha sources and the normalized cortical gray
matter volume, clearly beyond the linearity. For example,
the scatterplot of Figure 5 shows a relatively large variance
of the global delta sources for low values of normalized
global cortical gray matter. This suggests a nonlinearity of
the relationships between the delta and the normalized
cortical gray matter volume. Figure 5 also plots the regres-
sion lines for each group considered separately. Of note,
the linear correlation for the single groups was statistically
significant (P < 0.05) only for the MCI subjects at global
alpha 1 band (r ¼ 0.26, P ¼ 0.01). The lower the normal-
ized cortical gray matter volume, the lower the alpha 1
sources. No significant correlation (P > 0.05) was observed
between the global delta/alpha 1 sources and the normal-
ized cortical gray matter volume in the AD group.

TABLE IV. White matter, gray matter, and cerebrovascular fluid volumes (in ml) for the amnesic mild cognitive

impairment (MCI), and Alzheimer (AD) subjects

Subjects Gray matter volume (ml) White matter volume (ml) Cerebrospinal fluid (ml)

AD 108 498.1 (� 6.0 SE) 406.7 (� 6.0 SE) 766.9 (� 13.2 SE)
MCI 102 566.3 (� 7.5 SE) 432.5 (� 5.8 SE) 652.1 (� 11.2 SE)
MCI=AD P ¼ 0.00001 P ¼ 0.005 P ¼ 0.00001

The last line indicates the statistical significant trend of MCI values higher than AD ones.

Figure 4.

Grand average of Global low resolution brain electromagnetic

tomography (LORETA) solutions (i.e., relative power current

density averaged across all cortical voxels � standard error, SE)

modeling the distributed cortical EEG sources for delta, theta,

alpha 1, alpha 2, beta 1, beta 2, and gamma bands in normal

elderly (Nold), amnesic mild cognitive impairment (MCI), and

Alzheimer’s disease (AD) subjects. The LORETA values refer to

an ANOVA interaction (F(12,1542) ¼ 13.87; P < 0.00001)

between the factors Group (Nold, MCI, AD) and Band (delta,

theta, alpha 1, alpha 2, beta 1, beta 2, and gamma). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Noteworthy, the neuropsychological score of several
tests was correlated to the LORETA source solutions and
to the normalized cortical gray matter volume in the con-
tinuum of the MCI and AD subjects as a single group
(Pearson test, P < 0.05). The source solutions were those
showing statistically significant differences in the Nold
subjects when compared to the MCI and AD subjects (P <
0.05). Results showed that the score to MMSE, prose mem-
ory, figure Rey recall, verbal fluency for letter, and verbal
fluency for category tests negatively correlated to the path-
ological delta sources, whereas the correlation was positive
between the score to MMSE or verbal fluency for category
tests and alpha 1 sources (Tables VI and VII). Furthermore,
the score to MMSE, trail making (part A, B, B–A), figure
Rey copy, verbal fluency for letter, and verbal fluency for
category tests correlated to the normalized cortical gray
matter volume, namely the higher this volume, the better
the cognitive performance (Table VIII).

Control Analyses

We performed a first control analysis to test whether the
above statistical results were influenced by the presence of
ADNI and non-ADNI data sets in the MCI and AD groups.
We divided the MCI and AD group in ADNI (15 MCI and
75 AD) and non-ADNI (87 MCI and 33 AD) subgroups. Sta-
tistical analysis of the cortical gray matter volume showed
no statistically significant difference (F(1.100) ¼ 0.22; P <
0.6) between MCI ADNI and MCI non-ADNI subgroups.
The same was true in the AD patients, namely no statisti-
cally significant difference (F(1.106) ¼ 3.03; P < 0.0844)
between the AD ADNI and AD non-ADNI subgroups.

A second control analysis was performed to ascertain if
the results of the main statistical analysis was affected by
the factor ROI. For each region of interest (frontal, central,
limbic, temporal, parietal, occipital, and limbic), the LOR-
ETA solutions were used as a dependent variable for an
ANOVA design using subjects’ age, gender, IAF peak, and
recording unit site as covariates. The ANOVA factors (lev-
els) were Group (Nold, MCI, AD) and Band (delta, theta,
alpha 1, alpha 2, beta 1, beta 2, gamma). As expected, the
control ANOVAs showed the well known abnormalities of
delta and alpha sources. Specifically, the results disclosed
the pattern Nold>MCI>AD for the alpha 1 sources in
the parietal, occipital, and limbic regions of interest
(P < 0.005). Furthermore, the delta sources were lower in

amplitude in the Nold and MCI than in the AD groups in
the central, frontal, parietal, temporal, and limbic regions
of interest (P < 0.01). These results globally confirmed
those of the main analysis.

A third control analysis was performed to test whether
the correlation results on the global delta and alpha 1

TABLE V. P and r values of correlation analysis between individual regional LORETA solutions and normalized

cortical gray matter volume in AD and MCI subjects as a single group

Central
delta

Frontal
delta

Parietal
delta

Occipital
delta

Temporal
delta

Limbic
delta

Parietal
alpha1

Occipital
alpha1

Limbic
alpha1

Normalized gray
matter volume
(N ¼ 210)

r ¼ �0.15;
P < 0.05

r ¼ �0.16;
P < 0.01

r ¼ �0.16;
P < 0.01

r ¼ �0.14;
P < 0.05

r ¼ �0.22;
P < 0.001

r ¼ �0.28;
P < 0.01

r ¼ 0.20;
P < 0.005

r ¼ 0.21;
P < 0.001

r ¼ 0.26;
P < 0.0001

Figure 5.

Scatterplots of LORETA solutions for the delta or alpha 1

rhythms and cortical gray matter volume values in the amnesic

MCI (in red) and AD (in blue) subjects. For each group, the

regression line is plotted in color. The regression line of the

amnesic MCI and AD subjects considered as a whole group is

plotted in black. Statistical values of linear correlation were

obtained by Pearson test (P < 0.005). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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sources were confirmed by the correlation analysis
between the regional delta and alpha 1 sources and nor-
malized cortical gray matter volume in the single groups
(AD and MCI) considered separately. No correlation was
observed in the AD group (P > 0.05). In the MCI group,
we observed a negative correlation between central, fron-
tal, parietal, occipital, temporal, and limbic delta sources
and the normalized gray matter volume (from r ¼ -0.270,
P < 0.005, to r ¼ -0.177, P < 0.05). Furthermore, there was
a positive correlation between the central, parietal, occipi-
tal, temporal, and limbic alpha 1 sources and the normal-
ized gray matter volume (from r ¼ -0.294, P < 0.001, to r
¼ -0.176, P < 0.05). The correlation values for any region
of interest are reported in the Table IX.

The main results suggest a not merely linear relation-
ship between the MRI and EEG indexes used in the pres-
ent study. To address this issue, the present control
analyses computed the values of r2 for some nonlinear cor-
relations (logarithmic, exponential, power) between the
normalized cortical gray matter volume and the above re-
gional and global delta/alpha 1 sources in the MCI and
AD subjects as a whole group, as well as in the single
groups considered separately. Results showed that the val-
ues of r2were quite similar in the linear and nonlinear cor-
relations. Namely, (1) the values of r2 for the nonlinear
correlations ranged from r2 ¼ 0.01 to r2 ¼ 0.06, while the

values of r2 for the (Pearson) linear correlations ranged
from r2 ¼ 0.02 to r2 ¼ 0.07, in the MCI and AD subjects as
a whole group; (2) the values of r2 for the nonlinear corre-
lations ranged from r2 ¼ 0.0000005 to r2 ¼ 0.07, while the
values of r2 for the (Pearson) linear correlations ranged
from r2 ¼ 0.001 to r2 ¼ 0.07 in the MCI group; and (3) the
values of r2 for the nonlinear correlations ranged from r2

¼ 0.00000004 to r2 ¼ 0.02, while the values of r2 for the
(Pearson) linear correlations ranged from r2 ¼ 0.0000002 to
r2 ¼ 0.02 in the AD group. These results are in line with
the hypothesis of no statistical indication for a preponder-
ant linear over nonlinear correlation between the MRI and
EEG indexes used in the present study.

DISCUSSION

Here we tested the hypothesis that in amnesic MCI and
AD subjects, abnormalities of the resting state EEG
rhythms are statistically correlated to global cortical gray
matter atrophy and cognitive functions. In this regard, one
might claim that cortical gray matter volume as a whole
represents a rough index of neurodegeration in AD.
Indeed, AD is supposed to be a multifocal process that
along its time evolution selectively impacts upon specific
neuronal tracks rather than affecting the whole cortical

TABLE VIII. P and r values of correlation analysis between normalized cortical gray matter volume and

neuropsychological data in AD and MCI subjects as a single group

Cognitive function Neuropsychological test Normalized Gray matter volume

Global cognitive function MMSE (N ¼ 143) r ¼ 0.51; P < 0.0001
Structural verbal memory Prose memory (N ¼ 143) N.S.
Executive function Trail making test part A (N ¼ 122) r ¼ �0.20; p<0.01
Executive function Trail making test part B (N ¼ 122) r ¼ �0.21; P < 0.01
Executive function Trail making test A–B (N ¼ 122) r ¼ �0.18; P < 0.05
Visuospatial and visuoconstructive

abilities
Figure Rey copy (N ¼ 143) r ¼ 0.24; P < 0.005

Visuospatial memory Figure Rey recall (N ¼ 143) N.S.
Language production Verbal fluency for letter (N ¼ 143) r ¼ 0.27; P < 0.001
Language production Verbal fluency for category (N ¼ 143) r ¼ 0.38; P < 0.0001

TABLE VII. P and r values of correlation analysis between global LORETA solutions and neuropsychological data in

AD and MCI subjects as a single group

Cognitive function Neuropsychological test Global delta Global alpha1

Global cognitive function MMSE (N ¼ 143) r ¼ �0.37; P <0.0001 r ¼ 0.33; P <0.0001
Structural verbal memory Prose memory (N ¼ 143) N.S. N.S.
Executive function Trail making test part A (N ¼ 122) N.S. N.S.
Executive function Trail making test part B (N ¼ 122) N.S. N.S.
Executive function Trail making test A–B (N ¼ 122) N.S. N.S.
Visuospatial and

visuoconstructive abilities
Figure Rey copy (N ¼ 143) N.S. N.S.

Visuospatial memory Figure Rey recall (N ¼ 143) N.S. N.S.
Language production Verbal fluency for letter (N ¼ 143) r ¼ �0.23; P < 0.005 N.S.
Language production Verbal fluency for category (N ¼ 143) r ¼ �0.29; P < 0.001 r ¼ 0.28; P < 0.001
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mantle [Braak and Braak, 1996]. However, the global struc-
tural and functional indexes are quick to be automatically
computed toward clinical applications. In other words,
these global indexes can be computed by friendly and
automated software toward desirable clinical applications,
reducing the variance induced by the measurement of
small brain regions from MRIs recorded by different
scanners.

In the present study, cortical gray matter volume was
basically indexed by MRIs recorded in amnesic MCI and
AD subjects according to the ADNI project when possible
(http://www.adni-info.org/). We followed the ADNI pro-
tocol, since it represents the most advanced attempt to
standardize neuroimaging exam and neuropsychological
assessment of aged people across different clinical units
and equipments. This methodological attempt is the basis
for the collection of biomarkers and neuroimaging data
with standardized protocols that allow pooling data across
wide multicentric studies (i.e., validation of new markers,
clinical trials). As expected, the present results showed
that cortical gray matter volume was lower in AD than
amnesic MCI subjects. Unfortunately, the MRIs of age-
matched healthy elderly subjects were not available, so we
could not perform the comparison of the mentioned MRI

index between healthy and amnesic MCI subjects. This
would have been a very useful control to characterize the
features of the healthy and amnesic MCI subjects involved
in this study, in line with previous evidence showing less
cortical gray matter volume in MCI than healthy elderly
subjects [Prestia et al., 2010]. In the present study, we only
used the EEG indexes to preliminarily demonstrate the dif-
ferences between healthy controls and amnesic MCI sub-
jects. To this purpose, resting state cortical EEG rhythms
were indexed by LORETA software averaging power den-
sity across all voxels of the cortical gray matter model.
Compared with the Nold group, the amnesic MCI group
showed a decrease in amplitude of low frequency alpha
sources (8–10.5 Hz). With respect to the Nold and amnesic
MCI groups, the AD group showed an amplitude increase
of delta sources (2–4 Hz), along with a strong amplitude
reduction of low frequency alpha sources. The present
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,b,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 com-
pared to Nold subjects [Babiloni et al., 2004a,b,c; Dierks
et al., 1993, 2000; Koenig et al., 2005; Moretti et al., 2004;
Rodriguez et al., 1999a,b; for a review Rossini et al., 2007].
Of note, the present findings validated subjects’ selection
and EEG data analysis, thus corroborating the novel
results of the present study, namely the relationship
among cortical gray matter volume and EEG sources in
the shadow zone between amnesic MCI and overt AD.
From a physiological point of view, the present results
extend previous evidence showing that amnesic MCI sub-
jects with different degrees of hippocampal atrophy were
characterized by a diverse power of resting state EEG
rhythms, especially at dominant alpha frequencies [Babi-
loni et al., 2009; Moretti et al., 2007].

As a main result of the present study, we report the cor-
relation between global cortical gray matter volume and
delta/alpha sources in the amnesic MCI and AD groups.
The magnitude of these sources correlated with the cortical
gray matter volume in the MCI and AD subjects consid-
ered as a whole group, as well as in the separated single
groups. In the amnesic MCI and AD subjects considered
as a whole group, the lower the cortical gray matter vol-
ume, the higher the pathological delta sources, the lower
the low frequency alpha sources. As reported in the
Results section, these linear correlations were statistically
significant (P < 0.05) but relatively low in amplitude, espe-
cially at global delta band. This may be due to the com-
plex relationships occurring between EEG sources and
global cortical atrophy. For example, we observed a rela-
tively large variance of the global delta sources for high
values of global cortical atrophy. Furthermore, there was
no statistically significant correlation (P > 0.05) between
global cortical gray matter volume and delta sources in
the amnesic MCI and AD groups considered separately.
Instead, we observed a statistically significant correlation

TABLE IX. P and r values of correlation analysis

between individual regional LORETA solutions and

normalized cortical gray matter volume in the amnesic

MCI and AD groups considered separately

Correlation between regional LORETA current density and
normalized gray matter volume

AD (N¼108) MCI (N¼108)
Central delta loreta

current density
r ¼ 0.05 r ¼ �0.246
P < 1 P < 0.005

Frontal delta loreta
current density

r ¼ 0.08 r ¼ �0.27
P < 0.5 P < 0.005

Parietal delta loreta
current density

r ¼ 0.004 r ¼ �0.198
P < 1 P < 0.05

Occipital delta loreta
current density

r ¼ 0.0005 r ¼ �0.177
P < 1 P < 0.05

Temporal delta loreta
current density

r ¼ 0.03 r ¼ �0.270
P < 1 P < 0.05

Limbic delta loreta
current density

r ¼ 0.02 r ¼ �0.288
P < 1 P < 0.001

Central alpha 1 loreta
current density

r ¼- �0.045 r ¼ 0.176
P < 1 P < 0.05

Frontal alpha 1 loreta
current density

r ¼ 0.074 r ¼ 0.162
P < 0.5 P < 0.1

Parietal alpha 1 loreta
current density

r ¼ �0.145 r ¼ 0.225
P < 0.5 P < 0.01

Occipital alpha 1 loreta
current density

r ¼ �0.156 r ¼ 0.243
P < 0.5 P < 0.005

Temporal alpha 1
loreta current
density

r ¼ �0.075 r ¼ 0.294
P < 0.5 P < 0.001

Limbic alpha 1 loreta
current density

r ¼ �0.098 r ¼ 0.291
P < 0.5 P < 0.001
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(P < 0.005) between global cortical gray matter volume
and low-frequency alpha sources in the amnesic MCI group
(but not in the AD group). Furthermore, we have to notice
that in the AD group, the correlation values between the
global cortical atrophy and global EEG sources considering
the single groups separately did not fully confirm the corre-
lation values found considering the groups together. Specif-
ically, there was no statistically significant relationship
between these two indexes in the AD group. When the re-
gional EEG sources were used as an input for the correla-
tion analysis, there were statistically significant correlations
(P < 0.05) between cortical gray matter volume and several
regional delta and low-frequency alpha sources in the
amnesic MCI group. These results suggest a variable and
complex relationship between delta sources and cortical
neurodegeneration in the shadow zone between amnesic
MCI and overt AD subjects, which suggests the need of a
more detailed spatial analysis of the delta sources (even if
time consuming) for the correlation with cortical atrophy. It
can be speculated that the poor correlation between the
delta sources and cortical atrophy in AD subjects is due to
the complexity of the parallel neurophysiopathological and
neurovascular effects of advanced neurodegenerative proc-
esses on the mechanisms generating the resting state EEG
rhythms. Furthermore, the present results suggest that low-
frequency alpha sources are quite sensitive to the early
stages of global cortical neurodegeneration in amnesic MCI
subjects and should be further considered for possible
future clinical applications.

Why is global power of resting state delta and low fre-
quency alpha rhythms related to the cortical gray matter
volume in the shadow zone between amnesic MCI and
AD subjects? The present results raise 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 as well as
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
intracortical (<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 and Steriade
et al., 1996]. In the condition of awake rest, low frequency
(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]. Noteworthy, there is consensus that alpha rhythms
represent the dominant resting oscillations of the adult,
awake human brain [Rossini et al., 1991; Steriade and Lli-
nas, 1988; Klimesch, 1996; Klimesch et al., 1997, 1998], and
have been linked to intelligence quotient, memory, and
cognition [Klimesch, 1999].

An important neuroanatomical substrate of resting state
alpha rhythms is the cholinergic innervation from basal
forebrain to cerebral cortex, which may play an important
role in preserving brain gray matter volume. This innerva-
tion would be targeted by neurodegenerative processes in
AD [Helkala et al., 1996; Holschneider et al., 1999; Mesu-
lam et al., 2004; Ricceri et al., 2004; Teipel et al., 2005],
especially in AD patients not responding to long term cho-
linergic therapy [Tanaka et al., 2003]. Scopolamine—a cho-
linergic antagonist—has reproduced in the healthy the
typical abnormal pattern of alpha and slow EEG rhythms
observed in AD patients [Osipova et al., 2003], whereas
posterior sources of resting alpha rhythms were especially
impaired in AD patients not responding to cholinergic
therapy [Babiloni et al., 2006f]. Finally, it has been shown
that loss of cholinergic connections to cerebral cortex were
related to the power reduction of resting posterior alpha
sources in amnesic MCI subjects [Babiloni et al., 2010].

Cholinergic innervation to cerebral cortex might be also
an important neuroanatomical substrate of resting state
slow EEG rhythms including delta (2–4 Hz) oscillations.
Several lines of evidence have shown that experimental
lesions of the basal forebrain increased the amplitude of
slow EEG rhythms and decreased the faster ones [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 fore-
brain [Babiloni et al., 2004a; Dierks et al., 1993, 2000;
Huang et al., 2000; Mesulam et al., 2004; Rodriguez et al.,
1999a]. It has been reported in AD patients a clear-cut cor-
relation 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 pathological delta rhythms [De Jongh
et al., 2003; Harmony et al., 1993; Hensel et al., 2004; Murri
et al., 1998].

Keeping in mind the present findings and mentioned
data, changes of global cortical neural synchronization at
the basis of resting state delta and alpha rhythms might be
a marker of the impairment of cholinergic neuromodula-
tion from basal forebrain to hippocampus and cerebral
cortex, which could result in an impairment of cortical
gray matter [Helkala et al., 1996, Holschneider et al., 1999;
Mesulam et al., 2004]. This impairment would disinhibit
cortical slow oscillators triggering resting delta rhythms
[Steriade, 2003]. Furthermore, it would reduce cortico-cort-
ical functional coupling of EEG rhythms (which are also
affected by the intrinsic degenerative mechanisms affecting
synaptic transmission at the cortical level), which is the
main generation mechanism of awake resting alpha
rhythms in posterior cerebral cortex [Manshanden et al.,
2002; Nunez et al., 2001]. In this view, cholinergic (and
serotoninergic) neurons would subserve the replacement
of spindles and delta rhythms by fast EEG rhythms during
wakefulness [Dringenberg, 2000; Dringenberg et al., 2002].
However, this explanation should be considered as
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tentative at this early stage of research. The relationships
between cholinergic tone and neurodegenerative processes
in AD may be nonlinear. Indeed, it has been shown that
cortical cholinergic deficits were characteristic of severely
demented AD patients, but cholinergic deficits were not
apparent in individuals with mild AD [Davis et al., 1999;
DeKosky et al., 2002]. It has been also shown that the cho-
linergic system determined compensatory responses dur-
ing the early stage of dementia [DeKosky et al., 2002]. This
upregulation has been seen in frontal cortex and could be
an important factor in preventing the transition of MCI
subjects to AD [DeKosky et al., 2002]. Furthermore, 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]. Together with neurodenegeration mechanisms
and impairment of the cholinergic systems, unbalance of
monoaminergic [Dringenberg, 2000] and glutamatergic
pathways [Di Lazzaro et. al., 2004] might affect cortical
excitability and EEG rhythms in MCI and AD subjects.

It should be remarked that we observed a correlation
not only between the cortical gray matter atrophy and
abnormalities of delta or alpha cortical sources in the MCI
and AD subjects, but also between these structural/func-
tional variables and cognitive functions as measured by
standard neuropsychological tests. Specifically, the higher
the pathological delta sources, the lower the alpha sources,
and the less effective the global cognitive, verbal/visuo-
spatial memory, and language production functions. In the
same vein, the greater the cortical gray matter atrophy, the
less effective the global cognitive, executive attentional,
visuospatial/visuoconstructive memory, and language
production functions. These findings clearly unveil the
strict relationships among the derangement of cortical
structure (gray matter atrophy), cortical synchronizing
function generating the resting state EEG rhythms, and
cognitive skills along different degrees of neurodegenera-
tion in the present MCI and AD subjects (although not all
amnesic MCI subjects suffer from preclinical AD). Note-
worthy, the present methodological approach enlightened
a novel peculiar aspect of the above complex relationship.
According to the standard ‘‘double-dissociation’’ approach,
clinical neuropsychology typically tests the hypothesis that
a focal lesion at brain region ‘‘X’’ impairs cognitive func-
tion ‘‘A’’ but not ‘‘B,’’ whereas a focal lesion at brain
region ‘‘Y’’ impairs the cognitive function ‘‘B’’ but not ‘‘A’’
[Pisella et al., 2006]. However, such ‘‘double dissociation’’
approach is not able to capture some effects of AD neuro-
degenerative processes, since the disease often involves
not only circumscribed brain regions (i.e., hippocampus,
amigdala, temporo-parietal junction) but also neural sys-
tems such as cholinergic ascending pathways subserving
functional connectivity across a lot of brain regions [Hel-
kala et al., 1996; Holschneider et al., 1999; Mesulam et al.,
2004; Ricceri et al., 2004; Teipel et al., 2005]. The present
methodological approach explored a peculiar aspect of

brain research at the border between clinical neuropsy-
chology and neurophysiology. This approach is able to
probe ‘‘network’’ diseases affecting wide functional con-
nectivity across the brain, by the evaluation of cortical
gray matter, resting state EEG rhythms, and cognitive
functions [Guerrini et al., 2003]. The present results sug-
gest that diffuse neurodegenerative processes in the cere-
bral cortex prevent the distribution of wide synchronizing
neural signals at the basis of the generation of ample rest-
ing state alpha rhythms in human brain, as a functional
prerequisite of several cognitive functions such as atten-
tion [Babiloni et al., 2007a], primary consciousness [Babi-
loni et al., 2007b], visuo-motor transformations [Del Percio
et al., 2007], and memory [Klimesch, 1999].

CONCLUSIONS

Here we tested whether global neural synchronization
mechanisms at the basis of resting cortical EEG rhythms
and cognitive functions are progressively abnormal along
brain aging leading to AD, as a function of global cortical
atrophy. The main results showed that in the amnesic MCI
and AD subjects, global power of cortical delta and low
frequency alpha rhythms changed as a function of the
global cortical atrophy. Furthermore, these cortical struc-
tural and functional abnormalities were correlated to the
impairment of several cognitive functions in the amnesic
MCI and AD subjects. In general the strength and linearity
of such relationship was quite modest, especially for the
delta sources. Specifically, there was no statistical relation-
ship between the global cortical atrophy and global delta
or alpha sources in the AD group. Instead, this relation-
ship was statistically significant (P < 0.05) with the global
alpha sources and regional delta and alpha sources in the
amnesic MCI group. The present results need to be vali-
dated with a follow-up study correlating in time these two
indexes. In principle, they suggest that abnormalities of
resting state cortical EEG rhythms are not mere epipheno-
mena, but are related to global cortical neurodegeneration
in the shadow zone between amnesic MCI and AD status.
Future studies should explore the clinical utility of this
methodological approach at the light of the variability of
the relationship between global cortical atrophy and
delta/alpha sources in the amnesic MCI and AD subjects.
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