
White-Matter Lesions Along the Cholinergic
Tracts are Related to Cortical Sources of EEG

Rhythms in Amnesic Mild Cognitive Impairment

Claudio Babiloni,1,2 Michela Pievani,3 Fabrizio Vecchio,3,4 Cristina Geroldi,3

Fabrizio Eusebi,5,6 Claudia Fracassi,3 Evan Fletcher,7 Charles De Carli,7

Marina Boccardi,3 Paolo Maria Rossini,2,4,8* and Giovanni B. Frisoni3,4

1Department of Biomedical Sciences, University of Foggia, Foggia, Italy
2Casa di Cura San Raffaele Cassino and IRCCS San Raffaele Pisana, Rome, Italy

3IRCCS ‘‘S. Giovanni di Dio-F.B.F.’’, Brescia, Italy
4A.Fa.R., Dip. Neurosci. Osp. FBF; Isola Tiberina, Rome, Italy

5Department of Physiology and Pharmacology, University of Roma Sapienza, Rome, Italy
6IRCCS ‘‘Neuromed’’, Pozzilli (IS), Italy

7Department of Neurology and Imaging of Dementia and Aging Laboratory, Center for Neuroscience,
University of California at Davis, Sacramento, California

8Clinical Neurology, University Campus Biomedico, Rome, Italy

Abstract: Does impairment of cholinergic systems represent an important factor in the development of
amnesic mild cognitive impairment (aMCI), as a preclinical stage of Alzheimer’s disease (AD)? Here
we tested the hypothesis that electroencephalographic (EEG) rhythms, known to be modulated by the
cholinergic system, may be particularly affected in aMCI patients with lesions along the cholinergic
white-matter tracts. Eyes-closed resting EEG data were recorded in 28 healthy elderly (Nold) and 57
aMCI patients. Lesions along the cholinergic white-matter tracts were detected with fluid-attenuated
inversion recovery sequences on magnetic resonance imaging. The estimation of the cholinergic lesion
was performed with a validated semi-automatic algorithm pipeline after registration to a stereotactic
template, image integration with stereotactic masks of the cholinergic tracts, and normalization to intra-
cranial volume. The aMCI patients were divided into two groups of high (MCI Ch1; N 5 29; MMSE
5 26.2) and low cholinergic damage (MCI Ch2; N 5 28; MMSE 5 26.6). 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). Cortical EEG generators were estimated by LORETA software. As main results, (i) power
of occipital, parietal, temporal, and limbic alpha 1 sources was maximum in Nold, intermediate in MCI
Ch2, and low in MCI Ch1 patients; (ii) the same trend was true in theta sources. These results are
consistent with the hypothesis that damage to the cholinergic system is associated with alterations of
EEG sources in aMCI subjects. Hum Brain Mapp 30:1431–1443, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

It has been shown that modifications of resting electro-
encephalogram (EEG) across physiological aging in
humans points to gradual changes in EEG spectral power
as mainly represented by a pronounced amplitude
decrease of dominant EEG oscillations, namely rhythms in
the alpha range from 8 to 13 Hz [Hartikainen et al., 1992;
Klass and Brenner, 1995; Klimesch, 1999; Markand, 1990;
Pollock et al., 1990]. A recent study in a large sample of
healthy subjects (N 5 185; 18–85 years) has confirmed an
age-dependent power decrement of low-frequency alpha
rhythms (8–10.5 Hz) in parietal, occipital, and temporal
regions [Babiloni et al., 2006a].
Modifications of resting EEG can be observed not only

during physiological but also pathological aging. When
compared to healthy elderly (Nold) subjects, Alzheimer’s
disease (AD) patients have been characterized by high
power of delta (0–4 Hz) and theta (4–7 Hz) rhythms, and
low power of posterior alpha (8–12 Hz) and/or beta (13–
30 Hz) rhythms [Babiloni et al., 2004; Dierks et al., 2000;
Jeong, 2004; Ponomareva et al., 2003; Koenig et al., 2005].
These EEG abnormalities were associated with altered re-
gional cerebral blood flow/metabolism and with impaired
global cognitive function as evaluated by mini mental state
examination [MMSE Jeong, 2004; Rodriguez et al., 1998,
1999a,b; Sloan et al., 1995]. Furthermore, posterior alpha
rhythms showed a power decrement even in subjects with
amnesic mild cognitive impairment (MCI), a clinical state
between elderly normal cognition and AD in which sub-
jects present objective evidence of memory decline in some
cases together with other cognitive impairment [Babiloni
et al., 2006b; Jelic et al., 2000; Koenig et al., 2005; Zappoli
et al., 1995].
With these data in mind, a logical question is ‘‘Which is

the physiological mechanism at the basis of alpha rhythms
decrement in amnesic MCI and AD subjects?’’ It has been
reported that in AD patients, early pathological processes
include loss of cholinergic basal forebrain neurons projec-
ting to hippocampal and fronto-parietal areas, and that
alpha and slower EEG rhythms can be modulated by these
neurons [Helkala et al., 1996; Holschneider et al., 1999;
Mesulam et al., 2004]. In contrast, brainstem cholinergic
innervation of the thalamus would be relatively spared in
AD [Geula and Mesulam, 1989, 1996, 1999; Mesulam et al.,
2004]. Furthermore, it has been reported the effect of a
cholinergic antagonist (i.e., scopolamine) on resting magne-
toencephalograpic rhythms in normal subjects [Osipova
et al., 2003]. The cholinergic antagonist modulated the
power of alpha and theta rhythms and the coherence of
theta rhythms, mimicking the typical effects of AD on
brain rhythms of healthy subjects [Osipova et al., 2003].
In our study, we tested the hypothesis that cortical sour-

ces of resting EEG alpha rhythms, which are affected by
AD processes [Babiloni et al., 2004, 2006b], are related to
white-matter lesions of cholinergic routs in amnesic MCI
subjects.

METHODS

Subjects and Diagnostic Criteria

In this study, 57 amnesic MCI patients were enrolled.
Furthermore, 28 cognitively normal elderly (Nold) subjects
were recruited as a control group. Part of the individual
data sets was used for previous EEG studies [Babiloni et al.,
2004, 2006a,b,c,d,e,f] that did not deal with the evaluation
of the relationships between cortical sources of EEG and
white-matter vascular load (i.e., the present study issue).
Local institutional ethics committees approved the

study. All experiments were performed with the informed
and overt consent of each participant or caregiver, in line
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) and the standards established by
the Author’s Institutional Review Board.
The present inclusion and exclusion criteria for amnesic

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; Portet et al., 2006; Rubin et al.,
1989; Zaudig, 1992] defining elderly persons with objective
cognitive deficits, especially in the memory domain, who
did not meet criteria for a diagnosis of dementia. The
inclusion criteria were as follows: (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 bat-
tery including Busckhe–Fuld and Memory Rey tests; (ii)
normal activities of daily living as documented by the his-
tory and evidence of independent living; and (iii) clinical
dementia rating score of 0.5. The exclusion criteria
included: (i) mild AD, as diagnosed by standard protocols
including NINCDS-ADRDA [McKhann et al., 1984];
(ii) evidence of concomitant dementia such as frontotem-
poral, vascular dementia, reversible dementias (including
pseudo-depressive dementia), fluctuations in cognitive per-
formance, and/or features of mixed dementias; (iii) evi-
dence of concomitant extra-pyramidal symptoms; (iv) clini-
cal and indirect evidence of depression as revealed by
Geriatric Depression Scale scores higher than 13; (v) other
psychiatric diseases, epilepsy, drug addiction, alcohol de-
pendence, and use of psychoactive drugs including acetyl-
cholinesterase inhibitors or other drugs enhancing brain
cognitive functions; and (vi) current or previous uncon-
trolled or complicated systemic diseases (including diabe-
tes mellitus) or traumatic brain injuries. Of note, benzodia-
zepines, antidepressant and/or antihypertensive drugs
when present, were withdrawn for about 24 h before the
EEG recordings.
The Nold subjects were recruited mostly among noncon-

sanguineous patients’ relatives. All Nold subjects under-
went physical and neurological examinations as well as
cognitive screening. Subjects affected by chronic systemic
illnesses, those receiving psychoactive drugs, or with a his-
tory of neurological or psychiatric disease were excluded.
All Nold subjects had a GDS score lower than 14 (no
depression).
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Magnetic Resonance Imaging

MRI scans were acquired with a 1.0 T Philips Gyroscan

at the Neuroradioloy Unit of the Città di Brescia hospital,

Brescia. The following sequences were used to measure

white matter hyperintensity (WMH) volumes within the

cholinergic pathways: a high-resolution gradient echo T1-

weighted sagittal 3D sequence (TR 5 20 ms, TE 5 5 ms,
flip angle 5 308, field of view 5 220 mm, acquisition ma-

trix 5 256 3 256, slice thickness 5 1.3 mm), and a fluid-

attenuated inversion recovery (FLAIR) sequence (TR 5
5,000 ms, TE 5 100 ms, flip angle 5 908, field of view 5
230 mm, acquisition matrix 5 256 3 256, slice thickness

5 5 mm). The FLAIR images were used to segment

WMHs and the high-resolution sequences to register the

segmented WMHs to a stereotactic template.
WMHs segmentation was performed using previously

described algorithms [De Carli et al., 2005]. Briefly, the
procedure includes (i) filtering of FLAIR images to exclude
radiofrequency inhomogeneities, (ii) segmentation of brain
tissue from cerebrospinal fluid, (iii) modelling of brain in-
tensity histogram as a Gaussian distribution, and (iv) clas-
sification of the voxels whose intensities were >3.5 stand-
ard deviations (SDs) above the mean as WMHs [DeCarli
et al., 1995]. To place each subject’s WMHs map onto a
common template, a set of linear and nonlinear transfor-
mations were applied with the protocol described in the
following. The FLAIR images were coregistered to the
high-resolution T1 image using a nine-parameters affine
transformation [i.e., including rotation, translation, and
scaling; Maes et al., 1997], and the same alignment param-
eters were applied to the WMHs mask image created at
the previous step. T1 images were intensity corrected in
order to reduce adverse impact of the WMH voxel values
on the accuracy of the nonlinear warping algorithm. This

step involved estimating the normal white matter mean
intensities surrounding the voxels classified as WMHs and
replacing voxels in the T1 image corresponding to WMHs
by the estimated values. T1 intensity-corrected images
were normalized onto a standard template by mean of
high-dimensional cubic B-spline warp [Otte, 2001]. The
template image used in this study was created from the
MRI scans of a population of 88 elderly subjects with a
mix of diagnoses distributed homogeneously (26 AD, 29
MCI, and 33 normal), and was therefore the one minimiz-
ing the amount of distortion necessary to nonlinearly align
individual MRIs [Yoshita et al., 2005]. The parameters
computed from nonlinear warping were then used to
warp each subject’s FLAIR image and WMHs mask onto
the template [DeCarli et al., 2005]. At the end of the pro-
cess, anatomical regions are accurately matched between
subjects, and WMH voxels are in locations analogous to
their original locations in the subjects’ image.
Regions of interest (ROIs) located along the corticopetal

cholinergic tracts were manually traced on the template
based on published immunohistochemical tracings of the
medial and lateral cholinergic pathways in human brains
[Selden et al., 1998]. The medial pathway originates from the
nucleus basalis of Meynert, supplies the orbitofrontal cortex,
courses along the cingulate gyri, and enters the retrosplenial
cortices. The lateral pathway branches were subdivided into
a perisylvian component, traveling within the claustrum to
supply the opercular and insular cortices, and a capsular
component traveling adjacent to the putamen and within the
external capsule to supply the remaining cortical areas
[Selden et al., 1998]. Figure 1 illustrates these pathways.
The volume of WMHs within the cholinergic pathways

was computed by counting the number of voxels segmented
as WMHs in the defined ROIs, and multiplying that num-
ber by voxel size (1.44 mm3). Group differences within the

Figure 1.

The trajectories of the cholinergic pathways superimposed onto

the MRI scan of the template. (a) Midsagittal, (b) axial and (c)

coronal views of the tracing of the pathways. The medial path-

way, shown in green, originates from the nucleus basalis of Mey-

nert and travels within the cingulum to supply the orbitofrontal,

subcallosal, cingulate and retrosplenial cortices (a). The perisyl-

vian lateral pathway courses within the claustrum to supply the

opercular and insular cortices (b,c) and is represented in yellow.

The capsular lateral pathway, shown in red, travels into the exter-

nale capsule and uncinate fasciculus (b,c) to supply the frontopari-

etal cortex, the middle and inferior temporal gyri, the inferotem-

poral cortex and the parahippocampal gyrus [Selden et al., 1998].

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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cholinergic pathways were compared as a percentage of the
size of each ROI. Voxels segmented as WMHs and outside
the ROIs were classified as noncholinergic.

Composition of MCI Patient Groups

The amnesic MCI patients were divided into two sub-
groups of high and low cholinergic lesion load, based on
the 50th percentile of the distribution of WMH volume
within the cholinergic tracts: namely, 29 subjects with low
and 28 subjects with high degree of cholinergic lesion load
(MCI Ch2 and MCI Ch1); the lesion threshold separating
the two groups was set to 6.5 mm3. Noteworthy, the two
sub-groups of amnesic MCI patients were comparable for
demographic and clinical features. Table I summarizes the
relevant demographic and clinical data of Nold, MCI Ch2
and MCI Ch1 participants. The subjects’ age, education,
and gender were used as covariates in the statistical evalu-
ation of the cortical sources of EEG rhythms, to remove
possible confounding effects.

EEG Recordings

The EEG data were recorded by specialized clinical units
in the Nold, MCI Ch2 and MCI Ch1 subjects at resting state
(eyes-closed). The EEG recordings were performed (0.3–70
Hz bandpass; cephalic reference) 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). To monitor eye movements, the horizontal and ver-
tical electrooculogram (0.3–70 Hz bandpass) was also col-
lected. All data were digitized in continuous recording mode
(5 min of EEG; 128–256 Hz sampling rate). The recordings
were performed in the late morning. To keep constant the
level of vigilance, an experimenter controlled on-line the sub-
ject and the EEG traces. He verbally alerted the subject any
time there were signs of behavioral (i.e., neck muscle relaxa-
tion) and/or EEG (i.e., slowing) drowsiness and/or sleeping.
Of note, 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. 2004, 2006a,b,c,d; Pucci
et al., 1999; Rodriguez et al., 2002; Szelies et al., 1999] or

about 1 min [Dierks et al., 2000]; longer epochs would
have reduced data variability but increased risks for drop-
ping vigilance and arousal.
The recorded EEG data were analyzed and fragmented

off-line in consecutive epochs of 2 s. The EEG epochs with
ocular, muscular, and other types of artifact were prelimi-
narily identified by a computerized automatic procedure.
The EEG epochs with sporadic blinking artifacts (less than
10% of the total) were corrected by an autoregressive
method [Moretti et al., 2003]. Two independent experi-
menters blind to the diagnosis manually confirmed the
EEG segments accepted 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 in order to calculate the individual alpha
frequency (IAF) peak, defined as the frequency associated
with the strongest EEG power at the extended alpha range
[Klimesch, 1999]. Mean IAF peak was 9.3 Hz (60.2 stand-
ard error, SE) in the Nold subjects, 9.1 Hz (60.2 SE) in the
MCI Ch2 subjects, and 9.0 Hz (60.2 SE) in the MCI Ch1
subjects. To control for the effect of IAF on the EEG com-
parisons between these three groups, the IAF peak was
used as a covariate (together with age, education and gen-
der) for further statistics.
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). 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 IAF peaks within the
alpha 1 band (8–10.5 Hz), and IAF peak was used as a
covariate in the statistical analysis.

Cortical Source Analysis of the EEG

Rhythms by LORETA

Low resolution electromagnetic source tomography
(LORETA) was used for the estimation of cortical sources
of resting EEG power [version available at http://www.
unizh.ch/keyinst/NewLORETA/LORETA01.htm; Pascual-

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

impairment (MCI) subjects

MCI C1 MCI C2 Nold

N 28 29 28
Age (years) 77 (6 1.0 SE) 73 (6 1.5 SE) 73.2 (61.2 SE)
Education (years) 8 (6 0.6 SE) 8 (6 0.8 SE) 8.2 (6 0.8 SE)
Gender (M/F) 12/16 14/15 12/16
MMSE 26.6 (6 0.3 SE) 26.2 (6 0.3 SE) 28.4 (6 0.2 SE)
ApoE4 (%) 28 38 —
Lesion of cholinergic white matter (cm3) 0.933 (6 0.180 SE) 0.027 (6 0.005 SE) —

Of note, the MCI group was divided in two sub-groups: the MCI subjects with low degree of cholinergic lesion (MCI Ch2, cholinergic
lesional load <0.0065) and MCI subjects with high degree of cholinergic lesion (MCI Ch1, cholinergic lesional load >0.0065).
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Marqui and Michel, 1994, Pascual-Marqui et al., 1999,
2002]. LORETA is a functional imaging technique belong-
ing to a family of linear inverse solution procedures
[Valdes et al., 1998] modeling 3D distributions of EEG
cortical sources [Pascual-Marqui et al., 2002]. With respect
to the moving equivalent current dipole modeling of EEG
cortical sources, no a priori decision on dipole starting
position and number is required by the investigators using
LORETA. In a previous review paper, it has been shown
that LORETA is 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]. Finally, LORETA has been suc-
cessfully used in recent EEG studies on pathological brain
aging [Babiloni et al., 2004, 2006a,b,c,d,e; Dierks et al.,
2000].
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
compartments. The brain compartment is restricted to the
cortical gray matter/hippocampus of a head model core-
gistered to the Talairach probability brain atlas and digi-
tized at the Brain Imaging Center of the Montreal Neuro-
logical Institute [Talairach and Tournoux, 1988]. This com-
partment includes 2,394 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,
since these rhythms are generated by largely distributed
cortical sources that can be accurately investigated by this
way [Anderer et al., 2000, 2003, 2004; Babiloni et al., 2004,
2006a,b,c,d,e; Laufer and Pratt, 2003a,b; Mulert et al., 2001;
Veiga et al., 2003; Winterer et al., 2001]. LORETA solutions
consisted of voxel current density values able to predict
EEG spectral power density at scalp electrodes; notewor-
thy, these solutions are reference-free, in that one obtains
the same LORETA source distribution for EEG data refer-
enced to any reference electrode including common aver-
age. A normalization of the data was obtained by normal-
izing 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.
This has been successfully used in previous EEG studies.
The general procedure fitted the LORETA solutions in a
Gaussian distribution and reduced inter-subject variability
[Babiloni et al., 2004, 2006a,b,c,d,e; 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 [Her-
nández et al., 1994]. These methods are not available in the
LORETA package, so they were not used in our study.
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 customized MAT-
LAB software to collapse the voxels of LORETA solutions
at frontal, central, parietal, occipital, temporal, and limbic
regions of the brain model coded into Talairach space. The
Brodmann areas listed in Table II formed each of these
ROIs.
Finally, the main advantage of the regional analysis of

LORETA solutions-using an explicit source model coregis-
tered into Talairach space-was that our modeling could
disentangle rhythms of contiguous cortical areas (namely
EEG rhythms from the occipital source were disentangled
with respect to those of the contiguous parietal and tempo-
ral sources, etc).

Statistical Analysis of the LORETA Solutions

The main statistical analysis aimed at evaluating the
working hypothesis that cortical sources of alpha rhythms
show difference in amplitude among Nold, MCI Ch2, and
MCI Ch1 subjects, because of their dependence by the
functional integrity of cholinergic tracts. To this aim, the
regional normalized LORETA solutions from Nold, MCI
Ch2, and MCI Ch1 subjects were used as an input for
ANOVA analysis. Subjects’ age, education, gender and
IAF peak served as covariates. Mauchly’s test evaluated
the sphericity assumption. Correction of the degrees of
freedom was made with the Greenhouse-Geisser proce-
dure. The ANOVA analysis used the factors Group (Nold,
MCI Ch2, MCI Ch1; independent variable), Band (delta,
theta, alpha 1, alpha 2, beta 1, beta 2, gamma), and ROI
(central, frontal, parietal, occipital, temporal, limbic). The
hypothesis would be confirmed by the following two sta-
tistical results: (i) a statistical ANOVA effect including the
factor Group (P < 0.05) and (ii) a post hoc test indicating
statistically significant differences of the (LORETA) alpha
sources with the pattern Nold = MCI Ch2 = MCI Ch1
(Duncan test, P < 0.05).

TABLE II. Brodmann areas included in the cortical

regions of interest (ROIs) of the present study

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

LORETA solutions were collapsed in frontal, central, parietal, occi-
pital, temporal, and limbic ROIs.
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To avoid that the statistical results were emphasize by
the presence of the Nold group, we also performed a sta-
tistical control analysis restricted to the two MCI sub-
groups.

RESULTS

Topography of the EEG Cortical Sources as

Estimated by LORETA

For illustrative purposes, Figure 2 maps the grand aver-
age of the LORETA solutions (i.e., relative current density
at cortical voxels) modeling the distributed EEG sources
for delta, theta, alpha 1, alpha 2, beta 1, beta 2, and gamma
bands in the Nold, MCI Ch2 and MCI Ch1 groups. The
Nold group presented alpha 1 source with the maximal
values of amplitude distributed in parietal, occipital, and
temporal regions. Delta, theta, and alpha 2 sources had
moderate amplitude values 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, both MCI Ch2 and MCI Ch1 groups
showed a decrease in amplitude of the parietal, occipital,
limbic, and temporal alpha 1 sources. This decrement was
stronger in the MCI Ch1 than MCI Ch2 group.

Statistical Comparisons of LORETA EEG Sources

Figure 3 shows mean regional normalized LORETA sol-
utions (distributed EEG sources) relative to a statistical
ANOVA interaction (F(60,2460) 5 5.44; MSe 5 0.4; P <
0.00001) among the factors Group (Nold, MCI Ch2, MCI
Ch1), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2,
gamma), and ROI (central, frontal, parietal, occipital, tem-
poral, limbic). In the figure, the LORETA solutions had the
shape of EEG relative power spectra. Notably, profile and
magnitude of these spectra in the Nold, MCI Ch2 and
MCI Ch1 groups differed across diverse cortical macro-
regions, thus supporting the idea that scalp EEG rhythms
are generated by a distributed pattern of EEG cortical
sources. The planned post hoc testing showed that a

Figure 2.

Grand average of LORETA solutions (i.e. normalized relative cur-

rent density at the cortical voxels) modeling the distributed EEG

sources for delta, theta, alpha 1, alpha 2, beta 1, beta 2, and

gamma bands in Nold, MCI C2 (cholinergic lesion load <0.0065)

and MCI Ch1 (cholinergic lesion load >0.0065). 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 aver-

aged maximum value (i.e. alpha 1 power value of occipital region

in Nold). The maximal value of power density is reported under

each column. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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source pattern Nold > MCI Ch2 > MCI Ch1 was fitted by
the following four normalized regional LORETA solutions:
parietal, occipital, temporal, and limbic alpha 1 sources (P
< 0.00001). Furthermore, parietal theta sources were greater
in amplitude in the MCI Ch2 than MCI Ch1 group.
To avoid that the statistical results were affected by the

total amount of WM lesion, we performed a statistical con-
trol analysis including just the two MCI sub-groups (i.e.
MCI Ch2, MCI Ch1), with age, gender, IAF, and total
amount of WM lesion as covariates. Figure 4 shows the
results of this analysis. In particular, there was a statistical
ANOVA interaction (F(30,1650) 5 1.60; MSe 5 0.2; P <
0.0216) among the factors Group (MCI Ch2, MCI Ch1; in-
dependent variables), Band (delta, theta, alpha 1, alpha 2,
beta 1, beta 2, gamma), and ROI (central, frontal, parietal,
occipital, temporal, limbic). The planned post hoc testing
showed that the source pattern MCI Ch2 > MCI Ch1
was fitted by the five normalized regional LORETA solu-

tions: central, parietal, occipital, temporal, and limbic
alpha 1 sources (P < 0.0216) as well as by the three nor-
malized regional LORETA solutions: parietal, occipital and
temporal theta sources (P < 0.0216). Therefore, the modu-
lation of the theta and alpha 1 sources in amnesic MCI
subjects depends on the peculiar amount of cholinergic
lesion in the white matter as revealed by WMH.

Control Analysis

In the earlier analysis, we used a broad-band whole-
head normalization procedure for the evaluation of EEG
source power. Consequently, the alpha source power val-
ues had only relative meaning. To complement such an
analysis, we evaluated the LORETA solutions relative to
the absolute values of alpha 1 source power. These re-
gional LORETA solutions were used as an input for an
ANOVA analysis using the factors Group (Nold, MCI) and

Figure 3.

Regional normalized LORETA solutions (mean across subjects) rel-

ative to a statistical ANOVA interaction (F(60,2460) 5 5.44; MSe

5 0.4; P < 0.00001) among the factors Group (Nold, MCI Ch2,

MCI Ch1), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2,

gamma), and ROI (central, frontal, parietal, occipital, temporal, lim-

bic). This ANOVA design used the regional normalized LORETA

solutions as a dependent variable. Subjects’ age, education, gender

and individual alpha frequency peak (IAF) were used as covariates.

Regional normalized LORETA solutions modeled the EEG relative

power spectra as revealed by a sort of ‘‘virtual’’ intracranial

macro-electrodes located 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 Nold > MCI Ch2 > MCI Ch1 (P < 0.05).

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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ROI (central, frontal, parietal, occipital, temporal, limbic).
We found a statistical interaction (F(5,400) 5 2.23, P < 0.05)
between the two factors. Furthermore, the post hoc testing
indicated that the absolute LORETA power values of occipi-
tal alpha 1 sources were higher in the Nold than in the
MCI subjects (P < 0.01), in line with the main results.

DISCUSSION

This EEG study was performed in amnesic MCI patients
to evaluate the relationships between cortical sources of
resting EEG power and functional integrity of cholinergic
tracts to cortex, as revealed by white-matter hyperinten-
sities. The topographic location of the hyperintensities was
defined based on the seminal study by Selden et al. [1998],
where they located the projections of cholinergic basal
forebrain to cingulate and neighbors (medial cholinergic
pathway) as well as to frontal, temporal, parietal, and occi-

pital cortices (lateral capsular and lateral perisylvian). Spe-
cifically, we considered the total amount of cholinergic
lesion in these medial and lateral pathways, because of the
intrinsic limitation of spatial resolution of the present EEG
techniques. Based on the measurement of this lesion, the
recruited amnesic MCI patients were classified as having
low or high white-matter cholinergic vascular lesion (MCI
Ch2 or MCI Ch1, respectively). Independently of the total
amount of white-matter vascular lesion (i.e., summing up
white-matter lesion in the cholinergic and noncholinergic
compartments), the power of parietal, temporal, occipital,
and limbic low-frequency alpha sources (8–12.5 Hz) was
higher in the MCI Ch2 than MCI Ch1 group; the same
trend was true for parietal, temporal, and occipital theta
sources. In the evaluation of the results, at least three
methodological remarks should be taken into account.
Firstly, the present ‘‘cholinergic’’ bundles [Selden et al.,
1998] may include a minority of dopaminergic and norad-

Figure 4.

Regional normalized LORETA solutions (mean across subjects)

relative to a statistical ANOVA interaction (F(30,1650) 5 1.60;

MSe 5 0.2; P < 0.0216) among the factors Group (MCI Ch, MCI

Ch1), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma),

and ROI (central, frontal, parietal, occipital, temporal, limbic). This

ANOVA design used the regional normalized LORETA solutions

as a dependent variable. Subjects’ age, education, gender and indi-

vidual alpha frequency peak (IAF) were used as covariates. Re-

gional normalized LORETA solutions modeled the EEG relative

power spectra as revealed by a sort of ‘‘virtual’’ intracranial

macro-electrodes located on the macrocortical regions of inter-

est. Legend: the rectangles indicate the cortical regions and fre-

quency bands in which LORETA solutions presented statistically

significant LORETA patterns MCI Ch2 > MCI Ch1 (P < 0.05).

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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renergic projections as previously suggested [Gritti et al.,
1993]. Secondly, the spatial resolution of the method was
limited by the voxel matrix and slice thickness (i.e., around
1 mm in the coronal plane and 1.5 mm along the rostro-
caudal axis), and by the deformations of the digitalized
brain images; to minimize these deformations, the present
warping technique stretched the brain images using both
outer boundary and ventricular wall of the high-resolution
T1 MRIs as reference points [Yoshita et al., 2005]. Thirdly,
the EEG electrode positions were not coregistered to indi-
vidual brain source models; unlikely, the official LORETA
package (see Methods section) did not include software to
do so and we could not obtain the digitalization of the
electrode position from our clinical units.
The earlier results confirmed the hypothesis that cortical

sources of posterior alpha rhythms are more preserved in
amnesic MCI patients in whom the global cognitive status
is challenged by, at least in part, processes outside the cho-
linergic basal forebrain pathways conveying arousing sig-
nals to cerebral cortex. In this sense, these rhythms
appeared to be considered as a marker sensitive to effi-
ciency of basal cholinergic systems in amnesic MCI sub-
jects, in agreement with previous evidence showing that
posterior alpha rhythms are more affected in AD patients
than in subjects with sub-cortical vascular dementia [Babi-
loni et al., 2004], and in AD than in amnesic MCI subjects
[Babiloni et al., 2006c]. Keeping in mind these data and
considerations, it can be speculated that posterior alpha
rhythms are generally more abnormal in AD subjects than
in sub-cortical vascular dementia subjects, since these EEG
rhythms are sensitive to cholinergic systems, AD neurode-
generation is deeply developed into cholinergic systems,
and cerebrovascular lesions are generally not focused on
cholinergic systems. Furthermore, posterior alpha rhythms
are generally more abnormal in MCI subjects having
marked vascular lesions in the cholinergic white matter
tracts than in MCI subjects having slight vascular lesions
in the cholinergic white matter tracts.
Sensitivity of brain rhythms to cholinergic systems is

emphasized by the fact that our MCI groups differed in
terms of cholinergic white matter lesions but not in terms of
global cognitive functioning. This suggests a non-linear rela-
tionship between the functional impairment of cholinergic
systems and global cognitive status along pathological
aging, as a possible effect of concomitant factors including
non-cholinergic systems, cognitive reserve, and neuroprotec-
tive agents [Mortimer et al., 2005]. In this framework, EEG
rhythms and their magnetoencephalographic counterpart
might probe efficiency of cholinergic systems in pathological
aging better than standard clinical and neuropsycholological
assessment. Indeed, previous magnetoencephalographic evi-
dence has shown that cholinergic antagonist modulated the
power of alpha and theta rhythms and the coherence of
theta rhythms in healthy subjects, mimicking the typical
effects of AD on brain rhythms [Osipova et al., 2003].
A crucial question is then: ‘‘What are the functional rela-

tionships among basal cholinergic systems, low-band alpha

rhythms, and amnesic MCI subjects?’’ At this early stage
of research, the present results allow just an initial view on
these relationships. In the condition of wakening rest, low-
band (8–10.5 Hz) alpha rhythms might mainly reflect time-
varying inputs of forebrain cholinergic pathways to cortex
[Ricceri et al., 2004]. Therefore, it can be speculated that
resting low-band alpha rhythms in amnesic MCI subjects
might reflect the efficiency by which cholinergic basal fore-
brain neurons convey signals trough white-matter to cere-
bral cortex, in order to modulate the transmission and
processing of cortical information [Manshanden et al.,
2002; Nunez et al., 2001]. Several lines of evidence have
shown that experimental lesions of cholinergic basal fore-
brain affected the amplitude of EEG rhythms including
alpha frequencies [Buzsaki et al., 1988; Ray and Jackson,
1991]. The same was true in AD patients supposed to have
an impairment of cholinergic basal forebrain [Babiloni
et al., 2004; Dierks et al., 2000; Mesulam et al., 2004; Mor-
etti et al., 2004; Rodriguez et al., 1999a,b], but a relatively
spared thalamic cholinergic innervation from the brain-
stem [Geula and Mesulam 1989, 1996, 1999; Mesulam
et al., 2004]. Furthermore, it has been reported that cholin-
ergic basal forebrain was more structurally impaired in
AD [Teipel et al., 2005], especially in non responders to
cholinergic therapy [Tanaka et al., 2003]. Finally, posterior
alpha rhythms other than delta rhythms were found to be
modulated by long-term cholinergic therapy in AD sub-
jects [Babiloni et al., 2006f]. However, it should be
remarked that the above data do not mean that clinical
and cognitive deficits in amnesic MCI and AD subjects just
depend on an impairment of cholinergic systems. Previous
findings have shown higher values of choline acetyl trans-
ferase as a marker of enhanced cholinergic tone in the hip-
pocampus of MCI subjects DeKosky et al., 2002]. In the
same vein, it has been demonstrated that neocortical cho-
linergic deficits characterize severe but not mild AD
patients [Davis et al., 1999], and that monoaminergic
[Dringenberg, 2000] and non-NMDA vs. NMDA glutama-
tergic unbalance [Di Lazzaro et al., 2004] might affect corti-
cal excitability and EEG rhythms in amnesic MCI and AD
subjects. To reconcile the above findings, a reasonable ex-
planation is that clinical and cognitive deficits in amnesic
MCI and AD subjects may be explained by complex non-
linear relationships among different neuromodulatory sys-
tems rather than a major impairment of cholinergic sys-
tems. In this theoretical framework, posterior cortical EEG
rhythms may reflect the functional integrity of cholinergic
pathways.
Another important question is ‘‘Why is white-matter

cholinergic vascular lesion related to posterior theta other
than alpha rhythms in amnesic MCI subjects?’’ A tentative
explanation is that posterior theta rhythms are affected by
some interaction involving the cholinergic basal forebrain
pathways projecting to hippocampus/amygdala (mainly
modulating theta rhythms), the cholinergic basal forebrain
pathways directly projecting to cerebral cortex (mainly
modulating alpha rhythms), and modulatory GABAergic
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systems. Such an explanation is grounded on the following
well-known statements on theta rhythms: (i) theta rhythms
functionally connect the activity of hippocampal/amygdala
systems and cortical mantle [Buzsaki and Draguhn, 2004];
(ii) they are supposed to sub-serve focused attention,
working memory, encoding processes of episodic memory,
and the control of action [Gevins and Smith, 2000, Kli-
mesch et al., 2001, 2006; Klimesch, 1999]; (iii) hippocampal
theta rhythms depend on cholinergic and GABAergic
interactions [Andersen et al., 2007; Kimura, 2000; Vertes,
2005]; (iv) pathological brain oscillations including theta
rhythms are related to the atrophy of hippocampus, rhinal
paleocortex, and temporo-parietal neocortex in MCI and
AD subjects [Fernandez et al., 2003; Killiany et al., 1993].
A final question is ‘‘What is the relationship between

the integrity of cholinergic basal forebrain projections and
cerebrovascular function in amnesic MCI subjects? A
recent view called ’’cholinergic-vascular hypothesis‘‘ posits
that human cholinergic systems not only arouse cerebral
cortex but also contribute to event-related enhancement of
cerebral blood flow at the basis of cognitive functions
[Claassen and Jansen, 2006]. Such a relationship may be
non-linear, depending on vasomotor reactivity of cerebral
circulation to cognitive demands [Claassen and Jansen,
2006; Silvestrini et al., 2006], severity of AD [Davis et al.,
1999], and early compensatory responses within choliner-
gic system [DeKosky et al., 2002]. An alternative view pro-
poses that cerebrovascular and AD lesions represent addi-
tive or synergistic factors in the development of cognitive
impairment across AD [Nagy et al., 1997; Snowdon et al.,
1997; van Oijen M et al., 2007; Zekry et al., 2002]. Unlikely,
the results of the present study cannot unveil the relation-
ship between the integrity of cholinergic basal forebrain
projections and cerebrovascular function in amnesic MCI
subjects. The contribution of the present study is to sup-
port the view that the vascular lesions of cholinergic white
matter tracts especially affect the neural synchronization
mechanisms at the basis of the generation of cortical alpha
rhythms in MCI subjects.

CONCLUSIONS

The involvement of cholinergic systems in the develop-
ment of amnesic MCI, as a preclinical stage of AD at
group level, is currently debated. In our study, we tested
the hypothesis that cortical sources of EEG rhythms, which
are affected by AD processes, are especially affected in
amnesic MCI subjects in whom the cognitive decline is
mainly explained by cholinergic lesions in white-matter
due to vascular factors. As main results, power of occipi-
tal, parietal, temporal, and limbic parietal alpha 1 sources
was maximum in Nold, intermediate in MCI Ch2 (low
cholinergic lesion in white matter), and low in MCI Ch1
group (high cholinergic lesion in white matter). Further-
more, the same trend was true in theta sources. These
results are in line with the hypothesis that an impairment
(white matter) of cholinergic systems is associated with

marked alterations of cortical sources of EEG rhythms in
the amnesic MCI status as a pre-clinical stage of AD.
Future studies should correlate posterior theta and alpha
rhythms with fine structural features of basal forebrain,
cholinergic pathways, and mesial-temporal cortex in amne-
sic MCI subjects.
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