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Abstract. Patients suffering from prodromal (i.e., amnestic mild cognitive impairment, aMCI) and overt Alzheimer’s disease
(AD) show abnormal cortical sources of resting state electroencephalographic (EEG) rhythms. Here we tested the hypothesis that
these sources show extensive abnormalities in liver cirrhosis (LC) patients with a cognitive impairment due to covert and diffuse
hepatic encephalopathy (CHE). EEG activity was recorded in 64 LC (including 21 CHE), 21 aMCI, 21 AD, and 21 cognitively
intact (Nold) subjects. EEG rhythms of interest were delta (2–4 Hz), theta (4–8 Hz), alpha 1 (8–10.5 Hz), alpha 2 (10.5–13 Hz),
beta 1 (13–20 Hz), and beta 2 (20–30 Hz). EEG cortical sources were estimated by LORETA. Widespread sources of theta (all
but frontal), alpha 1 (all but occipital), and alpha 2 (parietal, temporal) rhythms were higher in amplitude in all LC patients than
in the Nold subjects. In these LC patients, the activity of central, parietal, and temporal theta sources correlated negatively, and
parietal and temporal alpha 2 sources correlated positively with an index of global cognitive status. Finally, widespread theta
(all but frontal) and alpha 1 (all but occipital) sources showed higher activity in the sub-group of LC patients with CHE than in
the patients with aMCI or AD. These results unveiled the larger spatial-frequency abnormalities of the resting state EEG sources
in the CHE compared to the AD condition.
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INTRODUCTION

Hepatic encephalopathy (HE) is a brain dysfunction
caused by liver insufficiency and/or portal-systemic
shunting. HE produces a wide spectrum of nonspecific
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neurological and psychiatric manifestations [1]. In
its subclinical phase (i.e., no clinically-overt cog-
nitive dysfunction), HE causes a kind of minimal
cognitive impairment concerning attention, working
memory, psychomotor speed, and visuo-spatial ability
detectable by neuropsychological or psychophysical
tests, as well as neurophysiological alterations [2]. This
condition is called minimal HE (MHE) [3–5]. Approx-
imately 30–80% of patients with cirrhosis may show
MHE [2, 6]. MHE is associated with poor quality of
life and a high risk of traffic violations and accidents [7,
8]. It is also associated with an increased progression
to overt HE (i.e., from confusion to coma).

The severity of HE is graded with the well-known
West Haven Criteria; this scale is based on the level of
impairment of autonomy, changes in consciousness,
intellectual function, behavior, and the dependence on
therapy [6]. The West Haven Criteria span from grade
1 (i.e., a poorly reproducible stage of HE in which an
observer can detect some patient’s negligible symp-
toms, such as trivial lack of awareness, euphoria or
anxiety, shortened attention span, and impaired per-
formance of addition or subtraction) to grade 4 (i.e.,
coma as unresponsive to verbal or noxious stimuli) on
the basis of a structured clinical evaluation and use of
standardized items (e.g., Does the patient know which
month it is? Does the patient know the day of the week?
Can the patient count backward from 10 to 1 without
making mistakes or stopping?, etc.). Recently, the term
‘covert HE’ (CHE) was coined, pooling MHE with
West Haven grade I HE [9]. The concept of CHE is
more and more used in the literature [10], and we will
use it to name these patients in the following.

Several studies have shown that spectral analysis of
electroencephalographic (EEG) rhythms in awake sub-
jects at rest (eyes closed) is a low-cost, easy to perform,
and widely available neurophysiological approach for
the study of HE [8, 11–20]. Indeed, resting state EEG
markers are virtually not affected by anxiety for perfor-
mance, emotional variables, skillfulness, and subjects’
social compliance. Furthermore, recording of the rest-
ing state EEG rhythms can be repeated countless times
in the follow up of patients with liver cirrhosis (LC) to
monitor for CHE without the learning effects or the
need of cooperation which plague psychometric test-
ing. Finally, resting state EEG rhythms seem to provide
(at least at group level) useful markers/end points to
evaluate disease progression in subjects with HE.

Previous studies have shown that spectral analysis
of resting state EEG rhythms allows a classification
of HE subjects in line with clinical severity of the
disease [13, 15]. It also allows the detection of CHE

[12, 14, 21] and some prediction of the progression
to overt HE and liver-related death, at least in patients
with advanced liver disease [8]. In particular, mean
dominant EEG frequency was significantly “slower” in
HE patients compared to healthy controls [18, 20]. In
addition, theta (4–8 Hz) and alpha (8–12 Hz) rhythms
showed different magnitude in individuals with even
CHE compared to healthy controls [18, 19, 22]. Such
changes were associated to a remarkable topographi-
cal anteriorization of the maximum power density at
theta and alpha rhythms from the occipital toward the
parietal and central derivations, thus resembling some
neural correlates of drowsiness preceding sleep onset
[23–26]. In CHE patients, the anteriorization of the
dominant theta or alpha rhythms has also been quan-
tified by analytical techniques such as spatiotemporal
decomposition, which separated the main components
of the EEG and defined their distribution across the
scalp [27]. Finally, EEG power density was found to
be correlated to psychometric hepatic findings [22, 28].
These findings complement preceding evidence show-
ing that, at group level, cortical sources of resting state
eyes-closed cortical EEG rhythms present topographi-
cal and frequency differences in healthy normal elderly
subjects (Nold) and patients with cognitive impairment
[29–32]. When compared to Nold subjects, subjects
with amnestic mild cognitive impairment (aMCI; a sort
of prodromal AD condition) showed a power density
decrease of posterior alpha sources [29–32], whereas
AD subjects were characterized by a power density
increase of topographically widespread delta and theta
sources and a power decrease of posterior alpha sources
[29, 33, 34]. In addition, posterior alpha sources had
lower power density in AD than in cerebrovascular
dementia (CVD) and in Parkinson disease with demen-
tia (PDD), whereas topographically widespread theta
rhythms were higher in power density in CVD and
PDD than AD subjects [29, 35].

In the present study, we tested the hypothesis of
peculiar abnormalities in the spatial distribution and
in the frequency bands of the cortical sources of
resting state EEG rhythms in patients with CHE when
compared to patients with possible prodromal or overt
AD. As a novelty, the present study used a validated
procedure for the estimation of these cortical sources
(i.e., low resolution brain electromagnetic tomography
(LORETA)) to directly compare the results obtained
in CHE and AD populations. It is expected that both
CHE and AD pathologies reflect peculiar abnormal-
ities in the abnormal fluctuation of cortical arousal,
which are expected to be reflected by resting state
EEG rhythms. The EEG features able to capture these
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peculiar abnormalities would be candidate markers
to enlighten the neurophysiological mechanisms of
action of the drugs for the two pathologies. This is
a promising perspective for the development of new
drugs and therapy monitoring in AD and CHE patients.
Indeed, the present EEG methodological approach has
a sufficient spatial and frequency resolution to unveil
narrower EEG abnormalities in spatial and frequency
domain in AD than in CHE patients. This prediction
is based on the notion that at earlier stages of the
clinical disease, MCI and AD patients show neu-
rodegenerative processes circumscribed in few brain
regions such as hippocampus, enthorinal paleocortex,
and posterior neocortex [36]. On the other hand,
CHE patients are characterized by effects of blood
neurotoxins on widespread brain regions spanning
several sub-cortical and cortical structures [37].

The main novelty of the present study is that for the
first time the same EEG methodological approach was
used in two matched populations with similar cogni-
tive deficits but quite different neuropathologies such
as AD and CHE. This is the first exploratory compar-
ison of the spatial-frequency patterns of the cortical
sources of resting state cortical EEG rhythms in these
two pathological conditions affecting human cogni-
tion, beyond the same or similar outcome at mere
behavioral/cognitive level.

METHODS

Subjects

We enrolled 64 (28% of females) patients with liver
cirrhosis (LC) and 64 (33% of females) cognitively
intact age-matched elderly (Nold) subjects as a con-
trol group. The mean subjects’ age was 58.2 (±0.9
standard error, SE) years in the LC patients, and 59.5
(±0.8 SE) years in the Nold subjects. Despite age and
gender being comparable (p > 0.05), they were used
as covariates in the subsequent statistical analysis, to
adjust for the slight trend for an excess of women in
Nold subjects.

Out of the 64 LC patients, 21 (33% of females;
61.1 ± 2.1 years) were recognized to have CHE on the
basis of abnormalities revealed by the psychometric
evaluation and/or signs of grade 1 HE on a struc-
tured clinical examination performed by a clinician
with international experience in HE studies (S.M.).
This procedure reflected our daily clinical routine in the
framework of an exploratory investigation. To study the
peculiar cortical sources of resting state EEG rhythms
of the CHE sub-group, we selected the following

age- and gender-matched control populations: 21 (33%
of females; 61.2 ± 0.8 years) Nold subjects, 21 (33% of
females; 63.4 ± 1.2 years) aMCI subjects, and 21 (33%
of females; 62.6 ± 1.7 years) AD patients. Analysis
of variance (ANOVA) using the factor Group (CHE,
Nold, aMCI, AD) for age confirmed the match good-
ness (p > 0.5). Local institutional ethics committees
approved the study. All experiments were performed
with the informed and overt consent of each partici-
pant or caregiver, in line with the Code of Ethics of the
World Medical Association (Declaration of Helsinki)
and the standards established by the authors’ institu-
tional review board.

Diagnostic criteria

The inclusion diagnostic criteria to enroll LC
patients were the following: (i) the presence of hep-
atic stigmata on routine clinical examination, together
with biochemical indices of decompensated liver dis-
ease (i.e., low serum albumin, high bilirubin, prolonged
prothrombin time, low platelet count); (ii) endo-
scopic or ultrasound signs of portal hypertension,
or a history of previous decompensation (ascites,
jaundice, bleeding from esophageal varices); (iii)
mental or motor disorders including subtle cognitive
changes/confusion, deep altered levels of cognitive
functioning/consciousness, irritability, tremor, diffi-
culties with coordination.

Exclusion criteria included patients with past dis-
orders that could have negative effects on cerebral
functioning such as heart failure, endocrinological
diseases, respiratory or renal insufficiency, neuropsy-
chiatric diseases, cerebrovascular diseases, dementia,
or epilepsy or those who were taking psychotropic
drugs. In this regard, it should be remarked that brain
imaging (i.e., magnetic resonance imaging, MRI) was
not routinely performed, as it is not required for the
diagnosis of HE. MRI was used in a minority of the
cases when the CHE patients’ history and medical
documentation suggested that the cognitive decline
might be due to not only LC but also to other co-
morbidities. In the majority of the cases, the patients’
history and medical documentation were directly used
to exclude other causes of cognitive decline (note that
all enrolled LC patients have received long-term fol-
low ups to exclude major comorbidities). Furthermore,
all LC patients underwent EEG recordings to exclude
signs of local brain suffer and epilepsy.

The LC patients underwent psychometric evaluation
by the porto-hepatic encephalopathy score (PHES),
comprising the following procedures: the Trial
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Table 1
Mean value (±standard error) of psychometric data in patients with
liver cirrhosis (LC) and LC patients with covert hepatic encephalopa-
thy (CHE). The following psychometric tests were considered: Trial
Making Test A and Test B, the Symbol Digit Test, the Serial Dotting
Test, and the Line Trait Test. The mean Z psychometric score of the
above mentioned tests is also reported as a synthetic psychometric

index

Psychometric tests LC Unimpaired LC CHE

Trail making test part A (s) 50.1 (±3.1) 67.6 (±5.9)
Trail making test part B (s) 150.5 (±14.1) 228 (±31.4)
Symbol digit test items/90 (s) 28.6 (±1.3) 20.7 (±1.6)
Serial dotting test (s) 65.4 (±4.3) 82.1 (±8.1)
Line trait test-time (s) 90.7 (±4.9) 115.2 (±9.2)
Line trait test-errors (errors) 13.9 (±2.6) 20.8 (±6)
Mean Z-score of all the

psychometric tests
−0.31 (±0.1) −1.2 (±0.3)

Table 2
Brodmann areas included in the cortical regions of interest (ROIs)
of the present study. LORETA solutions were collapsed in frontal,

central, parietal, occipital, temporal, and limbic ROIs

LORETA Brodmann Areas into the Regions of Interest

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

Making Test A and B, the Digit Symbol test, the Serial
Dotting, and the Line Trait Test [38, 39]. For each
test, age and education- adjusted Z score was cal-
culated. The PHES is the sum of the integer scores
of each test computed from the adjusted Z values
as follows: score = −3 for Z ≤ −3, score = −2 for
−3 < Z ≤ −2, score = −1 for −2 < Z ≤ −1, score = 0
for −1 < Z < 1, score = 1 for Z > 1. CHE was diagnosed
as follows: 1) existence of hepatic cirrhosis, 2) ori-
entation for time and space, 3) alteration of PHES
(≤ −4), standardized for the national population [40],
4) exclusion of concurrent disorders that could have
negative effects on cerebral functioning (heart failure
–NYHA ≥ 2-, endocrinological diseases (in particu-
lar, hypothyroidism), respiratory or renal insufficiency,
neuropsychiatric diseases, cerebrovascular diseases,
dementia, epilepsy, or consumption of psychotropic
drugs.

In addition, the mean Z psychometric score (MZPS)
of the above mentioned tests was evaluated as a syn-
thetic psychometric index of global cognitive status
both for simplicity and to reduce bias due to multi-
ple comparison [40]. Psychometric data for unimpaired
LC and CHE patients are summarized in Table 1.

Inclusion and exclusion criteria for aMCI subjects
were based on previous seminal reports [41, 42].

Summarizing, the inclusion criteria were as follows:
(i) objective memory impairment on neuropsycho-
logical evaluation probing cognitive performance in
the domains of memory, language, executive func-
tion/attention, etc.; (ii) normal activities of daily living
as documented by the history and evidence of indepen-
dent living; and (iii) clinical dementia rating (CDR;
[43]) score of 0.5. The exclusion criteria included:
(i) mild dementia of the AD type, as diagnosed by
standard protocols including NINCDS-ADRDA [44]
and DSM-IV; (ii) evidence (including MRI proce-
dures) of concomitant cerebral impairment such as
frontotemporal degeneration, cerebrovascular disease
as indicated by Hatchinski ischemic score [45], MRI
vascular lesions, and reversible cognitive impairment
(including depressive pseudo-dementia); (iii) marked
fluctuations in cognitive performance compatible with
Lewy body dementia and/or features of mixed cog-
nitive impairment including cerebrovascular disease;
(iv) evidence of concomitant extra-pyramidal symp-
toms; (v) clinical and indirect evidence of depression as
revealed by the Geriatric Depression Scale (GDS; [46])
scores >14; (vi) other psychiatric diseases, epilepsy,
drug addiction, alcohol dependence (as revealed by a
psychiatric interview) and use of psychoactive drugs
including acetylcholinesterase inhibitors or other drugs
enhancing brain cognitive functions; and (vii) current
or previous uncontrolled or complicated systemic dis-
eases (including diabetes mellitus) or traumatic brain
injuries.

Probable AD was diagnosed according to NINCDS-
ADRDA [40] and DSM IV criteria. The recruited
AD patients underwent general medical, neurologi-
cal, neuropsychological, and psychiatric assessments.
Patients were rated with a number of standardized
diagnostic and severity instruments that included
Mini Mental State Evaluation (MMSE, [47]), CDR
[43], GDS [46], Hachinski Ischemic Score [45], and
Instrumental Activities of Daily Living scale [48].
Neuroimaging diagnostic procedures (MRI) and com-
plete laboratory analyses were carried out to exclude
other causes of progressive or reversible dementias,
in order to have a clinically homogenous mild AD
group. Exclusion criteria included any evidence of
(i) frontotemporal dementia, (ii) vascular dementia,
diagnosed according to NINDS-AIREN criteria [49],
(iii) extra-pyramidal syndromes, (iv) reversible demen-
tias (including pseudodementia of depression); and
(v) Lewy body dementia, according to the criteria by
McKeith [50].

Finally, the Nold subjects were recruited mostly
from non-consanguineous relatives of AD patients. All
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Nold subjects underwent physical and neurological
examinations as well as cognitive screening (including
MMSE). Among them, those affected by chronic sys-
temic illnesses (i.e., diabetes mellitus or organ failure)
were excluded, as were subjects receiving psychoac-
tive drugs. The Nold subjects with history of present or
previous neurological or psychiatric disease were also
excluded. All Nold subjects had a GDS score lower
than 14 (no depression).

EEG recordings

EEG data were recorded by specialized clinical units
in the recruited subjects at resting state (eyes-closed).
The EEG recordings were performed (0.3–70 Hz band-
pass) from 19 electrodes positioned according to the
International 10–20 System (i.e., Fp1, Fp2, F7, F3, Fz,
F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1,
O2). A specific reference electrode was not imposed
to the recording clinical units of this study, since pre-
liminary data inspection and EEG source analysis were
carried out after EEG data were re-referenced to a com-
mon average reference. To monitor eye movements, the
horizontal and vertical electrooculogram (0.3–70 Hz
bandpass) was also collected. All data were digitized
in continuous recording mode (few minutes of EEG;
256 Hz sampling rate). The EEG recordings were per-
formed in the late morning. In order to keep constant
the level of vigilance, an experimenter controlled on-
line the subject and the EEG traces to avoid sleep
onset.

Preliminary EEG-EOG data analysis

The recorded EEG data were analyzed and seg-
mented off-line in consecutive epochs of 2 s. The
EEG epochs with ocular, muscular, and other types
of artifact were preliminary identified by a comput-
erized automatic procedure. The EEG epochs with
sporadic blinking artifacts (less than 10% of the total)
were corrected by an autoregressive method [51]. Two
independent experimenters (R.L. and F.V.) blind to
the diagnosis manually confirmed the EEG segments
accepted for further analysis. Of note, special attention
was devoted to avoid the inclusion of EEG segments
and individual data sets with EEG signs of drowsiness
or pre-sleep stages. Furthermore, the experimenters
were blind to the diagnosis of the subjects at the
moment of the preliminary EEG data analysis. Finally,
we re-referenced artifact free EEG data to common
average for further analysis.

Spectral analysis of the EEG data

A digital FFT-based power spectrum analysis
(Welch technique, Hanning windowing function, no
phase shift) computed power density of the EEG
rhythms with 0.5 Hz frequency resolution. The fol-
lowing standard band frequencies were studied: delta
(2–4 Hz), theta (4–8 Hz), alpha 1 (8–10.5 Hz), alpha
2 (10.5–13 Hz), beta 1 (13–20 Hz), and beta 2
(20–30 Hz). These band frequencies were chosen aver-
aging those used in previous relevant EEG studies on
dementia [29–32, 35, 52–71]. Sharing of a frequency
bin by two contiguous bands is a widely accepted
procedure [52, 54, 72–75]. Furthermore, this fits the
theoretical consideration that near EEG rhythms may
overlap at their frequency borders [29–32, 35, 57–71,
76–79].

Choice of the fixed EEG bands did not account for
individual alpha frequency (IAF) peak, defined as the
frequency associated with the strongest EEG power at
the extended alpha range [77]. The mean IAF peak was
8.8 ± 0.2 Hz for the LC patients and 9.2 ± 0.2 Hz for
the Nold subjects. Furthermore, the mean IAF peak
was 7.9 ± 0.3 Hz for the CHE patients, 9.7 ± 0.3 Hz
for the aMCI subjects, and 8.9 ± 0.4 Hz for the AD
subjects. To control the effect of IAF on the EEG com-
parisons, the IAF peak was used as a covariate (together
with age and gender) for further statistics.

Finally, the analysis of the delta band was restricted
to 2–4 Hz for homogeneity with previously quoted field
literature [29–32, 35, 57–71] and to avoid the resid-
ual effects of uncontrolled head movements, provoking
artifactual power enhancement at low frequency delta
band.

Cortical source analysis of the EEG rhythms by
LORETA

Low resolution electromagnetic source tomog-
raphy (LORETA) was used for the EEG source
analysis as provided at http://www.unizh.ch/keyinst/
NewLORETA/LORETA01.htm [80–82]. LORETA is
a functional imaging technique belonging to a family
of linear inverse solution procedures modeling 3D dis-
tributions of EEG sources [82]. With respect to the
dipole modeling of cortical sources, LORETA esti-
mation implies no a priori decision on the dipole
position. Furthermore, LORETA is quite efficient
when compared to other linear inverse algorithms like
minimum norm solution, weighted minimum norm
solution or weighted resolution optimization [81–84].
Finally, LORETA has been successfully used in recent

http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm
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Table 3
Statistical ANOVA comparison distinguishing LC and Nold groups

Central Frontal Parietal Occipital Temporal Limbic

Theta p < 0.00003 p < 0.00003 p < 0.00003 p < 0.00003 p < 0.00003
Alpha 1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
Alpha 2 p < 0.002 p < 0.002 p < 0.002

EEG studies on pathological brain aging [29–33, 35,
57–71].

LORETA computes 3D linear solutions (LORETA
solutions) for the EEG inverse problem within a 3-shell
spherical head model including scalp, skull, and brain
compartments. The brain compartment is restricted to
the cortical gray matter/hippocampus of a head model
co-registered to the Talairach probability brain atlas
and digitized at the Brain Imaging Center of the Mon-
treal Neurological Institute [85]. This compartment
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 state
EEG rhythms [29–32, 35, 57–71, 86–89]. LORETA
solutions consisted of voxel z-current density values
able to predict EEG spectral power density at scalp
electrodes, being a reference-free method of EEG anal-
ysis, 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 den-
sity averaged across all frequencies (0.5–45 Hz) and
across all 2394 voxels of the brain volume. After the
normalization, the solutions lost the original physi-
cal dimension and were represented by an arbitrary
unit scale. The general procedure fitted the LORETA
solutions in a Gaussian distribution and reduced inter-
subject variability [55].

Solutions of the EEG inverse problem are under-
determined and ill conditioned when the number of
spatial samples (electrodes) is lower than that of the
unknown samples (current density at each voxel).
To account for that, the cortical LORETA solutions
predicting scalp EEG spectral power density were reg-
ularized to estimate distributed rather than punctual
EEG source patterns [80–82]. In line with the low
spatial resolution of the adopted technique, home-
made MATLAB software averaged the amplitude of
LORETA solutions for all voxels belonging to each
macroregion of interest such as frontal, central, pari-
etal, occipital, temporal, and limbic. Each of these
macroregions of interest (ROIs) was constituted by all

the voxels of the Brodmann areas listed in Table 2. The
belonging of a LORETA voxel to a Brodmann area was
defined by original LORETA package.

Finally, the main advantage of the regional analysis
of LORETA solutions—using an explicit source model
coregistered into Talairach space—was that our mod-
eling could disentangle rhythms of contiguous cortical
areas (namely those from the occipital source were
disentangled with respect to those of the contiguous
parietal and temporal sources, etc.).

Statistical analyses

Results are expressed as mean ± standard error
(SE), unless otherwise indicated. To test the working
hypothesis, the following three statistical sessions were
performed.

The first session tested the hypothesis that corti-
cal (LORETA) sources of EEG rhythms differed in
amplitude between LC and Nold subjects. To this
aim, the regional normalized LORETA solutions from
LC (including subjects with and without cognitive
deficits) and Nold subjects were used as an input
for an ANOVA design using age, gender, and IAF
as covariates. Mauchley’s test evaluated the spheric-
ity assumption, and the correction of the degrees of
freedom was made by Greenhouse–Geisser procedure.
Duncan test was used for post-hoc test comparisons
(p < 0.05). The ANOVA used the factors Group (Nold,
LC; independent variable), Band (delta, theta, alpha
1, alpha 2, beta 1, beta 2), and ROI (central, frontal,
parietal, occipital, temporal, limbic). The working
hypothesis would be confirmed by the following two
statistical results: (i) a statistical ANOVA effect includ-
ing the factor Group (p < 0.05); (ii) a post-hoc test
indicating statistically significant differences of the
regional normalized LORETA solutions with the pat-
terns LC /= Nold (Duncan test, p < 0.05).

The second session tested the hypothesis that in LC
patients, the activity of cortical (LORETA) sources of
EEG rhythms was related to psychometric measures.
To this aim, we performed a correlation analysis (Pear-
son test, p < 0.01) between the amplitude of regional
normalized LORETA solutions and mean Z psychome-
tric score (MZPS) in LC patients. To reduce the amount
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of univariate comparisons, only the regional normal-
ized LORETA solutions fitting the pattern LC /= Nold
were considered for that correlation analysis.

The third session tested the hypothesis that corti-
cal (LORETA) sources of EEG rhythms differed in
amplitude activity in CHE patients with respect to
Nold, aMCI, and AD subjects. To this aim, the regional
normalized LORETA solutions from the CHE, Nold,
aMCI, and AD subjects were used as an input for
an ANOVA design using age, gender, and IAF as
covariates. The ANOVA used the factors Group (Nold,
aMCI, AD, CHE; independent variable), Band (delta,
theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (cen-
tral, frontal, parietal, occipital, temporal, limbic). The
working hypothesis would be confirmed by the fol-
lowing two statistical results: (i) a statistical ANOVA
effect including the factor Group (p < 0.05); (ii) a post-
hoc test indicating statistically significant differences
of the regional normalized LORETA solutions with
the patterns CHE /= Nold, aMCI, AD (Duncan test,
p < 0.05).

RESULTS

Topography of the EEG cortical sources estimated
in the LC and Nold groups

For illustrative purposes, Fig. 1 maps the grand aver-
age of the LORETA solutions (i.e., relative current
density at cortical voxels) modeling cortical sources of
delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms
in the Nold and LC groups. The Nold group presented
alpha 1 sources with the maximal values of power dis-
tributed in parietal and occipital regions. Delta, theta,
and alpha 2 sources had moderate activity amplitude

Fig. 1. Grand average of the LORETA solutions (i.e., normalized rel-
ative current density at the cortical voxels) modeling cortical sources
of delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms in the Nold
and LC subjects. The left side of the maps (top view) corresponds to
the left hemisphere. LORETA, low-resolution brain electromagnetic
tomography.

values when compared to alpha 1 sources. Further-
more, beta 1 and beta 2 sources were characterized
by lowest activity. Compared to the Nold group, the
LC group showed an activity increase of widespread
theta, alpha 1, and alpha 2 sources.

Statistical comparisons of the EEG cortical
sources estimated in the LC and Nold groups

The ANOVA for the evaluation of the first work-
ing hypothesis (i.e., amplitude difference of cortical
LORETA sources of EEG rhythms between the LC and
Nold groups) showed a statistically significant interac-
tion (F(25,3150) = 4.48; p < 0.0001) among the factors
Group (Nold, LC), Band (delta, theta, alpha 1, alpha
2, beta 1, and beta 2), and ROI (central, frontal, pari-
etal, occipital, temporal, limbic). Figure 2 shows the
mean regional normalized LORETA solutions relative
to this statistical ANOVA interaction. In the figure,
the regional normalized LORETA solutions had the
shape of EEG relative power spectra. Notably, profile
and magnitude of these spectra in the Nold and LC
groups differed across diverse cortical macro-regions,
thus supporting the idea that scalp EEG rhythms are
generated by a distributed pattern of cortical sources.
The Duncan planned post-hoc testing (Table 3) showed
that the source pattern LC /= Nold was fitted by theta
(central, parietal, occipital, temporal, and limbic areas;
p < 0.00003), alpha 1 (central, frontal, parietal, tempo-
ral, and limbic areas; p < 0.001), and alpha 2 (central,
parietal, and temporal areas; p < 0.002) sources, where
the amplitude of LORETA sources was stronger in the
LC compared to the Nold subjects.

To explore the relationship between the cortical
EEG rhythms and subjects’ global cognitive func-
tions, the normalized regional LORETA sources were
used as an input for the correlation with the MZPS
in all LC subjects (Pearson test, p < 0.01). The MZPS
showed a statistically significant negative correlation
with central (r = −0.32, p = 0.008), parietal (r = −0.45,
p = 0.0002), and temporal (r = −0.45, p = 0.0002) theta
sources. Furthermore, the MZPS showed a statistically
significant positive correlation with parietal (r = 0.34,
p = 0.005) and temporal alpha 2 (r = 0.33, p = 0.009)
sources. Figure 3 shows the scatterplots of these sta-
tistically significant correlations.

Topography of the EEG cortical sources estimated
in the CHE compared to the control groups

For illustrative purposes, Fig. 4 maps the grand aver-
age of the LORETA solutions (i.e., relative current



714 C. Babiloni et al. / EEG, Hepatic Encephalopathy, and Alzheimer’s Disease

Fig. 2. Regional normalized LORETA solutions (mean across subjects) relative to a statistical ANOVA interaction among the factors Group
(Nold, LC), Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2), and Region of interest (central, frontal, parietal, occipital, temporal, limbic).
This ANOVA design used the regional normalized LORETA solutions as a dependent variable. Subjects’ age, gender and individual alpha
frequency peak 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. The rectangles indicate the cortical regions and
frequency bands in which LORETA solutions presented statistically significant LORETA patterns LC /= Nold (p < 0.05). Nold, normal elderly
subjects; LC, liver cirrhosis; LORETA, low resolution brain electromagnetic source topography.

density at cortical voxels) modeling cortical sources of
delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms
in the Nold, aMCI, AD, and CHE groups. Compared
to the Nold group, the AD group showed an increase of
widespread delta sources, along with a dramatic reduc-
tion of parieto-occipital alpha 1 sources. With respect
to the Nold and AD groups, the aMCI group showed
intermediate magnitude of alpha 1 sources. Finally, the
CHE group was characterized by an amplitude increase
of widespread theta and centro-parietal alpha 1 sources
compared to the Nold, MCI and AD groups.

Statistical comparisons of the EEG cortical
sources estimated in the CHE compared to the
control groups

An ANOVA compared the cortical sources of EEG
rhythms in the Nold (specifically the sub-group of Nold
subjects matched to pathological groups), aMCI, AD,
and CHE groups. Results showed a statistically sig-
nificant interaction (F(75,2) = 4.68; p < 0.0001) among
the factors Group (Nold, aMCI, AD, CHE), Band

(delta, theta, alpha 1, alpha 2, beta 1, and beta 2),
and ROI (central, frontal, parietal, occipital, temporal,
limbic). Figure 5 shows the mean regional normal-
ized LORETA solutions relative to this statistical
ANOVA interaction. The Duncan planned post-hoc
testing showed that the source pattern of interest
CHE /= Nold, aMCI, and AD was fitted by theta (cen-
tral, parietal, occipital, temporal, and limbic areas;
p < 0.002) and alpha 1 (central, frontal, parietal, tempo-
ral, and limbic; p < 0.02) sources, where the amplitude
of LORETA sources was stronger in the CHE group
than in the Nold, aMCI, and AD groups. Noteworthy,
the power of the theta sources did not differ among the
Nold, aMCI, and AD groups (p > 0.05).

Control analysis of EEG functional coupling

As previously mentioned, theta (central, parietal,
occipital, temporal, and limbic areas), alpha 1 (central,
frontal, parietal, temporal, and limbic areas), and alpha
2 (central, parietal, and temporal areas) LORETA
sources were higher in power in the LC then Nold
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Fig. 3. Scatterplots showing the correlation between regional normalized LORETA solutions and mean Z psychometric score (MZPS) in the
LC subjects. The r- and p-values refer to Pearson correlation are reported within the diagram.

groups. These results raised the issue about the func-
tional meaning of increased alpha rhythms in the LC
patients in the light of the well-known assumption that
healthy cortical neural synchronization is reflected by
low-amplitude theta rhythms and high-amplitude alpha
rhythms in the resting state eyes-closed condition. A
control analysis was performed to evaluate whether
the high amplitude of alpha sources in the LC patients

was associated to an abnormal functional coupling of
resting state EEG rhythms, as a sign of an abnor-
mal “networking” between paired cortical regions.
To address this issue, we evaluated the EEG spectral
coherence in the LC and Nold subjects. Indeed, EEG
spectral coherence between electrode pairs is com-
monly interpreted as an index of functional coupling
[90, 91], mutual information exchange [92], functional
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Fig. 4. Grand average of the LORETA solutions (i.e., normalized rel-
ative current density at the cortical voxels) modeling cortical sources
of delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms in the
normal elderly subjects (Nold), mild cognitive impairment (MCI),
Alzheimer’s disease (AD), and covert hepatopatic hencephalopathy
(CHE) subjects. The left side of the maps (top view) corresponds to
the left hemisphere.

co-ordination [93], and integrity of cortical neural
pathways [94]. Its basic theoretical assumption is that
when the activity of two cortical areas is functionally
coordinated, the EEG rhythms of these cortical areas
show linear interrelatedness and high spectral coher-
ence. Shortly, EEG coherence is a normalized measure
of the coupling between two signals at any given fre-
quency [92, 95]. From a physiological point of view,
EEG coherence reflects functional cooperation among
the brain areas under study. In the present study, the
coherence values were calculated for each frequency
bin by (Eq. 1)

Cohxy(λ) = ∣
∣Rxy(λ)

∣
∣2 =

∣
∣fxy(λ)

∣
∣2

fxx(λ)fyy(λ)
. (1)

The above equation is the extension of the Pearson’s
correlation coefficient to complex number pairs. In
this equation, f denotes the spectral estimate of two
EEG signals x and y for a given frequency bin (λ).
The numerator contains the cross spectrum for x and
y (fxy), while the denominator contains the respective
autospectra for x (fxx) and y (fyy). For each frequency
bin (λ), the coherence value (Cohxy) is obtained by
squaring the magnitude of the complex correlation
coefficient R. This procedure returns a real number
between 0 (no coherence) and 1 (maximal coherence).

In line with previous studies of the present research
group [61, 96–102], the spectral coherence between

couples of electrodes was calculated by a home-made
software developed under Matlab 6.5 (Mathworks
Inc., Natrick, MA; an extension of Pearson’s cor-
relation coefficient to complex number pairs; 1-Hz
frequency resolution). Specifically, the calculation of
the coherence was performed from the artifact-free
EEG data, on the basis of all scalp electrodes used
during EEG recordings. The coherence was computed
at theta (4–8 Hz), alpha 1 (8–10.5 Hz), and alpha 2
(10.5–13 Hz) bands.

For the evaluation of the frontal intra-hemispheric
functional coupling, the EEG spectral coherence was
evaluated between frontal and other cortical regions.
In particular, the EEG spectral coherence was evalu-
ated between the following electrode pairs of interest:
F3-C3, F3-P3, F3-T3, F3-O1, F4-C4, F4-P4, F4-T4,
and F4-O2. For the evaluation of the central intra-
hemispheric functional coupling, the EEG spectral
coherence was evaluated between central and other
cortical regions (i.e., C3-F3, C3-P3, C3-T3, C3-O1,
C4-F4, C4-P4, C4-T4, and C4-O2). For the evaluation
of the parietal intra-hemispheric functional coupling,
the EEG spectral coherence was evaluated between
parietal and other cortical regions (i.e., P3-F3, P3-
C3, P3-T3, P3-O1, P4-F4, P4-C4, P4-T4, and P4-O2).
For the evaluation of the temporal intra-hemispheric
functional coupling, the EEG spectral coherence was
evaluated between temporal and other cortical regions
(i.e., T3-F3, T3-C3, T3-P3, T3-O1, T4-F4, T4-C4, T4-
P4, and T4-O2). For the evaluation of the occipital
intra-hemispheric functional coupling, the EEG spec-
tral coherence was evaluated between occipital and
other cortical regions (i.e., O1-F3, O1-C3, O1-P3, O1-
T3, O2-F4, O2-C4, O2-P4, and O2-T4).

In total, we performed five ANOVAs having the
coherence as a dependent variable and age, gen-
der, and IAF as covariates. For the evaluation of
frontal intra-hemispheric functional coupling, the
ANOVA factors were Group (Nold, LC), Band (theta,
alpha 1, alpha 2), Region of interest (frontal-central,
frontal-parietal, frontal-temporal, frontal-occipital),
and Hemisphere (left, right). Electrode pairs of inter-
est were F3-C3 and F4-C4 (frontal-central), F3-P3 and
F4-P4 (frontal-parietal), P3-T3 and P4-T4 (frontal-
temporal), and P3-O1 and P4-O2 (frontal-occipital).
The ANOVA showed a statistically significant inter-
action (F(6,756) = 2.2; p < 0.05) among the factors
Group, Band, and ROI (see Fig. 6A). Duncan post-hoc
testing indicated that the bilateral frontal-central and
frontal-occipital theta coherence was higher in the LC
than Nold subjects (p < 0.01). On the contrary, bilateral
frontal-parietal and frontal-temporal alpha 1 and alpha
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Fig. 5. Regional normalized LORETA solutions (mean across subjects) relative to a statistical ANOVA interaction among the factors Group
(Nold, MCI, AD, CHE), Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2), and Region of interest (central, frontal, parietal, occipital,
temporal, limbic). This ANOVA design used the regional normalized LORETA solutions as a dependent variable. Subjects’ age, gender and
individual alpha frequency peak were used as covariates. The rectangles indicate the cortical regions and frequency bands in which LORETA
solutions presented statistically significant LORETA patterns CHE /= Nold, MCI, AD (p < 0.05).

2 coherence was lower in the LC than Nold subjects
(p < 0.01).

For the evaluation of central intra-hemispheric func-
tional coupling, the ANOVA factors were Condition
(Nold, LC), Band (theta, alpha 1, alpha 2), Region
of interest (central-frontal, central-parietal, central-
temporal, central-occipital), and Hemisphere (left,
right). Electrode pairs of interest were C3-F3 and
C4-F4 (central-frontal), C3-P3 and C4-P4 (central-
parietal), C3-T3 and C4-T4 (central-temporal),
and C3-O1 and C4-O2 (central-occipital). The
ANOVA showed a statistically significant interaction
(F(6,756) = 3.32; p < 0.003) among the factors Group,
Band, and ROI (see Fig. 6B). Duncan post-hoc testing
indicated that the bilateral central-frontal and central-
occipital theta coherence was higher in the LC than
Nold subjects (p < 0.01). On the contrary, bilateral
central-temporal alpha 2 coherence was lower in the
HE than in Nold subjects (p < 0.02).

For the evaluation of parietal intra-hemispheric
functional coupling, the ANOVA factors were Group
(Nold, LC), Band (theta, alpha 1, alpha 2), Region
of interest (parietal-frontal, parietal-central, parietal-
temporal, parietal-occipital), and Hemisphere (left,
right). Electrode pairs of interest were P3-F3 and P4-F4
(parietal-frontal), P3-C3 and P4-C4 (parietal-central),

P3-T3 and P4-T4 (parietal-temporal), and P3-O1 and
P4-O2 (parietal-occipital). The ANOVA showed a
statistically significant interaction (F(6,756) = 3.94;
p < 0.0007) among the factors Group, Band, and ROI
(see Fig. 6C). Duncan post-hoc testing indicated that
the bilateral parietal-occipital theta coherence as well
as bilateral parietal-frontal and parietal-occipital alpha
1 and alpha 2 coherence was lower in the LC than Nold
subjects (p < 0.04).

For the evaluation of temporal intra-hemispheric
functional coupling, the ANOVA factors were Con-
dition (Nold, LC), Band (theta, alpha 1, alpha 2),
Region of interest (temporal-frontal, temporal-central,
temporal-parietal, temporal-occipital), and Hemi-
sphere (left, right). Electrode pairs of interest were
T3-F3 and T4-F4 (temporal-frontal), T3-C3 and T4-C4
(temporal-central), T3-P3 and T4-P4 (temporal-
parietal), and P3-O1 and T4-O2 (temporal-occipital).
The ANOVA showed a statistically significant inter-
action (F(6,756) = 6.54; p < 0.0001) among the factors
Group, Band, and ROI (see Fig. 6D). Duncan post-
hoc testing indicated that the bilateral temporal-frontal,
temporal-parietal, and temporal-occipital alpha 1
coherence was lower in the LC than Nold subjects
(p < 0.01). Similarly, the bilateral temporal-frontal,
temporal-central, and temporal-occipital alpha 2
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coherence was lower in LC compared to Nold subjects
(p < 0.01).

For the evaluation of occipital intra-hemispheric
functional coupling, the ANOVA factors were Group
(Nold, LC), Band (theta, alpha 1, alpha 2), Region of
interest (occipital-frontal, occipital-central, occipital-
temporal, occipital-parietal), and Hemisphere (left,
right). Electrode pairs of interest were O1-F3
and O2-F4 (occipital-frontal), O1-C3 and O2-C4
(occipital-central), O1-T3 and O1-T4 (occipital-
temporal), and O1-P3 and O2-P4 (occipital-parietal).
The ANOVA showed a statistically significant inter-
action (F(6,756) = 4.67; p < 0.0007) among the factors
Group, Band, and ROI (see Fig. 6E). Duncan post-
hoc testing indicated that the bilateral occipital-frontal
and occipital-central theta coherence was higher in
LC compared to Nold subjects (p < 0.001). On the
contrary, the bilateral occipital-parietal, occipital-
temporal alpha 1 and alpha 2 coherence as well as
occipital-parietal theta coherence were lower in the LC
than Nold subjects (p < 0.01).

On the whole, the results of this control analysis sug-
gest that compared to the Nold subjects, the LC patients
were characterized by higher functional coupling of the
pathological theta rhythms and lower functional cou-
pling of the dominant alpha rhythms. These control
results suggest that in the LC patients, the abnormally
high activity of alpha sources is associated with an
abnormal functional coupling of the resting state EEG
rhythms.

DISCUSSION

In the present study, we tested the hypothesis that
compared to control subjects, LC patients are char-
acterized by widespread abnormalities of the cortical
sources of resting state EEG rhythms as spatial dis-
tribution and frequency bands, as an effect of the
generalized action of circulating neurotoxins (e.g.,
ammonia) on the whole brain. As a methodologi-
cal novelty, we used a validated approach for the

estimation of the cortical sources of resting state EEG
rhythms that allowed a useful spatial analysis of the
abnormal brain synchronization mechanisms generat-
ing these rhythms in elderly subjects with cognitive
decline [29–32, 35].

Results showed that widely distributed sources of
theta (all but frontal), alpha 1 (all but occipital), and
alpha 2 (parietal, temporal) rhythms were higher in
amplitude in all LC patients than in the Nold sub-
jects. Furthermore, the amplitude of central, parietal,
and temporal theta sources correlated negatively, and
parietal and temporal alpha 2 sources correlated pos-
itively with an index of global cognitive status across
all LC patients. These results confirm and extend to
the fine detail of the cortical source level previous evi-
dence showing that EEG theta and alpha band power
computed at scalp electrodes was related to psycho-
metric performance in LC patients, and differed in
amplitude between LC patients and matched healthy
controls [18, 19, 22]. Furthermore, these effects are
fully in line with the so called “anteriorization” of theta
and alpha rhythms previously described in HE patients
by independent groups, which were ascribed to some
processes of drowsiness preceding sleep onset [23–27].
However, it is improbable that occasional sleep onset
during the EEG recordings can explain the present
results, as this aspect was carefully monitored by the
experimenters and alpha rhythms typically drop down
at the sleep onset. Therefore, a possible slight reduc-
tion of the vigilance might have other reasons related
to HE pathophysiology per se.

As a novelty of the present study, we tested the
hypothesis of peculiar abnormalities in the spatial dis-
tribution and frequency bands of the cortical sources
of resting state EEG rhythms in patients with CHE
when compared to patients with possible prodromal
(i.e., aMCI) or overt AD. The CHE patients were
expected to show widespread abnormalities of the
cortical sources of EEG rhythms due to the diffuse
action of the pathological agents affecting brain activ-
ity and cognitive processes. In contrast, the MCI and
AD patients were expected to be characterized by

Fig. 6. A) Intra-hemispheric frontal coherence (mean across subjects) relative to a statistical ANOVA interaction among the factors Group (Nold,
LC), Band (theta, alpha 1, alpha 2), and ROI (frontal-central, frontal-parietal, frontal-temporal, frontal-occipital). B) Intra-hemispheric central
coherence (mean across subjects) relative to a statistical ANOVA interaction among the factors Group (Nold, LC), Band (theta, alpha 1, alpha
2), and Region of interest (central-frontal, central-parietal, central-temporal, central-occipital). C) Intra-hemispheric parietal coherence (mean
across subjects) relative to a statistical ANOVA interaction among the factors Group (Nold, LC), Band (theta, alpha 1, alpha 2), and Region of
interest (parietal-frontal, parietal-central, parietal-temporal, parietal-occipital). D) Intra-hemispheric temporal coherence (mean across subjects)
relative to a statistical ANOVA interaction among the factors Group (Nold, LC), Band (theta, alpha 1, alpha 2), and Region of interest (temporal-
frontal, temporal-central, temporal-parietal, temporal-occipital). E) Intra-hemispheric temporal coherence (mean across subjects) relative to a
statistical ANOVA interaction among the factors Group (Nold, LC), Band (theta, alpha 1, alpha 2), and Region of interest (occipital-frontal,
occipital-central, occipital-temporal, occipital-parietal). Rectangles indicate the electrode pairs at which coherence presented the statistically
significant pattern LC /= Nold (p < 0.05).
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more circumscribed spatial and frequency abnormal-
ities of these EEG rhythms as the main target of
the neurodegenerative processes is typically localized
in hippocampus and posterior cortical regions. The
confirmation of the working hypothesis would con-
firm that the present methodological approach can
shed light on the understanding of the peculiar abnor-
malities in the generation of the resting state EEG
rhythms in people with cognitive decline due to dif-
ferent patho-physiological mechanisms such as CHE
and MCI/AD. It should be remarked that at this early
stage of the research, we followed the standard clini-
cal guidelines for the clinical diagnosis of CHE, which
is based on the pooling of patients with both MHE
(i.e., diagnosed based on objective cognitive deficits as
revealed by psychometric tests) and West Haven grade
I HE (i.e., diagnosed based on a structured clinical
evaluation, which is less reproducible than psychome-
tric testing). This approach was implemented in the
framework of our daily clinical routine. In light of
the present encouraging findings, future confirmatory
studies should systematically carry out psychometric
testing in the enrolled LC patients to select only those
having statistically significant sub-clinical cognitive
deficits.

Results showed a different spatial-frequency pattern
of the EEG sources between CHE and aMCI or AD
patients, thus disclosing the diverse early effects of the
HE and AD processes on the resting state cortical EEG
rhythms. Specifically, widely distributed theta (all but
frontal) and alpha 1 (all but occipital) sources showed
higher activity in the sub-group of LC patients with
CHE than in the patients with aMCI or AD. A plau-
sible explanation of the results is that enhanced theta
sources in the LC patients may be interpreted according
to the general view that the high amplitude of the low-
frequency EEG rhythms (about 1–7 Hz) reflects the
abnormal interactions between thalamic and cortical
neural populations, resulting in a functional isolation of
cortical modules [56, 77, 103–108]. The main known
causes of this condition are cortical hypoperfusion,
neurotrauma, or neurodegeneration [29, 56, 107–109].
In this theoretical line, the present results lend sup-
port to the notion that hepatic metabolic disorders
may widely influence these mechanisms as well. With
respect to the progressive AD neurodegenerative pro-
cesses mainly affecting hippocampus and posterior
cortical regions at early disease stages, the LC pro-
cesses might exert acute and widely spread effects on
the brain, thus inducing stronger pathological effects
on the thalamo-cortical mechanisms generating the
resting state theta rhythms.

Another interesting result of the present study is
that the cortical sources of alpha rhythms were higher
in power in the CHE patients than in the control
subjects (i.e., Nold, aMCI, and AD). These results
may be interpreted at the light of the general theory
on the generation of the resting state alpha rhythms
in humans. Low frequency (about 8–10.5 Hz) alpha
rhythms would denote the synchronization of diffuse
neural networks regulating the fluctuation of subject’s
global arousal and consciousness states, whereas high
frequency (about 10.5–13 Hz) alpha rhythms would
denote the synchronization of more selective neural
networks specialized in the processing of modal spe-
cific or semantic information [76, 78, 79]. Keeping in
mind the above theoretical considerations, a plausible
explanation of the results is that AD neurodegeneration
and CHE differently impinge upon the neural mech-
anism at the basis of the generation of resting state
alpha rhythms, which is one of main mechanisms reg-
ulating the cortical arousal and vigilance. Therefore,
the present results suggest that cognitive deficits of the
MCI/AD and CHE patients may be related to a diverse
alteration of the cortical arousal. The MCI/AD sub-
jects were characterized by a tonic de-synchronization
of the resting state alpha rhythms as a reflection of a
tonic cortical excitation. In contrast, the CHE patients
were characterized by a tonic hyper-synchronization of
the resting state alpha rhythms as a reflection of a tonic
cortical inhibition. Both up- and down-regulation of
cortical arousal would be associated with an abnormal
brain function and predict cognitive deficits. Effec-
tive cognitive processing is expected to stem upon the
selectivity and flexibility of the excitation and inhibi-
tion across brain neural networks during both resting
state condition and task demands (see, for example,
the concept of “neural efficiency”; [110–113]). The
plausibility of the above explanation is related to the
well-known relationship between the fluctuation of the
cortical arousal in the condition of the resting state and
the power of the cortical alpha rhythms [76, 78, 79].

Less clear are the neurophysiological and neurobi-
ological fine mechanisms linking the AD neurodegen-
eration, CHE neurotoxins, and the neurophysiological
mechanisms generating the resting state cortical alpha
rhythms. At this early stage of the research, we
can just speculate that AD neurodegeneration and
CHE neurotoxins exert their effects on the ascend-
ing neuro-modulatory systems at the basis of the
resting state EEG rhythms and cortical arousal. How-
ever, the heuristic value of the present results should
not be underestimated. They motivate future stud-
ies investigating the correlation among the present
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neurophysiological (EEG) markers, the cognitive
deficits, and direct indexes of up- and down-regulation
of the mentioned ascending neuromodulatory systems.
These future investigations should enlighten these
interactions, unveiling the relationships between the
alpha source pattern during the resting state condition
and relevant indexes of the cholinergic, glutamatergic,
and GABA modulation (note that GABA is the prin-
cipal inhibitory neurotransmitter in the human brain
and modulates cholinergic and glutamatergic activity
in the neocortex and the hippocampus) [114]. These
future investigations should test the hypothesis that
the increase of the low-frequency alpha sources (i.e.,
tonic cortical inhibition) in the LC/HCE patients is
related to an enhancement of the inhibitory GABA-
ergic tone provoked by neurosteroids [115–117] and/or
to a depression of the glutamate-nitric oxide-cGMP
excitatory pathway [118]. Furthermore, the decrease
of the low-frequency alpha sources (i.e., tonic cortical
excitation) in the MCI or AD patients might be related
to a reduction of the inhibitory GABA-ergic tone [114],
to a depression of the cholinergic inhibitory activity,
and/or to an enhancement of the excitatory glutamater-
gic non-NMDA receptor activity [119, 120]. Finally,
it should be tested the role of the dopaminergic and
serotoninergic systems on the modulation of the corti-
cal sources of the resting state alpha rhythms in these
patients [121, 122].

In conclusion, the present study tested the hypoth-
esis that LC and AD conditions are characterized
by peculiar abnormalities of the cortical sources of
resting state EEG rhythms, reflecting the relative
patho-physiological mechanisms. Compared to the
control healthy subjects, the LC/CHE patients were
characterized by widespread abnormalities of the
cortical sources of the resting state theta and alpha
rhythms. Furthermore, the cortical sources of the rest-
ing state alpha rhythms appeared to change differently
under the influence of the LC/CHE and AD condi-
tions. The patients with LC/CHE were characterized
by widespread abnormalities as spatial distribution
and frequency bands of the cortical sources of the
theta, low- and high-frequency alpha rhythms. These
findings are compatible with the widespread effects on
brain activity provoked by the circulating byproducts
of liver failure passing the brain-blood barrier. On the
other hand, the patients with aMCI and AD showed a
spatially selective derangement of the posterior cortical
sources of the delta and low-frequency alpha rhythms,
as expected by the typical specific track of the neu-
rodegenerative processes in the earlier disease stages.
These EEG markers are interesting candidates to

capture the neurophysiological mechanisms of action
of pharmacological interventions for the two patholo-
gies, with promising perspectives for the development
of new drugs, a better understanding of their neuro-
physiological mechanisms, and therapy monitoring.
Finally, the findings of this exploratory study encour-
ages further investigations on the cortical sources of
the resting state EEG rhythms in the LC/CHE patients
and in the aMCI/AD patients as a function of the
effects of the therapy, disease progression, and activity
of the main ascending neuromodulatory systems.
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Hårdemark HG, Rossini PM, Frisoni GB (2011) Resting
state cortical electroencephalographic rhythms and white
matter vascular lesions in subjects with Alzheimer’s disease:
An Italian multicenter study. J Alzheimers Dis 26, 331-346.

[71] Babiloni C, Carducci F, Lizio R, Vecchio F, Baglieri A,
Bernardini S, Cavedo E, Bozzao A, Buttinelli C, Esposito
F, Giubilei F, Guizzaro A, Marino S, Montella P, Quat-
trocchi CC, Redolfi A, Soricelli A, Tedeschi G, Ferri R,
Rossi-Fedele G, Ursini F, Scrascia F, Vernieri F, Peder-
sen TJ, Hardemark HG, Rossini PM, Frisoni GB (2012)
Resting state cortical electroencephalographic rhythms are
related to gray matter volume in subjects with mild cogni-
tive impairment and Alzheimer’s disease. Hum Brain Mapp,
doi: 10.1002/hbm.22005

[72] Holschneider DP, Waite JJ, Leuchter AF, Walton NY,
Scremin OU (1999) Changes in electrocortical power and
coherence in response to the selective cholinergic immuno-
toxin 192 IgG-saporin. Exp Brain Res 126, 270-280.

[73] Kolev V, Yordanova J, Basar-Eroglu C, Basar E (2002) Age
effects on visual EEG responses reveal distinct frontal alpha
networks. Clin Neurophysiol 113, 901-910.

[74] Nobili F, Taddei G, Vitali P, Bazzano L, Catsafados E, Mar-
iani G, Rodriguez G (1998) Relationships between 99m
Tc-HMPAO ceraspect and quantitative EEG observations
in Alzheimer’s disease. Arch Gerontol Geriatr 6, 363-368.

[75] Pucci E, Cacchiò G, Angeloni R, Belardinelli N, Nolfe
G, Signorino M, Angeleri F (1997) EEG spectral analysis
Alzheimer’s disease and different degenerative dementias.
Arch Gereontol Geriatr 26, 283-297.

[76] Klimesch W (1996) Memory processes, brain oscillations
and EEG synchronization. Int J Psychophysiol 24, 61-100.

[77] Klimesch W (1999) EEG alpha and theta oscillations reflect
cognitive and memory performance: A review and analysis.
Brain Res Rev 29, 169-195.

[78] Klimesch W, Doppelmayr M, Pachinger T, Russegger H
(1997) Event-related desynchronization in the alpha band
and the processing of semantic information. Brain Res Cogn
Brain Res 6, 83-94.

[79] Klimesch W, Doppelmayr M, Russegger H, Pachinger T,
Schwaiger J (1998) Induced alpha band power changes in
the human EEG and attention. Neurosci Lett 244, 73-76.

[80] Pascual-Marqui RD, Michel CM (1994) LORETA (low res-
olution brain electromagnetic tomography): New authentic
3D functional images of the brain. ISBET Newsletter ISSN
5, 4-8.

[81] Pascual-Marqui RD, Lehmann D, Koenig T, Kochi K, Merlo
MC, Hell D, Koukkou M (1999) Low resolution brain
electromagnetic tomography (LORETA) functional imag-
ing in acute, neuroleptic-naive, first-episode, productive
schizophrenia. Psychiatry Res 90, 169-179.

[82] Pascual-Marqui RD, Esslen M, Kochi K, Lehmann D (2002)
Functional imaging with low resolution brain electromag-
netic tomography (LORETA): A review. Meth Findings Exp
Clin Pharmacol 24, 91-95.

[83] Phillips C, Rugg MD, Friston KJ (2002) Systemic regu-
larization of linear inverse solutions of the EEG source
localization problem. Neuroimage 17, 287-301.

[84] Yao D, He B (2001) A self-coherence enhancement algo-
rithm and its application to enhancing three-dimensional
source estimation from EEGs. Ann Biomed Eng 29, 1019-
1027.

[85] Talairach J, Tournoux P (1988) Co-Planar Stereotaxic Atlas
of the Human Brain. Thieme, Stuttgart.

[86] Anderer P, Saletu B, Semlitsch HV, Pascual-Marqui RD
(2003) Non-invasive localization of P300 sources in normal
aging and age-associated memory impairment. Neurobiol
Aging 24, 463-479.

[87] Anderer P, Saletu B, Saletu-Zyhlarz G, Gruber D, Metka M,
Huber J, Pascual-Marqui RD (2004) Brain regions activated
during an auditory discrimination task in insomniac post-
menopausal patients before and after hormone replacement
therapy: Low-resolution brain electromagnetic tomography
applied to event-related potentials. Neuropsychobiology 49,
134-153.

[88] Laufer I, Pratt H (2003) Evoked potentials to auditory move-
ment sensation in duplex perception. Clin Neurophysiol 114,
1316-1331.

[89] Mulert C, Gallinat J, Pascual-Marqui R, Dorn H, Frick
K, Schlattmann P, Mientus S, Herrmann WM, Winterer G
(2001) Reduced event-related current density in the anterior
cingulate cortex in schizophrenia. Neuroimage 13, 589-600.

[90] Gerloff C, Richard J, Hadley J, Schulman AE, Honda M,
Hallett M (1998) Functional coupling and regional activa-



C. Babiloni et al. / EEG, Hepatic Encephalopathy, and Alzheimer’s Disease 725

tion of human cortical motor areas during simple, internally
paced and externally paced finger movements. Brain 121,
1513-1531.

[91] Thatcher RW, Krause PJ, Hrybyk M (1986) Cortico-cortical
associations and EEG coherence: A two-compartmental
model. Electroencephalogr Clin Neurophysiol 64, 123-143.

[92] Rappelsberger P, Petsche H (1988) Probability mapping:
Power and coherence analyses of cognitive processes. Brain
Topogr Fall 1, 46-54.

[93] Gevins A, Smith ME, Leong H, McEvoy L, Whitfield S,
Du R, Rush G (1998) Monitoring working memory load
during computer-based tasks with EEG pattern recognition
methods. Hum Factors 40, 79-91.

[94] Locatelli T, Cursi M, Liberati D, Franceschi M, Comi G
(1998) EEG coherence in Alzheimer’s disease. Electroen-
cephalogr Clin Neurophysiol 106, 229-237.

[95] Halliday DM, Rosenberg JR, Amjad AM, Breeze P, Con-
way BA, Farmer SF (1995) A framework for the analysis of
mixed time series/point process data—theory and applica-
tion to the study of physiological tremor, single motor unit
discharges and electromyograms. Prog Biophys Mol Biol
64, 237-278.

[96] Babiloni C, Brancucci A, Vecchio F, Arendt-Nielsen L,
Chen AC, Rossini PM (2006) Anticipation of somatosen-
sory and motor events increases centro-parietal functional
coupling: An EEG coherence study. Clin Neurophysiol 117,
1000-1008.

[97] Babiloni C, Frisoni GB, Vecchio F, Pievani M, Geroldi C,
De Carli C, Ferri R, Vernieri F, Lizio R, Rossini PM (2010)
Global functional coupling of resting EEG rhythms is related
to white-matter lesions along the cholinergic tracts in sub-
jects with amnesic mild cognitive impairment. J Alzheimers
Dis 19, 859-871.

[98] Babiloni C, Vecchio F, Lizio R, Ferri R, Rodriguez G,
Marzano N, Frisoni GB, Rossini PM (2011) Resting
state cortical rhythms in mild cognitive impairment and
Alzheimer’s disease: Electroencephalographic evidence.
J Alzheimers Dis 26(Suppl 3), 201-214.

[99] Del Percio C, Iacoboni M, Lizio R, Marzano N, Infarinato F,
Vecchio F, Bertollo M, Robazza C, Comani S, Limatola C,
Babiloni C (2011) Functional coupling of parietal � rhythms
is enhanced in athletes before visuomotor performance:
A coherence electroencephalographic study. Neuroscience
175, 198-211.

[100] Rossini PM, Del Percio C, Pasqualetti P, Cassetta E, Binetti
G, Dal Forno G, Ferreri F, Frisoni G, Chiovenda P, Miniussi
C, Parisi L, Tombini M, Vecchio F, Babiloni C (2006)
Conversion from mild cognitive impairment to Alzheimer’s
disease is predicted by sources and coherence of brain elec-
troencephalography rhythms. Neuroscience 143, 793-803.

[101] Vecchio F, Babiloni C, Ferreri F, Curcio G, Fini R, Del Percio
C, Rossini PM (2007) Mobile phone emission modulates
interhemispheric functional coupling of EEG alpha rhythms.
Eur J Neurosci 25, 1908-1913.

[102] Vecchio F, Babiloni C, Ferreri F, Buffo P, Cibelli G, Cur-
cio G, van Dijkman S, Melgari JM, Giambattistelli F,
Rossini PM (2010) Mobile phone emission modulates inter-
hemispheric functional coupling of EEG alpha rhythms in
elderly compared to young subjects. Clin Neurophysiol 121,
163-171.

[103] Steriade M, Llinás RR (1988) The functional states of the
thalamus and the associated neuronal interplay. Physiol Rev
68, 649-742.

[104] Killiany RJ, Moss MB, Albert MS, Sandor T, Tieman
J, Jolesz F (1993) Temporal lobe regions on magnetic

resonance imaging identify patients with early Alzheimer’s
disease. Arch Neurol 50, 949-954.

[105] Steriade M, Amzica F, Contreras D (1994) Cortical and
thalamic cellular correlates of electroencephalographic
burst-suppression. Electroencephalogr Clin Neurophysiol
90, 1-16.

[106] Niedermeyer E (1997) Alpha rhythms as physiological and
abnormal phenomena. Int J Psychophysiol 26, 31-49.

[107] Fernández A, Arrazola J, Maestú F, Amo C, Gil-Gregorio
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