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bstract

Is directionality of electroencephalographic (EEG) synchronization abnormal in amnesic mild cognitive impairment (MCI) and Alzheimer’s
isease (AD)? EEG data were recorded in 64 normal elderly (Nold), 69 amnesic MCI, and 73 mild AD subjects at rest condition (closed eyes).
irection of information flux within EEG functional coupling at electrode pairs was performed by directed transfer function (DTF) at delta

2–4 Hz), theta (4–8 Hz), alpha 1 (8–10 Hz), alpha 2 (10–12 Hz), beta 1 (13–20 Hz), beta 2 (20–30 Hz), and gamma (30–40 Hz). Parietal to

rontal direction of the information flux within EEG functional coupling was stronger in Nold than in MCI and/or AD subjects, namely for
lpha and beta rhythms. In contrast, the directional flow within inter-hemispheric EEG functional coupling did not discriminate among the three
roups. These results suggest that directionality of parieto-to-frontal EEG synchronization is abnormal not only in AD but also in amnesic MCI.

2007 Elsevier Inc. All rights reserved.
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. Introduction

Amnesic mild cognitive impairment (MCI) is mainly char-
cterized by a memory impairment that is insufficient to meet
he criteria for the diagnosis of dementia (Flicker et al., 1991;

etersen et al., 1995, 2001; Portet et al., 2006). Annual con-
ersion rate from normality to dementia of Alzheimer’s type
Alzheimer’s disease, AD) ranges between 0.2% and 4%
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Petersen et al., 2001; Frisoni et al., 2004), whereas that from
CI to AD is between 6% and 25% (Petersen et al., 1999,

001). It is an open issue with important clinical implications
hether or not MCI is essentially a prodromic stage of AD

Petersen et al., 2001).
Despite encouraging previous evidence (Huang et al.,

000; Prichep et al., 2006), amplitude of electroencephalo-
raphic (EEG) rhythms alone might not predict individual
onversion from MCI to dementia at the high statistical level
equired by clinical practice. A reasonable hypothesis is that

he amplitude of EEG rhythms just partially captures one of
he main features of AD, namely the impairment of functional
eural connectivity. In this vein, it has been reported that AD
atients present an abnormal linear coupling of EEG rhythms
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etween cortical regions, as revealed by spectral EEG coher-
nce (Jelic et al., 1997; Locatelli et al., 1998; Wada et al.,
998a, 1998b; Knott et al., 2000; Adler et al., 2003). Such a
oherence denotes linear temporal synchronicity of coupled
EG rhythms as a reflection of coupled neural sources. It has
een proposed that functional coupling of cortical rhythms
s modulated by cholinergic systems (Xiang et al., 1998) and
D is characterized by a disruption of basal forebrain cholin-

rgic inputs to cortex and hippocampus (Mesulam, 2004).
Most of the EEG studies in AD reported prominent

ecrease of EEG or magnetoencephalographic (MEG) alpha
and coherence (Leuchter et al., 1992; Besthorn et al., 1994;
ocatelli et al., 1998; Wada et al., 1998a, 1998b; Berendse
t al., 2000; Jelic et al., 1997; Knott et al., 2000; Adler et
l., 2003). Alpha coherence reduction in AD has been also
ound to be associated with an allelic pattern of ApoE genetics
isk, which is supposed to be mediated by cholinergic deficit
Nolte et al., 2004). Delta and theta coherence provided less
traightforward findings (Adler et al., 2003; Brunovsky et al.,
003; Dunkin et al., 1994; Leuchter et al., 1992; Locatelli et
l., 1998; Calderon Gonzalez et al., 2004). To improve the
valuation of EEG functional coupling, EEG or MEG data
ave been analyzed with several procedures inspired by the
heory of nonlinear dynamical systems such as “synchroniza-
ion likelihood” (Stam et al., 2003; Stam and van Dijk, 2002;
abiloni et al., 2004a, 2006b; Pijnenburg et al., 2004), which

ignificantly decreased at 10–12 Hz, 14–18 Hz and 18–22 Hz
ands in AD patients, when compared to MCI and/or Nold
ubjects (Stam et al., 2003; Stam and van Dijk, 2002; Babiloni
t al., 2004a, 2006a; Pijnenburg et al., 2004).

Both spectral coherence and synchronization likelihood
ave an important limitation: they do not reflect the direc-
ion of the information flux within the functional coupling of
EG/MEG rhythms at paired brain sites. One can overcome

his limitation by the computation of the directed transfer
unction (DTF; Kaminski and Blinowska, 1991), modeling
irectional information flux within linear EEG functional
oupling, (Korzeniewska et al., 1997; Kaminski et al., 1997;
ima et al., 2000; Sulimov, 1998). In precedence, a dominant

arietal to frontal directional flux within EEG coupling dur-
ng visuo-spatial information processing has been reported in
ealthy awakening subjects (Babiloni et al., 2004c, 2006b).
ased on such an evidence, the present EEG study tested

he hypothesis of a reduction of parietal-to-frontal directional
nformation flux within EEG functional coupling in both MCI
nd mild AD subjects, in line with the idea of a common
athophysiological background linking these conditions.

. Methods

.1. Subjects
For this study, 73 AD patients, 69 amnesic MCI patients,
nd 64 Nold subjects were recruited. Local institutional
thics committees approved the study. Informed consent was
btained from all participants or their caregivers, according

i
M
d
s
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o the Declaration of Helsinki and standards established by
he Authors’ Institutional Review Boards.

Probable AD was diagnosed according to NINCDS-
DRDA (McKahn et al., 1984) and DSM IV criteria. All

ecruited AD patients underwent general medical, neurolog-
cal and psychiatric assessments. Patients were also rated with
number of standardized diagnostic and severity instruments

hat included the Mini Mental State Examination (MMSE,
olstein et al., 1975), the Clinical Dementia Rating Scale
CDR, Hughes et al., 1982), the 15-item version of the Geri-
tric Depression Scale (GDS, Yesavage et al., 1982–1983),
he Hachinski Ischemic Scale (HIS, Rosen et al., 1980), and
he Instrumental Activities of Daily Living scale (IADL,
awton and Brodie, 1969). Neuroimaging diagnostic pro-
edures (CT or MRI) and complete laboratory analyses were
arried out to exclude other causes of progressive or reversible
ementias, in order to have a homogenous AD patient sam-
le. Exclusion criteria included, in particular, evidence of
i) frontotemporal dementia, (ii) vascular dementia based on
linical and radiological grounds, (iii) extrapyramidal syn-
romes, (iv) reversible dementias, and (v) fluctuations in
ognitive performance and visual hallucinations (suggestive
f a possible Lewy body dementia). Inclusion and exclu-
ion criteria for amnesic MCI diagnosis aimed at selecting
lderly persons with objective cognitive deficits, especially
n the memory domain, who did not meet the criteria for
ementia or AD (Petersen et al., 2001; Portet et al., 2006).
nclusion criteria for amnesic MCI subjects were: (i) objec-
ive memory impairment on neuropsychological evaluation,
s defined by performances ≥1.5 standard deviation below
he mean value of age and education-matched controls for a
est battery including Busckhe-Fuld and memory Rey tests;
ii) normal instrumental activities of daily living as docu-
ented by history and evidence of independent living as

ssessed by a formal questionnaire (IADL, see above); and
iii) a clinical dementia rating score of 0.5. Exclusion criteria
or amnesic MCI were: (i) MCI subjects without objective
emory deficits; (ii) AD, as diagnosed by the procedures

escribed above; (iii) evidence of concomitant dementia such
s frontotemporal, vascular dementia, reversible dementias
including dementia of depression), fluctuations in cogni-
ive performance, and/or features of mixed dementias; (iv)
vidence of concomitant extrapyramidal symptoms; (v) clin-
cal and indirect evidence of depression as revealed by
DS scores greater than 14; (vi) other psychiatric diseases,

pilepsy, drug addiction, alcohol dependence, and use of
sychoactive drugs or drugs interfering with brain cogni-
ive functions including acetylcholinesterase inhibitors; and
vii) current or previous uncontrolled systemic diseases or
raumatic brain injuries.

Nold subjects were recruited mainly among the patients’
pouses. All Nold subjects underwent physical and neurolog-

cal examinations as well as cognitive screening (including

MSE). Subjects affected by chronic systemic illnesses (i.e.
iabetes mellitus or organ failure) were excluded, as were
ubjects receiving psychoactive drugs. Subjects with a his-
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Table 1
Mean values (±S.E.) of the demographic and clinical characteristics of the
investigated cohort (i.e. 73 AD, 69 amnesic MCI, and 64 Nold subjects)

AD Amnesic MCI Nold

Subject 73 69 64
MMSE 20.9 ± 0.5 26.6 ± 0.2 28.6 ± 0.2
Age 74.1 ± 1.0 74.1 ± 0.8 73.7 ± 0.9
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ducation 9.8 ± 0.6 9.8 ± 0.5 9.7 ± 0.6
AF 8.6 ± 0.2 9.2 ± 0.2 9.2 ± 0.1
emale/male 35 F/39M 38F/31M 32F/32M

ory of present or previous neurological or psychiatric disease
ere also excluded. All Nold subjects had a GDS score lower

han 14.
Table 1 reports the mean values and standard error (S.E.)

f relevant personal and clinical parameters of AD, amnesic
CI, and Nold subjects.

.2. EEG recordings

EEG data were recorded in resting subjects (eyes-closed;
.3–70 Hz bandpass) from Fp1, Fp2, F7, F3, Fz, F4, F8, T3,
3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2 during late
orning. To monitor eye movements, the electrooculogram

0.3–70 Hz bandpass) was also collected. All data were dig-
tized in continuous recording mode (5 min of EEG; up to
56 Hz sampling rate). State of vigilance was controlled by
isual inspection of EEG traces during recording session and
ubjects’ drowsiness was avoided by verbal warnings. At the
ime of EEG recording, no patient received medications that
ould influence EEG rhythms such as benzodiazepines.

The EEG epochs with ocular, muscular and other types
f artifacts were preliminary identified by a computerized
utomatic procedure (Moretti et al., 2003). Two expert
lectroencephalographers (blind to the diagnosis) double-
hecked and confirmed visually the automatic selections.
inally, the EEG epochs contaminated by artifacts were
emoved.

.3. EEG power density spectrum

For the analysis of EEG power density spectrum, artifact-
ree EEG epochs were re-referenced to a common average
nd were analyzed by a standard Fast Fourier Transform
FFT) algorithm (Matlab 6.5, Mathworks Inc., Natrick, MA).
requency resolution was of 1 Hz (no phase shift). EEG
elative power density was obtained normalizing the EEG
bsolute power density at each frequency bin and electrode
or the mean of the EEG absolute power density across
ll frequency bins and electrodes. EEG bands of interest
ere delta (1–4 Hz), theta (4–8 Hz), alpha 1 (8–10 Hz), alpha
(10–12 Hz), beta 1 (13–20 Hz), beta 2 (20–30 Hz), and
amma (30–40 Hz).
The choice of fixed EEG bands did not account for the indi-

idual alpha frequency (IAF) peak, defined as the frequency
ssociated with the strongest EEG power at the extended

e
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lpha range (Prichep et al., 2006). However, this should not
ffect the results, since most of the subjects had IAF peaks
ithin alpha 1 band (8–10 Hz). Specifically, this was true for
7.5% in Nold subjects, for 78.2% in MCI subjects, and for
1.2% in AD patients.

.4. Statistical analysis of EEG power density spectrum

Statistical analysis of the EEG power density spec-
ra across each group allowed the qualitative evaluation
f EEG data used as an input for the DTF analysis.
olmogorov–Smirnov test showed that the values of EEG

pectral power density did not fit Gaussian distribution in
ost cases. Therefore, we used square-root transformation

o obtain a normal distribution of the EEG spectral power
ensity. This allowed the use of ANOVA for the statisti-
al analysis. The ANOVA factors (levels) were group (AD,
CI, Nold; independent variable), band (delta, theta, alpha

, alpha 2, beta 1, beta 2, gamma), and electrode (F3, Fz,
4, C3, Cz, C4, P3, Pz, P4). The Mauchly’s test evalu-
ted the sphericity assumption. Correction of the degrees of
reedom was made with the Greenhouse-Geisser procedure.
ge, gender, education, and IAF were used as covari-

tes. The Duncan test was used for post hoc comparisons
p < 0.05).

.5. DTF analysis: “direction” of the functional
onnectivity estimated by the Mvar model

Before computing the DTF, the EEG data (original elec-
rode reference according to Kaminski and Blinowska, 1991)
ere preliminarily normalized by subtracting the mean value

nd dividing by the variance, according to standardized rules
y Kaminski and Blinowska (1991). An important step of the
TF method was the computation of the so-called multivari-

te autoregressive (Mvar) model (Kaminski and Blinowska,
991; Korzeniewska et al., 1997; Kaminski et al., 1997; Kus
t al., 2004; Blinowska et al., 2004). EEG data at 19 elec-
rodes were simultaneously given as an input to the Mvar

odel towards the computation of the directional informa-
ion flux among all the pair combinations of these electrodes.
his model was used to estimate the “direction” of the infor-
ation flow within the EEG rhythms between the frontal and

arietal regions (F3–P3, Fz–Pz, F4–P4) and the left and right
emispheres (F3–F4, C3–C4, P3–P4).

The mathematical core of the Mvar algorithm used in this
ork is based on the fitting multivariate autoregressive model

ARfit), running on the platform Matlab 6.5. The model
rder was 7, as estimated by the Akaike criterion suggested
n previous DTF studies (Kaminski and Blinowska, 1991;
orzeniewska et al., 1997; Kaminski et al., 1997; De Gennaro

t al., 2004, 2005; Bertini et al., 2006). The goodness of fit was
valuated by visual inspection of the values of noise matrix

of the Mvar model, as defined in previous studies (Mima
t al., 2001; Babiloni et al., 2004a, 2004b, 2004c).
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The anterior–posterior directional flow of information of
EG functional coupling was indexed as “parietal-to-frontal”
inus “frontal-to-parietal” DTF values, namely anterior-

o-posterior DTFdiff values. Positive anterior-to-posterior
TFdiff values indicated a prevalence of parietal-to-frontal
ver frontal-to-parietal direction of the information flux.
imilarly, inter-hemispheric directional flow of information
f EEG functional coupling was indexed as “right-to-
eft” minus “left-to-right” direction of the DTF values;
amely, inter-hemispheric DTFdiff values. Positive inter-
emispheric DTFdiff values indicated the predominance
f “right-to-left” over “left-to-right” direction of the DTF
alues.

The fact that the DTF analysis was done on the difference
etween the two reciprocal DTF directions should require a
areful interpretation of the results. A zero value of such a
ifference meant equivalence of the two opposite DTF direc-
ions within the period of EEG data acquisition; namely, that
he DTF directions were equally strong or equally weak or
oth equal to zero in the EEG period taken into account.
f note, the DTF solutions do not depend on the effects of
lectrode reference and head volume conduction, when elec-
rodes are distributed over the whole scalp (Kaminski and
linowska, 1991; Korzeniewska et al., 1997; Kaminski et al.,
997).

3

E

ig. 1. Grand average of the transformed EEG spectral power density values compu
F3, Fz, F4, C3, Cz, C4, P3, Pz and P4) and for all frequency bands considered (de
f Aging 30 (2009) 93–102

.6. Statistical analysis of DTFdiff values

Kolmogorov–Smirnov test showed that the DTFdiff val-
es fitted Gaussian distribution, so that ANOVA was used
or the statistical analysis. The Mauchley test evaluated
he sphericity assumption and correction of the degrees
f freedom was carried out using the Greenhouse-Geisser
rocedure. Age, gender, education, and IAF were used as
ovariates. The Duncan test was used for post hoc compar-
sons (p < 0.05).

The ANOVA of the anterior-to-posterior DTFdiff values
ncluded the factors group (AD, amnesic MCI and Nold;
ndependent variable), band (delta, theta, alpha 1, alpha 2,
eta 1, beta 2, gamma), and electrode pair (F3–P3, Fz–Pz,
nd F4–P4). In the ANOVA of the inter-hemispheric DTFd-
ff values, the factor electrode pair comprised the electrode
airs F3–F4, C3–C4 and P3–P4.

. Results
.1. EEG power density spectrum

Fig. 1 illustrates the grand average of the transformed
EG spectral power density values computed in the Nold,

ted in the Nold, amnesic MCI, and AD subjects for the electrodes of interest
lta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma).
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mnesic MCI, and AD subjects for the electrodes of interest
F3, Fz, F4, C3, Cz, C4, P3, Pz and P4) and for all frequency
ands considered (delta, theta, alpha 1, alpha 2, beta 1, beta
, gamma). Nold subjects showed maximum power density
alues at alpha 1 band in the posterior regions; minimum val-
es of EEG power density were detected at high frequency
ands (beta and gamma). Compared to Nold subjects, AD
ubjects were characterized by lower power density values
t alpha 1 and by higher power density values at delta. The
mnesic MCI subjects presented intermediate values of alpha
power density.
ANOVA of the transformed EEG spectral power density

alues showed a significant interaction (F(96, 9888) = 2.08;
< 0.00001) among the factors group (AD, amnesic MCI,
old; independent variable), band (delta, theta, alpha 1, alpha
, beta 1, beta 2, gamma), and electrode (F3, Fz, F4, C3, Cz,
4, P3, Pz, P4). Duncan post hoc testing indicated that the

ransformed EEG power density spectra matched the pattern
old > MCI > AD at alpha 1 band (P3, P4, Pz; p < 0.002 to
< 0.0000001) and the pattern AD > MCI at delta and theta
ands (P3, P4, Pz; p < 0.01 to p < 0.000001). These results
isclosed the expected “slowing” of resting EEG rhythms in
he AD and MCI patients.
ANOVA of the transformed EEG spectral power density
alues showed a significant interaction (F(96, 9888) = 2.08;
< 0.00001) among the factors group (AD, amnesic MCI,
old; independent variable), band (delta, theta, alpha 1, alpha

e

D
(

ig. 2. Means of anterior–posterior DTFdiff values computed in the Nold, amnesic
, beta 1, beta 2, gamma). These means were obtained averaging the anterior–poste
rder to represent a two-way ANOVA interaction (F(12, 1218) = 3.49; p < 0.00001)
delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma).
f Aging 30 (2009) 93–102 97

, beta 1, beta 2, gamma), and electrode (F3, Fz, F4, C3, Cz,
4, P3, Pz, P4). Duncan post hoc testing indicated that the

ransformed EEG power density spectra matched the pattern
old > MCI > AD at alpha 1 band (P3, P4, Pz; p < 0.002 to
< 0.0000001) and the pattern AD > MCI at delta and theta
ands (P3, P4, Pz; p < 0.01 to p < 0.000001). These results
isclosed the expected “slowing” of resting EEG rhythms in
he AD and MCI patients.

.2. DTF

The Nold subjects showed wide positive anterior–
osterior DTFdiff values (parietal-to-frontal DTF values
revailing over frontal-to-parietal values), which were maxi-
um in magnitude at alpha 1 for all electrode pairs of interest

F3–P3, Fz–Pz, F4–P4). Compared to Nold subjects, AD
atients were characterized by a decrease of these DTFdiff
alues. MCI subjects presented a DTF trend similar to that of
he AD, except for alpha 1, alpha 2, and beta 1 in which they
howed intermediate values of anterior-to-posterior DTFdiff
alues, when compared to those of Nold and AD. In contrast
o the anterior-to-posterior, inter-hemispheric DTFdiff val-
es had similar magnitude values in the three groups, for all

lectrode pairs of interest (F3–F4, C3–C4, P3–P4).

Statistical ANOVA analysis of the anterior-to-posterior
TFdiff values showed a two-way ANOVA interaction

F(12, 1218) = 3.49; p < 0.00001) between the factors group

MCI, and AD for all frequency bands of interest (delta, theta, alpha 1, alpha
rior DTFdiff values of the three electrode pairs (F3–P3, Fz–Pz, F4–P4), in
between the factors group (AD, amnesic MCI, Nold) and Frequency band
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ig. 3. Means of inter-hemispheric DTFdiff values computed in the Nold, a
, alpha 2, beta 1, beta 2, gamma). Means were obtained averaging the int
rovide data to be compared to those illustrated.

AD, amnesic MCI, Nold) and Frequency band (delta,
heta, alpha 1, alpha 2, beta 1, beta 2, gamma). Duncan
ost hoc testing showed that the anterior–posterior DTFd-
ff values matched the patterns Nold > MCI > AD (beta 1:
< 0.05 to p < 0.000001), Nold > AD (theta: p < 0.01; alpha
: p < 0.000005; alpha 2: p < 0.000005; beta 2: p < 0.05), and
old > MCI (theta: p < 0.01; alpha 1: p < 0.00001; alpha 2:
< 0.00001). Fig. 2 shows the mean anterior-to-posterior
TFdiff values computed in the Nold, amnesic MCI, and AD

ubjects, for all frequency bands of interest (delta, theta, alpha
, alpha 2, beta 1, beta 2, gamma), obtained by averaging
he anterior-to-posterior DTFdiff values of the three elec-
rode pairs (F3–P3, Fz–Pz, F4–P4). These values represent
he above-mentioned two-way ANOVA interaction.

Statistical ANOVA analysis of the inter-hemispheric
TFdiff values showed no statistically significant effect

ncluding the factor group (AD, amnesic MCI, Nold). Fig. 3
eports the mean inter-hemispheric DTFdiff values computed
n the Nold, amnesic MCI, and AD subjects at all frequency
ands of interest (delta, theta, alpha 1, alpha 2, beta 1, beta 2,
amma), obtained by averaging the inter-hemispheric DTFd-
ff values of the three electrode pairs (F3–F4, C3–C4, P3–P4).

. Control analysis

It may be argued that the above DTF results were affected
y different signal-to-noise ratio of resting EEG data in

rontal as compared to parietal regions (see Nolte et al.,
004). To address this issue, EEG data were mathemat-
cally generated to fit uncorrelated noise (256 frequency
ampling; 60 segments of EEG signals lasting 2 s each; 19

M
I
d
p

MCI, and AD subjects at all frequency bands of interest (delta, theta, alpha
ispheric DTFdiff values of the electrode pairs (F3–F4, C3–C4, P3–P4), to

irtual “electrodes” named according to 10–20 system nota-
ion). Of note, we induced EEG power density ten times
igher at the 3 parietal “electrodes” P3, Pz, P4 then at the
emaining 16 “electrodes” (Fig. 4A). In line with the main
TF study, the DTF was computed taking into account

he simulated EEG data of all 19 virtual “electrodes”. Fur-
hermore, the directional information flow of the simulated
EG data was indexed subtracting “parietal-to-frontal” to
frontal-to-parietal” DTF values (F3–P3, Fz–Pz, F4–P4), in
rder to obtain anterior–posterior DTFdiff values. As men-
ioned above (see Section 2), positive DTFdiff values point
o a prevalence of parietal-to-frontal over frontal-to-parietal
irection of EEG functional coupling. The results of this con-
rol analysis showed DTFdiff values very close to zero, thus
ndicating no preponderant parietal-to-frontal directionality
Fig. 4B). This was true despite the high power density of the
imulated EEG data at the parietal virtual “electrodes” (P3,
z, P4). It was concluded that DTF values are insensitive to
ncorrelated noise with different power density.

. Discussion

In the present study, we tested the hypothesis that direc-
ional flow within EEG functional coupling leads support to
he idea that amnesic MCI is a pre-clinical condition for AD at
roup level. Results showed that the parietal-to-frontal EEG
unctional coupling was stronger in Nold than in amnesic
CI and/or AD subjects, at theta, alpha, and beta rhythms.
n contrast, inter-hemispheric EEG information flux did not
iscriminate among the three groups. These results extend
revious evidence of EEG synchronization likelihood show-
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Fig. 4. (A) Spectral power density of mathematically generated EEG signals (2 min; 256 Hz sampling frequency) at nine virtual “electrodes” of interest F3,
Fz, F4, C3, Cz, C4, P3, Pz, P4 for delta, theta, alpha 1, alpha 2, beta 1, beta 2, and gamma bands. The simulated EEG data fitted uncorrelated noise. Of note,
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EG power density was ten times higher at three parietal “electrodes” (P3, P
alues computed from the simulated EEG data at F3–P3, Fz–Pz, and F4–P4
amma). These values are very close to zero (no preponderant direction) an

ng that fronto-parietal rather than inter-hemispheric EEG
unctional coupling is impaired in mild AD when compared
o Nold, amnesic MCI, and vascular dementia (Babiloni et
l., 2004a, 2006a). Furthermore, the present results agree with
revious findings showing that global functional coupling of
lpha rhythms is lower in AD patients with respect to amnesic
CI and/or Nold subjects (Stam et al., 2003; Pijnenburg et

l., 2004). Finally, they complement previous MEG findings
isclosing poor alpha functional coupling in AD (Stam et al.,
003).
The results of the present study raise at least two questions:
What is the physiological meaning of the parietal-to-frontal
irectional flux within the alpha and beta functional cou-
ling?” and “What is the heuristic value of the above

1
p
(
K

hen at the remaining “electrodes”. (B) Mean of the frontal–parietal DTFdiff
requency bands of interest (delta, theta, alpha 1, alpha 2, beta 1, beta 2, and
e directly compared to the corresponding DTFdiff values of Fig. 3.

esults in the study of pathological aging?” Delta (about
–4 Hz) and theta (4–8 Hz) characterize slow-wave sleep
nd mainly reflect thalamo-cortical interactions (Steriade,
003). In awakening individuals, theta rhythms character-
ze hippocampal/parahippocampal–cortical interactions for
ocused attention, working memory, and encoding processes
Klimesch, 1999). Furthermore, alpha (about 8–12 Hz) and
eta (>12 Hz) would be mainly related to attention and
ccess to semantic memory (Rossini et al., 1991; Steriade
nd Llinas, 1988; Klimesch, 1996; Klimesch et al., 1997,

998), reflecting the engagement of forebrain cholinergic
athways, thalamo-cortical, and cortico-cortical connectivity
Pfurtscheller and Lopez da Silva, 1999; Ricceri et al., 2004).
eeping these considerations in mind, parietal-to-frontal
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irectional flow within theta, alpha, and beta functional
oupling might reflect an effective integration among rep-
esentations of external stimuli and cognitive representations
ithin frontal-to-parietal and hippocampal/parahippocampal
etworks. Such connectivity might be defective in both
mnesic MCI and AD conditions, in which there would be
ot only the loss of long distance axons but also the impair-
ent of (cholinergic) basal forebrain projections to cortex

nd hippocampus (Kleiner and Bringmann, 1996; Mesulam,
004). This explanation is in accordance with the important
ole of the cholinergic systems in attention (Cheal, 1981;
roks et al., 1988; Callahan et al., 1993) and with the disrup-

ive effects of cholinergic antagonists (e.g. scopolamine) on
EG functional coupling (Breakspear, 2002; Friston, 2000a,
000b, 2000c; Rodriguez et al., 1999).

The present results extend previous DTF evidence
Kaminski and Blinowska, 1991; Korzeniewska et al., 1997;
aminski et al., 1997; Mima et al., 2000; Babiloni et

l., 2004c, 2006b) showing that intrinsic parietal-to-frontal
unctional connectivity would characterize the awake rest
nd pre-sleep period (Huang et al., 2000; Hughes et al.,
982). It can be speculated that the preponderant parietal-
o-frontal over frontal-to-parietal EEG functional coupling
ould reflect a back-ground flux of sensory signals from
arietal to frontal areas. This parietal-to-frontal flux might
e actively regulated by a re-entrant (possibly inhibitory)
rontal-to-parietal flux of signals. The strength of that re-
ntrant flux would increase in the case of enhanced cognitive
emands (Babiloni et al., 2004c, 2006b) or in the case
f abnormal functional connectivity associated with AD
rocess. Furthermore, the present results indicate that inter-
emispheric directional flux within EEG functional coupling
s much less able than the frontal-to-parietal one to differ-
ntiate amnesic MCI from normal and mild AD subjects,
n accordance with the functional effects of corpus callo-
um atrophy (Montplaisir et al., 1990; Yamauchi et al., 1993;
inkofsky et al., 1997; Teipel et al., 1999; Knyazeva and
nnocenti, 2001; Pogarell et al., 2005) and with the reduc-
ion of the inter-hemispheric functional coupling at slow EEG
hythms in physiological and pathological aging (Wada et al.,
998b; Kikuchi et al., 2000; Adler et al., 2003). That specu-
ation is in line with the idea that integration of information
rocessed in cerebral cortex might depend on the formation
nd dissolution of synchronized neuron assemblies charac-
erized by various frequency bands and different directions
f information flow (Engel and Singer, 2001; Singer, 2001;
arnthein et al., 1998).

. Conclusions

It has been shown previously that frontal-to-parietal direc-

ion of information flux within EEG functional coupling is
n intrinsic feature of cerebral connectivity (Babiloni et al.,
004a, 2004c, 2006a, 2006b). Here we tested whether that
irection of information flux is abnormal in pathological

B

f Aging 30 (2009) 93–102

ging conditions such as amnesic MCI and AD, in line with
he hypothesis that amnesic MCI is a pre-clinical stage of
D at the group level. Results showed that parietal-to-frontal
irection of the information flux within EEG functional cou-
ling was stronger in Nold than in amnesic MCI and/or AD
ubjects, principally at alpha and beta rhythms. In contrast,
he directional flow within inter-hemispheric EEG func-
ional coupling did not discriminate among the three groups.
hese results suggest that directional information flux within
EG frontal-to-parietal coupling is quite sensitive to the pre-
linical stage of the AD at the group level. Future studies
hould evaluate the extent to which that abnormal linear
directionality” of cortical functional coupling, as suggested
y DTF results, reflects changes of underlying thalamic
hythmic generators. They should also evaluate non-linear
omponents of such a “directionality” (Jeong, 2004; Nolte et
l., 2004; Pereda et al., 2005).
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